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a b s t r a c t

Iron/titanium oxide nanoparticles with the initial molar ratio [FeIII/(FeIII þ TiIV)]� 0.50 were hydro-
thermally synthesized at 180 �C in an aqueous ammonia solution (pHy 9.6). The titanium and iron
precursors were TiCl4 and FeCl3, respectively. The amount of doped iron strongly affected microstructural
properties as well as the degree of dispersion of iron in the Fe-Ti-O system. Anatase was the dominant
phase in the iron/titanium oxide samples with [Fe/(Fe þ Ti)] � 0.25. The average crystallite size of the
anatase phase in iron/titanium oxide samples decreased with the increase of iron doping. The results of
precise unit-cell parameters measurement, obtained using Rietveld refinements of the powder diffrac-
tion patterns with added silicon indicated that the solid solubility limit of FeIII inside the anatase lattice
was ~8mol%. The appearance of hematite (a-Fe2O3) sextet in the M€ossbauer spectrum in the sample
doped with 10mol% of iron confirmed that the solid solubility limit of FeIII in the TiO2 lattice has been
overreached. The relative concentrations of a-Fe2O3 in the samples increased with FeIII doping up to
15mol% of added FeIII and then, quite unexpectedly, the XRD 104 line and M€ossbauer sextet of a-Fe2O3

completely disappeared at 0.20 < [Fe/(Fe þ Ti)] < 0.30. The EELS (electron energy-loss spectroscopy)
analysis confirmed that the sample doped with 30 mol% of FeIII contained no hematite. The FeIII in the
samples at 0.20 < [Fe/(Fe þ Ti)] < 0.30 segregated not in the form of hematite, but in the form of iron/
titanium oxide phase that was poorly crystallized or even amorphous. The a-Fe2O3 again appeared at [Fe/
(Fe þ Ti)] ¼ 0.50. The diffuse reflectance spectra were used for band gap energy calculations. The band
gap energy of the undoped TiO2 sample was 3.1 eV, whereas the band gap energy of Fe-Ti-O samples
doped with up to 10% showed a blue shift (3.2 eV). The significant red shift (from 3.2 to 2.4 eV) was
observed in the samples with higher iron content (from 10 to 50mol%).

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The incorporations of dopant cations have a significant impact
on the structural, microstructural and catalytic properties of the
obtained solid solutions. For example, the incorporation of up to
20mol% of FeIII stabilized high-temperature tetragonal polymer of
zirconia, while the incorporation of more than 20mol% of FeIII

stabilized cubic polymorph of zirconia [1e3]. Presence of divalent
cations, such as NiII [4], CuII [5] or ZnII [6] promoted sintering, while
w Materials Synthesis Laboratory,
i�c), gotic@irb.hr (M. Goti�c).
the presence of tetravalent cations, such as SnIV, increased the
porosity of the obtained material [7]. The incorporation of up to
3mol% of MgII significantly increased the catalytic activity of ZrO2
type solid solution in the catalytic oxidation of carbon monoxide
[8]. The doping of TiO2 with iron (Fe-Ti-O system) has been
extensively investigated due to improving TiO2 photocatalytic
properties [9e11]. The undoped TiO2 is a semiconductor with a
band gap of about 3.0 eV and consequently, the UV light with
wavelengths shorter than ~400 nm can generate electron-hole
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pairs. The TiO2 photogenerated holes and electrons can be used for
the degradation of organic pollutants, water splitting, cancer
treatment or self-cleaning surfaces [12e15]. It has been reported
that iron doping shifts the absorption properties of TiO2 into the
visible part of the solar spectrum and improves the photocatalytic
properties of undoped TiO2 [16]. Schrauzer and Guth [17] reported
the photoreduction of N2 on the TiO2 and iron-doped TiO2 powders.
Iron doping enhanced the photocatalytic activity for photochemical
ammonia synthesis from N2 and H2O. Bahnemann [18] found that
Fe-TiO2 colloids showed higher yields for dichloroacetic acid pho-
todegradation than undoped TiO2. The highest quantitative yield
was achieved for a compound containing 2.5mol% of Fe. Choi et al.
[19] have shown that iron doped TiO2 significantly increased the
photocatalytic activity for CCl4 reduction and CHCl3 oxidation.
Ranjit et al. [20] reported an enhanced activity in the degradation of
organic pollutants for iron (III)-phthalocyanine modified TiO2 as
compared to undoped TiO2. Moniz et al. [21] photodeposited Fe2O3
on the P25 commercial TiO2. The loading of Fe2O3 on TiO2 was
optimized and investigated for photocatalytic degradation of a
model herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) under so-
lar irradiation. The photodeposited Fe2O3-P25 TiO2 displayed a
remarkable enhancement of more than 200% in the kinetics of
complete mineralization of herbicide in comparison to the P25 TiO2

photocatalyst. Ali et al. [22] synthesized the Fe-TiO2 nanoparticles
(NPs) with a dopant concentration from 0 to 10mol% of iron. The
synthesized Fe-doped TiO2 nanoparticles effectively degrade
methylene blue (MB) under visible-light illumination. The best
photocatalytic activity showed the Fe-TiO2 sample doped with
3.0mol% of iron. In a previous work, we have shown that iron
doped TiO2 NPs possessed photocatalytic activity in the killing of
cancer cells [23]. It was hypothesized that the enhanced photo-
catalytic activity of iron doped TiO2 NPs in the killing of cancer cells
in the presence UV irradiation might arise from the dissolution of
iron, thus generating additional hydroxyl radicals by means of the
photo Fenton and iron-catalyzed Haber-Weiss reactions.

Apart from the photocatalytic studies, an iron doped TiO2 sys-
tem is of a complex nature and its investigation is important from
the structural standpoint [24,25]. The structural complexity of an
iron doped TiO2 system arises from the different solubility of iron in
the three polymorphic modifications of TiO2; anatase, brookite and
rutile that can be present in the synthesized samples. Depending on
the synthesis route, the solubility limit of iron in anatase, brookite
and rutile can vary due to the different crystallinity, nanoparticle
size and the presence of TiO2 amorphous phase. Hirano et al. [26]
synthesized iron (III) doped TiO2 by hydrothermal treatment and
subsequent annealing in the temperature ranges from 400 to
1000 �C. The synthesized samples with the iron content of up to
65mol% were detected as single phase anatase-type structure with
no diffraction peaks that could be assigned to other phases. Uekawa
et al. [27] prepared wide compositional Fe(III) doped anatase by
oxidation of FexTiS2. They have found that iron was dissolved in
anatase lattice up to 30mol% and that the amount of dissolved iron
also depended on the oxidation method. Yu et al. [28] described a
method for preparation of iron doped TiO2 nanoparticles as a
support material for a CO oxidation catalyst. The samples were
prepared by a gel-hydrothermal method and the samples doped
with up to 12 at% of iron were composed only of anatase structure
with no trace of segregated iron oxides. Bickley et al. [29] prepared
iron doped TiO2 by a co-precipitation method from aqueous pre-
cursors and ammonia solution, followed by calcination at various
temperatures and by the impregnation method where the com-
mercial TiO2 was added to an aqueous solution of iron (III) nitrate
followed by firing in the air at various temperatures. Phase
formation depended on the synthesis method and temperature, as
exemplified by the fact that hematite, rutile and anatase phases
were formed by the impregnation method, but with the co-
precipitation method, only rutile was present at 923 �C and 5 at%
iron added. Generally, the iron-doped samples produced by the
precipitation of mixed hydroxide from the solution of inorganic
salts, or by hydrolysis from the corresponding alkoxides showed
better homogeneity than the samples produced by the impregna-
tion method. In our previous work [30], a series of iron/titanium
oxide nanoparticles with Fe/Ti molar ratios up to 0.15 were syn-
thesized by a modified sol-gel technique using Ti(IV)-isopropoxide
and anhydrous Fe(II)-acetate. The precursors were mixed and
subsequently hydrolyzed with water molecules generated in situ by
an esterification reaction between acetic acid and ethanol. As-
synthesized samples were amorphous for XRD, independent of
the relative amount of doped iron. In order to obtain nanocrystal-
line iron/titanium oxide samples, as synthesized samples were
calcinated at temperatures up to 800 �C. Iron that could not be
incorporated in the anatase and rutile separated at higher heating
temperatures (580 and 800 �C), in the forms of hematite (a-Fe2O3)
and pseudobrookite (Fe2TiO5).

In this work, in order to avoid amorphous precursors and cal-
cinations of as-synthesized samples, the nanocrystalline iron/tita-
nium oxide particles were hydrothermally synthesized at 180 �C in
aqueous ammonia solution (pHy 9.6). The titanium and iron
precursors were TiCl4 and FeCl3, respectively. Choosing the same
anion (Cl�) for titanium and iron precursor enabled similar pre-
cipitation behavior and good mixing of two different cations, as
well as good dispersion of FeIII in the TiO2 matrix. Alkaline pH was
selected in order to avoid brookite that could be formed at the
acidic pH. Thus, under selected experimental conditions we ob-
tained exclusively nanocrystalline anatase with no need for post-
heating treatment, which enabled us to study the impact of FeIII

on the structural and optical properties of single-phase anatase-
type solid solutions.

2. Experimental

2.1. Chemicals

TiCl4 liquid (99%) supplied by Fluka, Cat No: 89545, HCl, 37%
solution supplied by Fluka, Cat No: 258148, FeCl3$6H2O solid (99%)
supplied by Sigma-Aldrich, Cat No: 31232-M, NH3, 27% solution, p.
a., supplied by Kemika, Zagreb.

2.2. Stock solution preparation

The 2M HCl solution was prepared from concentrated HCl and
then added to the TiCl4 liquid. The HCl was added drop-wise to a
round bottom flask containing 50mL of TiCl4 liquid through one of
its four necks. The argon gas was bubbled during the addition of HCl
solution to TiCl4 liquid. Prior to the addition of TiCl4 liquid to the
flask, the liquid was cooled in an ice bath in order to limit the
vigorous reaction of TiCl4 with water. The concentration of the TiCl4
stock solution was 2.5mol dm�3 in 2.0mol dm�3 HCl. The FeCl3
solution was prepared by weighing 27.03 g of the solid FeCl3$6H2O
and mixing it with 50mL of deionized water in a volumetric flask.
The calculated concentration of the iron stock solution was
2.0mol dm�3 (2M FeCl3).

2.3. Synthesis

From previously prepared stock solutions, appropriate amounts



Table 1
The annotation of samples and corresponding volumes of 2.5M TiCl4 and 2.0M FeCl3 stock solutions added to the volumetric flask and filled with water up to the 50mLmark.
The [FeIII/(FeIII þ TiIV)] represents the molar fractions of initially added iron ions in precursor suspensions, whereas the xEDS(Fe) represents the molar fraction of the iron (Fe)
estimated from EDS measurements in powder samples.

Sample V(TiCl4 stock solution)a/mL V(FeCl3 stock solution)b/mL [FeIII/(FeIII þ TiIV)] xEDS(Fe)

TiFe0 2.00 0 0.00 0.00
TiFe1 1.98 25 0.01 0.014
TiFe3 1.94 75 0.03 0.028
TiFe5 1.90 125 0.05 0.054
TiFe10 1.80 250 0.10 0.105
TiFe15 1.70 375 0.15 0.138
TiFe20 1.60 500 0.20
TiFe25 1.50 625 0.25 0.232
TiFe30 1.40 750 30
TiFe50 1.00 1250 0.50 0.503

a The concentration of the TiCl4 stock solution was 2.5mol dm�3

b The concentration of the FeCl3 stock solution was 2.0mol dm�3
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of the aliquots were taken so that the molar ratio of iron and tita-
nium ions in the mixture was from 0.00 up to 0.50 (Table 1). For
example, the synthesis of TiO2 sample doped with 10mol % of FeIII,
i.e. at a ratio [FeIII/(FeIII þ TiIV)]¼ 0.10, the 250 mL of FeCl3 stock
solution was added to 1.80mL of TiCl4 stock solution. The aliquots
were stirred in a volumetric flask and diluted with deionized water
up to the 50mL mark. The content of the flask was transferred to a
250mL glass and the solution was stirred with a magnetic stirrer
for fewminutes. The pH of the solutions was measured using a pH-
meter. With continuous stirring, concentrated solution of NH3
(4mL) was added drop-wise until the initial pH of solutions (the
initial pH was 0.6e0.7 depending on the sample) increased up to
9.6e9.7. The magnet was removed from the glass and the newly
formed precipitate was quantitatively transferred to a Teflon holder
which was inserted in an autoclave. The steel autoclave was sealed,
put into an oven and then heated for 24 h at 180 �C. After 24 h, the
autoclave was removed from the oven, left to cool down naturally,
and then opened. The pH of the mother liquor was measured
(pH¼ 9.3e9.4). The sample was centrifuged and washed with
water four times so that all impurities were removed. The wet
samples were then dried in a vacuum dryer for 48 h.

2.4. Instrumental analysis

X-ray diffraction (XRD) measurements were performed at room
temperature using APD 2000 diffractometer (CuKa radiation,
graphite monochromator, NaI-Tl detector) manufactured by ITAL-
STRUCTURES, Riva Del Garda, Italy.

Raman spectroscopy experiments were performed on a Horiba
JobinYvon T64000 micro Raman system (laser wavelength of
514.5 nm). Accumulation times varied from 4 to 50 s. The experi-
ments were done at room temperature and working power of
0.1W.

M€ossbauer spectra were collected in a transmission mode using
standard instrumental configuration (WissEl GmbH, Starnberg,
Germany). 57Co in rhodium matrix was used as a source of radia-
tion. The spectrometer was calibrated at room temperature using a
standard spectrum of a-Fe foil.

Transmission electron microscopy of the samples was done on a
Jeol ARM 200 CF microscope with voltage emission of 200 kV
coupled with Gatan Quantum ER system for electron energy loss
spectroscopy and energy dispersive x-ray spectrometry (Jeol Cen-
turio 100).

Scanning electronmicroscopy was performed on a Jeol Ltd. 700F
field-emission scanning electron microscope coupled with EDS/
INCA 350 system for energy dispersive x-ray spectrometry
manufactured by Oxford Instruments Ltd.
UVeVis spectra were collected with a Shimadzu UV/VIS/NIR

spectrometer, model UV-3600. The used wavelength range was
from 1200 to 300 nm.

Nitrogen adsorption measurements at 77 K for Brunauer-
Emmett-Teller (BET) analysis and necessary degassing pre-
treatment were done on Quantachrome Autosorb iQ3 system.

3. Results and discussions

Fig. 1 shows the results of the Rietveld refinements on powder
diffraction patterns of samples TiFe0 to TiFe20. Silicon (Si) was used
as an internal standard. The XRD lines of hematite (a-Fe2O3) and
anatase TiO2 phases, as well as XRD lines of silicon, are represented
by small bars below the observed maxima. The Rwp values are
below 8%, which indicate good quality of least squares refinement.
The a-Fe2O3 segregated at [Fe/(Fe þ Ti)] ¼ 0.15 (sample TiFe15),
which meant that the solubility limit of FeIII in anatase TiO2 was
exceeded.

Fig. 2 shows the influence of the FeIII content on crystal lattice
parameters a and c (A) and unit-cell volume (B) of the anatase TiO2
solid solutions. The solubility limit of FeIII in anatase lattice was
estimated to 0.08 (8mol%) using Rietveld and refinements of
powder diffraction patterns. It should be noted here that the in-
crease of the unit cell volume may arise from both the substitution
of smaller TiIV (60.5 p.m.) with larger FeIII (64.5 p.m.) in the lattice of
anatase, as well as due to the decrease of anatase crystallite size
with iron doping (Tables 2 and 4). The decrease of particle size
introduces large lattice strain and more oxygen vacancies and as a
consequence, the unit cell volume expands. For instance, Halistone
et al. [31] have shown that the decrease of CeO2 nanoparticle size
from 11.8 to 1.1 nm was associated with the formation of oxygen
vacancies (higher amounts of CeIII), which led to larger lattice strain
and a lattice parameter expansion of almost 7%.

The anatase TiO2 and a-Fe2O3 (hematite) volume average
domain sizes (Table 2) were estimated using Sherrer equation
(Table 2):

DvðhklÞ ¼ 0:9l
bhkl � cos q

(1)

where Dv (hkl) is a volume average domain sizes in the direction
normal to the reflecting planes (hkl), l is the x-ray wavelength
(CuKa), q is the Bragg angle and bhkl is the pure full width of the
diffraction line (hkl) at half the maximum intensity. The volume
average domain sizes of anatase 101 line Dv (101) decrease with



Fig. 1. The results of Rietveld refinements on powder diffraction patterns of samples TiFe0 to TiFe20. Silicon (Si) was used as an internal standard. The XRD lines of a-Fe2O3 and
anatase TiO2, as well as the XRD lines of silicon, are represented by small bars below the observed maxima. The difference between the observed and calculated patterns (Rwp) is
shown as a line in the lower field. The Rwp values are below 8%, which indicate good quality of least squares refinement.

Fig. 2. The influence of the FeIII content on crystal lattice parameters a and c (A) and unit-cell volume (B) of the anatase (TiO2) solid solutions. The x (FeIII) on the x-axis is the molar
fraction of doped FeIII. The value of 0.08 (8mol %) represents the estimated solubility limit of FeIII in anatase lattice.
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iron doping from 22.5 nm (TiFe0) to 18.8 nm (TiFe15), but then
again Dv (101) increases to 23.8 nm in sample TiFe30. The sample
TiFe50 virtually had no anatase XRD lines. The XRD lines of he-
matite appeared at 15mol% of added iron (sample TiFe15). The



Table 2
Results of line broadening analysis for samples TiFe0 to TiFe50. The volume average domain sizes Dv (hkl) were estimated using the Scherrer equation. The Dv (101) of anatase
and Dv (104) and Dv (110) of hematite are given.

Sample [FeIII/(FeIII þ TiIV)] Anatase Hematite

a/nm c/nm Dv (101)/nm Dv (104)/nm Dv (110)/nm

TiFe0 0 0.37877 (1) 0.94979 (1) 22.5 e e

TiFe3 0.03 0.37902 (1) 0.95043 (1) 22.5 e e

TiFe5 0.05 0.37964 (1) 0.95145 (1) 19.7 e e

TiFe10 0.10 0.38041 (1) 0.95207 (1) 19.0 e e

TiFe15 0.15 0.38058 (1) 0.95209 (1) 18.8 46.8 32.0
TiFe20 0.20 0.38053 (1) 0.95219 (1) 19.3 e 17.4
TiFe25 0.25 e e 22.0 e 14.4
TiFe30 0.30 0.38046 (1) 0.95200 (1) 23.8 e 13.8
TiFe50 0.50 e e e 15.0 16.0

Fig. 3. XRD patterns showing 104 line of hematite visible in sample TiFe15 (15mol %
FeIII) that gradually disappeared with FeIII doping up to 30mol % (TiFe30) and then
again appeared in sample TiFe50 (50mol % FeIII).
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values of Dv (104) and Dv (110) of hematite are given in Table 2. The
Dv (110) decreases from 32.0 to 13.8 nm (samples TiFe15 to TiFe30),
and then increases to 16.0 nm in sample TiFe50. The Dv (104) is
46.8 nm in sample TiFe15 and then 104 line unexpectedly disap-
pears at 20, 25 and 30mol% of doped FeIII (Fig. 3). The 104 line in the
sample TiFe50 again appeared, and Dv (104) has the lowest value of
15.0 nm.
Fig. 4 shows the M€ossbauer spectra of samples TiFe1 to TiFe50.
The M€ossbauer parameters are given in Table 3. The samples TiFe1
and TiFe5 are characterized with a doublet that can be assigned to
the paramagnetic high spin FeIII incorporated in the crystal lattice
of anatase TiO2. The isomer shift (IS) and quadrupole splitting (QS)
of this paramagnetic doublet (PD) are 0.37 and 0.66mm s�1,
respectively. Sample TiFe10 is characterized by the superposition of
a doublet and a sextet. The sextet H (red line) with hyperfine
magnetic field (MF) of 50.80 T, QS of �0.18mm s�1, IS of
0.35mm s�1 and line width (LW) of 0.41mm s�1 is assigned to a-
Fe2O3 (hematite) [32e34]. The relative abundance of a-Fe2O3 in
sample TiFe10 is estimated to 13.7% by M€ossbauer spectroscopy
(Table 3). However, it is important to note that a-Fe2O3 was not
identified by XRD in the same sample even though the solubility
limit of FeIII in anatase TiO2 was estimated to 8mol% using XRD.
M€ossbauer spectroscopy is sensitive only to iron (Fe), thus the
result of 13.7% of a-Fe2O3 means that there is 13.7% of a-Fe2O3
relative to the total iron present in the sample. Since the sample
TiFe10 has 10mol% of initially added iron, the relative amount of a-
Fe2O3 in sample TiFe10 is approximately only 1.4% and such a low
quantity of a-Fe2O3 is not detectable by XRD (Fig. 1). The sextet that
appeared in sample TiFe10 increased in sample TiFe15 and then
quite unexpectedly disappeared in samples TiFe25 and TiFe30
(Fig. 4). The absence of hematite sextet in samples TiFe25 and
TiFe30 is in accordance with XRD results, which show a broad
amorphous maximum at the position of 104 line of hematite
(Fig. 3). The hematite sextet again appeared in sample TiFe50,
however, the high value of linewidth (LW¼ 0.64mm s�1) indicated
broad particle size distribution.

The blue curve in Fig. 4 represents a doublet (D) due to the
paramagnetic and/or superparamagnetic high spin FeIII in an
octahedral oxygen coordination. At low iron concentrations
(samples TiFe1, TiFe3 and TiFe5) the FeIII substitute the TiIV into
the anatase crystal lattice and all FeIII are in a paramagnetic state.
At higher iron concentrations the FeIII segregated as a-Fe2O3
(samples TiFe10, TiFe15 and TiFe50) that are characterized with
sextet (magnetic hyperfine splitting) [33,35], however, the very
small a-Fe2O3 NPs at room temperature may be in a super-
paramagnetic state [32,36e40]. The superparamagnetic nano-
particles show doublets in the M€ossbauer spectrum at room
temperature [35,40,41]. This is because at this relatively high
temperature the thermal fluctuations become larger and more
frequent, which cause the direction of magnetization to undergo
random reorientation [42]. Thus, the doublet D in the samples
with high concentration of FeIII (samples TiFe10 to TiFe50) is due
to the paramagnetic FeIII (substitution of Fe for Ti in the anatase
lattice) and/or very small superparamagnetic a-Fe2O3



Fig. 4. M€ossbauer spectra of samples TiFe1 to TiFe50. The blue curve represents the doublet due to the high spin FeIII in an octahedral oxygen coordination, whereas the red curve
represents the sextet due to the a-Fe2O3 (hematite).
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Table 3
57Fe M€ossbauer spectroscopy parameters for samples TiFe1 to TiFe50.

Sample Fitting curve IS/mm s�1 QS/mm s�1 MF/T LW/mm s�1 Relative area/% Assignations c2

TiFe1 D 0.37 0.66 e 0.68 100.0 FeIII, PD 1.09
TiFe3 D 0.41 0.65 e 0.56 100.0 FeIII, PD 1.12
TiFe5 D 0.36 0.66 e 0.54 100.0 FeIII, PD 0.97
TiFe10 D

H
0.38
0.35

0.69
�0.18

e

50.80
0.47
0.41

86.3
13.7

FeIII, PD/SP
a-Fe2O3

1.17

TiFe15 D
H

0.37
0.34

0.72
�0.19

e

50.06
0.46
0.46

71.5
28.5

FeIII, PD/SP
a-Fe2O3

1.18

TiFe25 D 0.37 0.74 e 0.48 100.0 FeIII, PD/SP 1.25
TiFe30 D 0.35 0.74 e 0.52 100.0 FeIII, PD/SP 1.13
TiFe50 D

H
0.36
0.34

0.74
�0.16

e

48.97
0.53
0.64

78.0
22.0

FeIII, PD/SP
a-Fe2O3

2.83

IS¼ isomer shift relative to a-Fe at room temperature; QS¼ quadrupole splitting or quadrupole shift; MF¼ hyperfine magnetic field; LW¼ line width; PD¼ paramagentic
doublet; SP¼ superparamagentic doublet; H¼ a-Fe2O3 (hematite) sextet.

Fig. 5. Raman spectra of samples TiFe0, TiFe10, TiFe25 and TiFe50.
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nanoparticles. The values of QS around 0.70mm s�1 or higher
(samples TiFe10 to TiFe50) suggest that these samples contain very
small iron oxide nanoparticles with FeIII in highly disordered local
environments.

Fig. 5 shows Raman spectra of samples TiFe0, TiFe10, TiFe25 and
TiFe50. The Raman bands of undoped TiO2 sample (TiFe0) are in
good agreement with the six allowed Raman modes of anatase; n6
(Eg) at 144 cm�1; n5 (Eg) at 197 cm�1; n4(B1g) at 399 cm�1; n3 (A1g)
at 513 cm�1; n2(B1g) 519 cm�1; and n1 (Eg) 639 cm�1 reported by
Ohsaka et al. [43]. The modes of n1 (Eg) 639 cm�1, n2(B1g) 519 cm�1

and n3 (A1g) 513 cm�1 are the Ti-O bond stretching type vibrations,
whereas the modes of n6 (Eg) 144 cm�1; n5 (Eg) 197 cm�1; n4(B1g)
399 cm�1 are the O-Ti-O bending type vibrations. The most intense
band of anatase at 144 cm�1 shifted towards higher wavenumbers,
it became broader and its intensity decreased with the increment
of the FeIII dopant. Raman spectrum of a-Fe2O3 (hematite) exhibits
seven bands at about 226 (A1g), 245 (Eg), 293 (Eg), 298 (Eg), 412 (Eg),
500 (A1g) and 612 (Eg) cm�1 [44,45]. The bands at 226 (A1g) and 293
(Eg) cm�1 are the most intense hematite Raman bands. Thus, the
new band at 290 cm�1 in sample TiFe25 can be associated with the
Raman (Eg) mode of hematite. The absence of 104 XRD line of
hematite in sample TiFe25 is not in contradiction with the
observed hematite band at 290 cm�1, because the Raman spec-
troscopy is much more sensitive to the FeIII short-range order
environment in comparison to XRD. The Raman spectrum of
sample TiFe50 shows no visible Raman bands because of the high
self-absorption of the laser beam (wavelength of 514.5 nm) by the
red colored sample.

Fig. 6 shows SEM micrographs and corresponding particle size
distributions of samples TiFe1 (a), TiFe5 (b), TiFe10 (c), TiFe15 (d),
TiFe25 (e) and TiFe50 (f). The SEM image and corresponding par-
ticle size distribution of sample TiFe0 are shown in Fig. S1 in the
Supplementary Material. Generally, two trends are visible; the
FeIII doping causes the decrease in particle size up to 15mol% of
FeIII, and then the reverse effect is visible where the particle size
increases from 38.0 nm in sample TiFe15 to 99.2 nm in sample
TiFe50. The values of BET specific surface area are in agreement
with these two trends (Table 4).

Fig. 7 shows TEMmicrographs with particle size distributions (a,
b) and corresponding EDS elemental mapping (c, d) of samples
TiFe15 (a, c), TiFe30 (b, d). Sample TiFe15 consists of two types of
particles, the smaller ones that have octahedral morphology and
are about 20 nm in size are characteristic of anatase, whereas the
bigger NPs of about 100 nm in size and hexagonal morphology are
characteristic of hematite. The average particle size, taking into
account both types of nanoparticles, is 26.1 nm. The EDS elemental
mapping shows that small octahedrons are titanium-rich (a lot of
red dots) and at the same time iron-poor (sparsely dispersed green
dots). On the contrary, the big hexagon nanoparticles are iron-rich
and contain exclusively iron (Fe) and oxygen (O).

Sample TiFe30 (Fig. 7b) also consists of two types of particles.
The smaller ones, slightly irregular and elongated octahedrons, are
about 30 nm in size. The bigger particles are of irregular
morphology and about 100 nm in size. The mean particle size of



Fig. 6. SEM micrographs and corresponding particle size distributions of samples TiFe1 (a). TiFe5 (b), TiFe10 (c), TiFe15 (d), TiFe25 (e) and TiFe50 (f).

Table 4
SEM mean particle sizes and BET specific surface areas of samples TiFe0 to TiFe50.

Sample SEM mean particle size/nm BET specific surface area/m2 g�1

TiFe0 42.9 52.7
TiFe1 39.0 e

TiFe5 30.3 62.4
TiFe10 31.8 61.8
TiFe15 38.0 54.7
TiFe25 49.7 39.6
TiFe50 99.2 25.9
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32.6 nm was calculated taking into account both types of particles.
The EDS elemental mapping of sample TiFe30 (Fig. 7d) was done on
the rectangular area bordered by the dashed red line. The EDS
mapping shows the iron and titanium-rich areas (particles on the
right and at the top of Fig. 7b) and titanium-rich particles (particles
on the left side of Fig. 7b), however, there are no exclusively iron-
rich particles as in the case of sample TiFe15.

Fig. 8 shows STEM-ADF image and corresponding electron en-
ergy loss spectroscopy (EELS) analysis of sample TiFe15. EELS
analysis was taken at the spots 1, 1a and 2. The hexagonal-like
particle at the spot 1 and 1a consists of very high Fe L2 and L3
edge peaks, whereas the O-K edge and Ti L2 and L3 edge peaks are
of much lower intensity. The particle at the spot 2 contains oxygen,
a lot of titanium (Ti) and very small amount of iron (Fe). Therefore,



Fig. 7. TEM micrographs with particle size distributions (a, b) and corresponding EDS elemental mapping (c, d) of samples TiFe15 (a, c), TiFe30 (b, d); Green¼ Fe, blue¼O, red¼ Ti.
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sample TiFe15 consists of iron-rich particles with a small amount of
titanium and of titanium-rich particles with a very small amount of
iron. These results are in accordance with EDS results presented in
Fig. 7b.

Fig. 9 shows STEM dark-field and STEM-ADF images as well as
corresponding EELS analysis of sample TiFe30. The EELS analysis
was taken at the spots 1 and 2. The octahedron particle at the spot 1
consists of titanium (Ti) and oxygen (O) with no iron (Fe), whereas
the particle at spot 2 consists of titanium, oxygen and iron (Fe).
Sample TiFe30 contains no highly loaded iron particles character-
istic of hematite. Therefore, the EELS analysis in line with XRD re-
sults (Fig. 3) confirms that the sample TiFe30 contains no hematite.
Obviously, in the sample TiFe30 the FeIII segregated not in the form
of hematite, but in the form of iron/titanium phase that was poorly
crystallized or even amorphous (Fig. 2). Besides, in sample TiFe30
the titanium-rich octahedrons contained virtually no iron, which
implied that iron expelled from anatase structure.

Fig.10 shows Tauc plots of the synthesized samples, whereas the
reflectance spectra are shown in Fig. S2 in the Supplementary
Material. The band gap energy of samples was calculated based
on the Kubelka-Munk function. The following relation is used:

ðhnaÞ1=n ¼ Aðhn� EgÞ (2)

where h is Planck's constant, n is frequency, a is absorption coef-
ficient, Eg is band gap and A is proportionality constant. The value of
the exponent n represents the type of sample transition (n¼ 2 for
indirect allowed transition, n¼ 0.5 for direct allowed transition).
The calculations were performed for indirect band gap energy
determination; therefore, the value of n was set to 2. The collected
diffuse reflectance spectra were converted to the Kubelka-Munk
function. The vertical axis was converted to a quantity (hnF
(R∞))1/2 where F (R∞) is proportional to the absorption coefficient
and is calculated by the following equation:

FðRfÞ ¼ ð1� RÞ2=2R (3)

where R is reflectance at a given wavelength. Using the calculated
values, (hnF (R∞))1/2 was plotted against hn. A line tangent to the
linear part of the curve was drawn through the inflection point and



Fig. 8. STEM-ADF image and corresponding EELS (electron energy loss spectroscopy) analysis of sample TiFe15. EELS analysis was taken at the spots 1, 1a and 2. The hexagon-like
particle at the spot 1 and 1a consists of very high Fe L2 and L3 edge peaks, whereas the O-K edge and Ti L2 and L3 edge peaks are of much lower intensity. The particle at the spot 2
contains oxygen, a lot of titanium (Ti) and very small amount of iron (Fe).
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extrapolated to zero reflectance. Inflection points of the curves
were found by taking the first derivative of the function and
locating the point at which the value of the first derivative coeffi-
cient begins to decrease after increasing. A line tangent to the linear
part of the curve was drawn through the inflection point and
extrapolated to zero reflectance. The extrapolated value was taken
as the band gap energy of the material.

The band gap energy of the undoped TiO2 sample was 3.1 eV,
whereas the band gap energy of Fe-Ti-O samples doped with up to
10mol% of FeIII showed a blue shift (3.2 eV). Therefore, in contrast
to reports of other studies we have observed no red shift of the
band gap energies to the visible part of the absorption solar spec-
trumwithin the solubility limit of FeIII in anatase TiO2 lattice. On the
contrary, a significant red shift from 3.2 to 2.4 eV was observed in
the samples with higher FeIII content (from 10 to 50mol% of doped
FeIII, Fig. S2 and Fig. 10).
4. Conclusions

We performed hydrothermal synthesis in order to obtain
nanocrystalline anatase as a single phase with no need for post-
heating treatment, which enabled us to study the impact of FeIII

on the structural and optical properties of single-phase anatase-
type solid solutions.

The solubility limit of FeIII in anatase lattice was estimated to
8mol% using Rietveld refinements of powder diffraction patterns.
FeIII that could not be dissolved in TiO2 crystal lattice separated as
a-Fe2O3 (up to 20mol % and at 50mol of doped FeIII).

The relative concentrations of a-Fe2O3 in the samples increased
up to 15mol% of added FeIII and then, quite unexpectedly, the XRD
104 line and M€ossbauer sextet of a-Fe2O3 completely disappeared
at 0.20< [Fe/(Feþ Ti)] < 0.30, whereas at [Fe/(Feþ Ti)]¼ 0.50 the a-
Fe2O3 again appeared. The XRD and EELS results proved that
sample TiFe30 contained no hematite and that iron in this sample
segregated in the form of iron/titanium phase that was poorly
crystalline or even amorphous (Figs. 3 and 9).

The band gap energy of the undoped TiO2 sample was 3.1 eV,
whereas the band gap energy of Fe-Ti-O samples doped with up to
10mol% of FeIII showed a blue shift (3.2 eV). The significant red shift
from 3.2 to 2.4 eV) was observed in the samples with higher FeIII



Fig. 9. STEM dark-field and STEM-ADF images as well as corresponding EELS (electron energy-loss spectroscopy) analysis of sample TiFe30. EELS analysis was taken at the spots 1
and 2. The octahedron particle at the spot 1 consists of titanium (Ti) and oxygen (O), whereas the particle at spot 2 consists of titanium, oxygen and iron (Fe).

Fig. 10. Tauc plots of the synthesized samples and corresponding band gap values as a
function of iron doping (inset).
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content (from 10 to 50mol %).
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