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Ultrafine Fe-doped TiOz (Fe content of 0, 0.5, 2, 5, 10, and 20 wt. %) was prepared using two-stage
TiCls and FeCl3-6H20 hydrolysis at final pH = 3.5. The effect of the Fe ion weight concentration on the
phase composition and morphology was investigated using XRD, FTIR, Mossbauer spectroscopy, thermal
analysis, and low-temperature nitrogen adsorption. Increasing the content of Fe3* ions in the range of
0-10 wt. % causes an increase in the amount of the anatase phase from 0 to 85-90 %. The average size of
anatase particles decreases from 31 nm for a Fe content of 0.5 wt. % to about 4 nm for a Fe content of
10 wt. %. The material synthesized at an Fe ion concentration of 20 wt. % is amorphous (XRD data) with-
out any magnetically ordered iron-containing phase. The Mossbauer spectra of all Fe-doped TiO2 samples
consist of doublets only, with isomer shift values of 0.55-0.57 mm/s corresponding to Fe3* in a high-spin
state in octahedral coordination, so isomorphic substitution of Ti4* ions for Fe3+ is highly probable. Anneal-
ing of Fe-doped TiO:2 sample with a maximum doping degree (20 wt. %) at 900 °C leads to the formation of
the FeoTiOs pseudobrookite phase and the transition of amorphous anatase to monoclinic titania (space
group symmetry C12/m1). The BET specific surface area values of Fe-doped titania increase linearly from
70 to 350 m?/g with increasing iron content from 0 to 5 wt. %. Further increase in the iron content does not
affect the BET surface area. The growth of oxygen vacancies concentration with increasing Fe3* content
was observed by FTIR that corresponds to the reduction of the rutile lattice constant. The anatase-rutile
transition temperature (thermal analysis data) is the highest (about 575 °C) for the material with the max-
imum Fe ion content. Photocatalytic activity of Fe-doped TiOz samples in reaction of methylene blue deg-
radation increases with an increase in the Fe content and correlates with the anatase phase relative con-
centration. The reaction rate increases from about 0.008 to 0.028 min-1, while the reaction rate for com-

mercial photocatalyst Degussa P25 under the same experimental conditions is about 0.029 min-1.
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1. INTRODUCTION

Nanocrystalline titania has a wide range of applica-
tions as photocatalysts [1], sensors [2], electrode mate-
rials for electrochemical [3] or photovoltaic [4] devices.
Phase composition, particle size and surface state are
the most important characteristics which determine
catalytic reactivity, photosensitivity and adsorption
properties of TiO2 [5].

A promising way of obtaining new functional nano-
materials is the synthesis of nanocomposite systems
(isolated nanoclusters incorporated in a porous matrix,
or combined compounds with isomorphic substitution of
dopant ions in the matrix of the crystal structure of the
base material) [6]. The doping makes it possible to im-
prove the photocatalytic, electrochemical and photoe-
lectrochemical properties of TiOs. Titania doping with
metal ions shifts the absorption spectra to the visible
region, increases electrical conductivity and increases
the performance of photovoltaic devices [7]. The ionic
radius of Fe3* (0.64 A) 1s close to that of Ti** (0.68 A),
therefore, isomorphous substitution during liquid
phase synthesis is possible. An increase in the photo-
catalytic activity of Fe-doped titania was reported by
some authors, see for example [8, 9]. The most possible
reasons are the capture of charge carriers by Fe3* ions
substituted in the TiO2 matrix and suppression of the
recombination of photogenerated electron-hole pairs.
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Phase composition and particle size control are crucial-
ly important for enhancing the photocatalytic response
of Fe-containing titania. Anatase modification of TiO2
due to electronic structure peculiarities (indirect band
gap transition) has advantages compared to other pol-
ymorphic forms (rutile and brookite) [10], but in some
cases the presence of interphase boundaries within
titania particles is very important for catalytic activity
growth. In this paper, the development of methods of
active influence on the phase composition of iron doped
TiOz is reported.

2. MATERIALS AND METHODS

A sol-gel method based on the preparation of titani-
um tetrachloride during hydrolysis was used for the
synthesis of ultrafine FeTiOz [11]. Titanium tetrachlo-
ride TiCls (Merck, 99.9 %; specific density 1.73 g/cm? at
20 °C) was cooled to 0 °C. Hydrochloric acid (36.0 %
aqueous solution) was added to titanium tetrachloride
at a stabilized temperature with the evaporation of
gaseous hydrogen chloride and the formation of titani-
um oxychloride TiClsOH sol. The final TiCls:hydro-
chloric acid volume ratio was 2:1 and the pH value was
3.5. An aqueous solution of ferric chloride hexahydrate
FeCls-6H20 (Merck, reagent grade, > 98 %) in the ratios
required to obtain the predicted mass concentration of
Fe was added dropwise at vigorous stirring. The result-
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ing sol was transparent and had a yellowish tinge. An
aqueous solution of sodium hydrocarbonate was added
dropwise to the sol to pH = 5.0-5.5 under vigorous stir-
ring. Gel formation was observed during the entire pro-
cess of increasing pH. The suspension of nanoparticles
was kept at 80 °C for 4-5 h, followed by washing with
distilled water until the absence of Na* and Cl- ions.
Precipitated TiO2 was dried at a temperature of 120 °C.
Six samples with different Fe contents of 0, 0.5, 2, 5, 10
and 20 wt.% were obtained, designated 0.5Fe, 2Fe, 5Fe,
10Fe and 20Fe, respectively.

XRD patterns were obtained on a DRON-4-07 dif-
fractometer (CuK, radiation, Bragg-Brentano geometry
type, NiKgfilter). Full pattern Rietveld refinement
was done using FullProf Suite Program [12]. The struc-
tural models for anatase and rutile were based on
ICSD #92363 [13] and ICSD #24780 [14], respectively.
A combination of Gauss and Cauchy functions was used
to fit the diffraction lines. The size of the coherent scat-
tering domains was calculated by the Scherrer equa-
tion: D = KA/(fcosé), where K is the Scherrer constant
(K=0.9), 4 is the wavelength (0.15405 nm), £ is the
FWHM (in radians), and #1is the peak angular position.
Copper powder annealed in vacuum (850-900 °C, 4 h)
with an average grain size of about 50 um was used as
a reference sample to determine the instrumental peak
broadening. The full width at half maximum (FWHM)
of the diffraction peak of this reference sample at
20=43.38° was 0.129°, therefore it made it possible to
distinguish anatase and brookite phases.

Infrared spectra were obtained on a Thermo-Nicolet
Nexus 670 FTIR spectrometer in a range of
4000-400 cm —1. The TiO2 / K Br mixture after vibration
milling was pressed into pellets and measured in the
transmission mode.

Mossbauer spectra were obtained on a MS1104Em
spectrometer with moving absorber (57Co(Cr) radiation
source, isomer shift calibrated according to a-Fe). The
velocity resolution was about 0.008 mm/s per channel.
The obtained signal-to-noise ratios were higher than
31. The Mossbauer spectra were measured at room
temperature in transmission geometry.

The values of specific surface area of the obtained
materials (five-point BET method) were measured by
low-temperature nitrogen adsorption/desorption at
77 K with a Quantachrome NOVA 2200e device.

The photocatalytic activity of the obtained Fe-doped
titania was investigated by methylene blue (MB) decol-
orization in an aqueous solution (mass concentration of
0.01 g/1) under soft UV irradiation (27 W, mainly with a
wavelength of 365 nm). Dry titania powder (mass con-
centration 0.1 g/l) after continuous grinding was added
into aqueous solution of MB. The total volume of reac-
tion media was 50 ml, interface area 30 cm?2, the irradi-
ation under magnetic stirring. The reaction time
ranged from O to 50 min, the measurements of the con-
centration was performed each 10 min. The titania and
solution were separated with centrifuge. The changes of
reaction media absorbance were measured with UV/Vis
spectrophotometer Ulab 108UV, China.

3. RESULTS AND DISCUSSION

An increase in the iron-containing precursor in the
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reaction medium abruptly affects the phase state of the
obtained materials (Fig. 1a). The material obtained in
the absence of Fe additive (Fe?) is a pure rutile phase
with an average size of the coherent scattering domains
(particles) of about 4.7 nm. An increase in the Fe3* ion
content leads to the appearance and gradual growth of
anatase phase molar content. The crystallinity of both
titania phases decreases with increasing Fe ion content
and sample with maximal doping degree is amorphous.
Iron-containing phases were not observed for all synthe-
sized samples. For 0.5Fe sample with anatase content
up to 4 mol. % the average size of anatase particles is
larger (about 31 nm) compared to the rutile phase
(about 4 nm), but already for 2Fe sample (anatase con-
tent of about 45-50 mol. %) this value is about 4.9 nm.
The tendency to an increase in the rutile phase particle
size is observed up to Fe contents of 2 wt. % that corre-
sponds to an increase in both lattice constants (Fig. 1c).
An increase in the doping degree causes a fast decline of
titania particle size for the rutile and anatase phases
(up to 2.2 and 3.8 nm, respectively). A nearly linear en-
largement of the specific surface area of Fe-doped tita-
nia in the range 70-350 m2/g was observed up to an iron
content of 5 wt. % with subsequent stabilization (Fig. 2).
The doping degree enlargement causes an increase
in the thermodynamic instability of the oxide system
with relaxation through phase and structural trans-
formations. The dependence of the Fe-containing tita-
nia phase composition on the content of iron ions was
studied earlier in several works. Brookite and Fe-
containing phases were observed in [15] for hydrother-
mally synthesized Fe-TiOz (Fe content in a range of
0-30 wt. %). It is known that the synthesis conditions
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Fig. 2 — BET specific surface area of Fe-doped TiO2 samples vs
Fe content

(especially the pH value of the reaction media [11] and
the presence of different additives [16-18]) affect the
nucleation of titania phases. An increase in the ana-
tase-rutile phase transition rate in the presence of Cu2*
ions in a reducing atmosphere was interpreted in [19]
as a result of anion vacancies formation, but this factor
is less important than the effect of morphology change.

A decrease in the titania particle sizes with a simul-
taneous increase in the anatase phase formation with
Fe content enlargement in a range of 1-15 wt. % was
observed in [20]. A decrease in the number of titania
particles with increasing Fe/Ti ratio is typical of Fe-
doped TiOz [21, 22]. The probability of rutile nucleation
at a given temperature depends on the ratio between
the phase transition energy (calculated as the differ-
ence between the Gibbs energies of anatase and rutile
particle sizes) and the energy of the interface between
the nuclei of a new phase (rutile) and the matrix phase
(anatase). The surface energy values for {001}, {101}
and {010} facets of anatase are 0.90, 0.44 and 0.53 J/m?2,
respectively [23], while for rutile these values are much
higher — about 2.2 + 0.2 J/m2[24]. As a result, the ana-
tase-rutile transition probability decreases with de-
creasing anatase crystallite size.

FTIR spectroscopy provides additional information
about the obtained materials. A characteristic feature
of the IR spectra of TiO2-H20 material is broad absorp-
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tion bands at about 1630 and 3200 cm —1, corresponding
to the vibrational modes of OH bonds of adsorbed non-
dissociated H20 molecules (5~H20) and chemisorbed
hydroxyl groups (v-OH), respectively [25, 26]. The con-
siderable width of the absorption bands of OH bonds
(3000-3750 cm ~ 1) indicates the presence of continuous
spectra of resonant energies. The blue shift of the ab-
sorption maximum with increasing doping degree cor-
responds to length reduction of OH bonds.

The zone of very strong absorption at the beginning
of the investigated wavelength region corresponds to
Ti—0 and Ti—O-Ti vibrations of stretching mode of the
rutile and anatase polymorph modifications of TiO:
[27]. The FTIR spectra of pure TiOz2 and Fe-doped tita-
nia (as shown in Fig. 3) illustrate the absorption peaks
at about 1536 cm-1. An absorption band at about
1530 cm -1 was noted but not interpreted in [28]. The
relative intensity of this band is low for an undoped
sample, has a maximum for two-phase crystalline 10Fe
sample and decreases for amorphous 20Fe sample. The
peak at 1540 cm—1! corresponds to the asymmetric vi-
bration of the surface group of COO [29]. At the same
time, the close adsorption region at about 1560 cm —!
band can be associated with the vibration mode of ad-
sorbed water, and the band frequency depends linearly
on the distance between water molecules and the sur-
face of the TiO2 nanocluster [30]. The difference in the
specific surface area of 5Fe and 10Fe samples is rela-
tively small (Fig. 2); therefore, the presence of Fe ions
in the surface layers of titania particles changes the
adsorption conditions.

One of the reasons is the concentration of oxygen
vacancies with increasing Fe3* content, which corre-
sponds to the reduction of the rutile lattice constant
with isomorphic substitution of Ti** ions. Broken Ti—O
bonds and distorted coordination octahedron cause the
material density increase and the unit cell decrease, as
well as the appearance of mechanical stresses [31].

The values of the specific surface area of 5Fe, 10Fe
and 20Fe samples are very close, so the difference in the
results of thermal analysis (Fig. 4a) cannot be explained
by the removal of adsorbed surface species. As shown in
Fig. 4b, the shift of the maximum weight loss rate to-
ward lower temperatures from 140 to 110 °C is observed
with an increase in the Fe content from 5 to 20 wt. %.
The same dynamics has a position of endothermic peaks
(Fig. 4c) on the DTA curve taken as the glass transition
temperature (157, 144 and 130 °C for 5Fe, 10Fe and
20Fe, respectively) that can be assigned to the crystalli-
zation of the amorphous component of materials, ac-
companied by the removal of adsorbed water molecules
and hydroxyl groups. The broad exothermic peaks ob-
served in a range of 400-800 °C correspond to the ana-
tase-rutile transition without weight loss. The material
with the maximum content of Fe ions has the maximum
thermal stability: for 20Fe samples, the transition tem-
perature is the highest (about 575 °C).

Mossbauer spectra of Fe-doped TiO2 samples at Fe
contents of 5, 10 and 20 wt. % (Fig. 5a) consist of a sin-
gle doublet component.

The fitting procedures realized for each spectrum
allow to determine the parameters of hyperfine interac-
tions (isomer shift §, quadrupole splitting A, line width
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w). All doublets have close isomer shift values (0.55-
0.57 mm/s) that is associated with Fe3* ions in a high-
spin state in octahedral coordination as a result of iso-
morphic substitution of Ti** ions for Fe3* without the
presence of an Fe-containing amorphous phase [32].

An increase in the quadrupole splitting values from
0.71 to 0.74 and 0.79 mm/s for 5Fe, 10Fe and 20Fe
samples, respectively, corresponds to an increase in the
structural disorder. A simultaneous decrease in the line
width (in a range of 0.55-0.49 mm/s) is the result of a
decrease in the number of non-equivalent crystallo-
graphic sites of localization of Fe3* ions with the doping
degree enlargement. Isothermal annealing of 20Fe
sample was realized in a temperature range of 200-
900 °C with a Mossbauer study of the obtained materi-
als (Fig. 5b). Separation of the magnetically ordered
phase (about 20-22 % of the integral intensity) was ob-
served after thermal treatment at 500 °C. The quadru-
pole splitting values of the sextet components for the
20Fe-500 sample correspond to the a-Fe203 phase
(0.21 mm/s), but hyperfine magnetic field Bxs (48.5 T) is
much lower than expected for this compound (typical
values are about 51.2-51.7 T [33, 34]). An increase in
the annealing temperature to 700 °C leads to growth of
the magnetic ordered component relative intensity to
32 without significant changes in quadrupole splitting
and hyperfine magnetic field values.

At the same time, a decrease in the quadrupole split-
ting and an increase in the line width of the doublet
component were observed. A subsequent increase in the
annealing temperature causes the disappearance of Fe3*+

in the magnetically ordered state without changing the
doublet component parameters.

An additional XRD study of 20Fe-900 sample shows
the formation of Fe-containing pseudobrookite Fe2TiOs
phase [35] with a content of about 29 mol. % and tran-
sitions of amorphous anatase to monoclinic titania
(space group symmetry C12/m1) typically obtained by
thermal decomposition of layered H2TizO7 titanites
[36]. The spectra parameters of 20Fe-900 sample are
close to the data obtained for the pseudobrookite phase
synthesized by the decomposition of FeCl{Tiz(OPri)s}
precursor at 1000 °C [37].

An investigation of the photocatalytic performance of
all Fe-containing samples was done. Typical UV-vis
absorption spectra of titania-containing (20Fe sample)
sol are presented in Fig. 6a. The gradual decrease in the
absorption peaks at 665 nm with increasing irradiation
time is the result of MB oxidation. The degradation dia-
grams of the prepared samples for MB (Fig. 6b) allow to
calculate the rate values of MB oxidation reactions. It
was observed that increasing the Fe content causes an
increase in the degradation reaction rate (Fig. 6¢).

The reaction rate increases from about 0.008 to
0.028 min-1. A commercial photocatalyst Degussa
(Evonic) P25 (anatase content of about 70 wt. %, pres-
ence of an amorphous phase, average particle size of
about 20 nm [38]) was used for a comparative analysis
of the photocatalytic performance of Fe-doped TiO2. It
was determined that the reaction rate of MB photocata-
lytic degradation with P25 sample under the same ex-
perimental conditions is about 0.029 min -1, which is
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close to the performance of 20Fe sample. A feature of
the P25 experiment is a rapid decrease in the absorp-
tion of the MB solution at the initial stage of the proce-
dure, which despite the MB solution absorption at the
initial stage of procedure that can be explained by the
dye adsorption on the P25 titania particles (Fig. 6b). A
clear correlation (Pearson coefficient value is about
0.90-0.91) was observed between the reaction rate con-
stant of MB oxidation and the relative content of the
anatase phase in catalysts (Fig. 6¢). It was supposed
that amorphous 20Fe sample consists of ultrafine ana-
tase only. As a result, the catalyst phase composition is
more important than the formation of oxygen vacancies
due to the substitution of Fe3* for Ti** ions in the tita-
nia lattice, which can promote the formation of oxygen
vacancies, dissociation of H20, and an increase in the
concentration of surface hydroxyl groups [39]. This as-
sumption is confirmed by the stability of the position of
the absorption band edges for all Fe-containing sam-
ples without a remarkable shift to the visible range
with increasing Fe content, as was observed in [40].

4. CONCLUSIONS

The variation of the Fe content in Fe-doped titania,
obtained by sol-gel synthesis based on the conventional
hydrolysis of titanium tetrachloride and ferric chloride
hexahydrate, makes it possible to control both the ana-
tase phase content and the degree of crystallinity of the
obtained TiO2. The absence of an Fe-containing phase
and the stability of the position of the absorption band
edges were observed for Fe-doped titania samples with
a Fe content of up to 20 wt. %. The observed specific
surface area of Fe-doped titania linear growth in a
range of 70-350 m2%/g with an increase in the iron con-
tent in the range of 0-5 mass % can be caused by the
formation of anion vacancies due to the substitution of
Fe3* ions into the titania matrix. Isothermal annealing
of Fe-doped titania at 900 °C causes the formation of
pseudobrookite and monoclinic TiO2 phases. The photo-
catalytic activity of Fe-doped TiOz with an Fe content
of 20 wt. % in the photodegradation reaction of meth-
ylene blue dye at a wavelength of 365 nm is close to the
Degussa P25 characteristics.
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Oxcupg TuraHy, JIerOBaHUN 3aJ1i30M: CUHTE3, CTPYKTYpPHi, Mar"HiTHi
Ta poToKATAIITUYHI BJIACTUBOCTI

Isan Mupoumwok!, Bomogumup Koroouucsrmitl, Irop Mukuruu!, F0maia Komobuucbka?,
Bosnogumupa Boituyk!, Bacuins ®emopis!

L IBH3 «Ilpurxapnamcokuil HayioHaabHull yHigepcumem imeni Bacuns Cmegparnurar, eyn. Illesuenka, 57,
76018 lIsano-PpanKiscvk, YEpaina
2 Jearo-@panKi6cvKUll HAUIOHAJILHUTL MeOUUHUL YHIgepcumem, 8ya. I anuupka, 2,
76018 Isaro-@panxiscvk, Yrpaina

Broius macoBoi kourenTparrii iounis Fed* ma dasoBuit ckiaam Ta MopdoJIoriio JTOTOBAHOTO 3aJI130M JTI0K-
cuny turany (Fe:TiOz), orpumanoro mertomom neocramiiizoro rinposidy TiCls ta FeCls-6H20 npu dinansro-
my pH = 3.5, mocaimxysases merogamu XRD, FTIR, Mec6ayepiBcbKoi CITIEKTPOCKOITI, TEPMIYHOTO aHAJII3y Ta
HU3BKOTEMIIEPATYPHOI azcopoOriii asory. 30iibmreHHss BMicTy ioHIB Fe3* B miamasoni 0-10 mac. % BHKJIHKae
pict BmicTy dasu anarasy Big 0 mo 85-90 %. CepeHiil po3Mip YaCTHHOK aHATA3y 3MEHIyeThesd 3 31 HM mpu
BMicTi 3asmisa 0,5 mac. % 10 mpubsmano 4 HM 1 BMicTy 3asida 10 mac. %. Marepias, cMHTe30BaHUM IIPU
KoHIleHTparrii iouis 3amisa 20 mac. %, amopduuii (mari XRD) 6e3 mpucyTHOCTI MATHITOBIIOPSIKOBAHUX 3AJI1-
3oBmicHuX (pa3. MecbayepiBebki criexTpy Beix 3pasdkiB Fe:TiO: dopmyoTbes TITBKH Ty0JIETHOI KOMITOHEH-
TOIO 31 3HAUEHHAMH 13oMepHoro acyBy 0,55-0,57 mm/c, 1o Biamosigae Fe3* y BMCOKOCIIIHOBOMY CTaHl B OKTae-
OpIYHINA KOOPOMHAIIII, TOMYy BHCOKOMMOBIPHHUM € i3omMopdHe 3amimenHa ioHis Ti4t Ha Fe3* B kpmcramiuamx
rpaTtkax aHartady Tta pytwiy. Bimman spaska Fe:TiO: 3 makcumansuuM crymeHem jomyBanus (20 mac. %)
mpu temmeparypi 900 °C mpusBomuTh 10 yTBOpeHHs dasu mnceBnobpykity FeoTiOs Ta mepexonay amopdroro
aHaTa3y B MOHOKJIHHHH TIOKCH TUTaHy (mpocropoBa rpyma cumerpii C12/m1). Crocrepiraerses JiHIMHAN
pict trromoi o nosepxHi (BET) Fe:TiOz 3 70 mo 350 m2/r npu 36isburenH] BMicTy ioHIB 3astisa Bixg 0 110
5 mac. %; mogasbire 301IbIIeHHS BMICTY 10HIB 3a/i3a He BILIMBAE HA 3HAYEHHS IIUTOMOI ILJIONII MOBEPXHI
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IRON-DOPED TITANIA: SYNTHESIS, STRUCTURAL, MAGNETIC ... JJ. NANO- ELECTRON. PHYS. 13, 06023 (2021)

MarepiamiB. 3poCTaHHSA KOHIIEHTpPAIlll KMNCHEeBUX BaKAHCIH 31 30LIbIIeHHsAM BMicTy Fedt, crocrepeskyBare me-
tomom FTIR, BimmoBimae sHUYKEHHIO BeJIMYWH CTAJIOl rpaTku a3 aHaTady Ta pyTuiy. Temmeparypa ¢pa3oBoro
Iepexo/y aHaTas3-pyTUJI (JaHi TepMIYHOro aHaM3y) HanBuia (6ausbko 575 °C) mia MaTepially 3 MaKCHUMAJIb-
HuM BMicToM ioHIB Fe. @oTokaramTuyHa akTUBHICTD qomoBaHux Fe spaskis TiOz, mocmimkyBana Ha MPUKJIAI
peaxIrii Jerpamariii MeTHJIEHOBOTO CHBOT0, 3pocTae 31 30LIbIIIeHHAM BMICTY 10HIB Fe, Kopesionyu 3 BITHOCHUM
BmicroM dasu aHartasy. KoHcranTa peaxini doromerpamarrii mpu 3acrocyBauui Fe:TiOz apocrae Bim 0,008 mo
0,028 xB-1, B TO# Yac K aHAJIOTIYHMN [TapaMeTp IIPU 3aCTOCYBAHHI B THX JK€ eKCIIePUMEHTAJIbHUX YMOBAaX KO-
MepriiitHoro ororaramaaropa Degussa P25 cranoBurs 0,029 xB-1.

Kurouori ciora: Oxcuy tutany, jgeropauuit samasom, [inpoms, lomkonmercartis, Hyxmeatis, Oxcup turasy.
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