ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Ceramics International 38 (2012) 635-640

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Synthesis and characterization of Fe’* doped titanium dioxide nanopowders

Biljana Babi¢ **, Jelena Gulicovski®, Zorana Doh&evié-Mitrovié¢ °, Dusan Budevac ®, Marija
Prekajski®, Jelena Zagorac ®, Branko Matovic *

# Institute of Nuclear Sciences “Vinca”, University of Belgrade, P.O. Box 522, 11000 Belgrade, Serbia
® Institute of Physics, University of Belgrade, Pregrevica 118, P.O. Box 68, 11080 Belgrade, Serbia

Received 15 July 2011; received in revised form 22 July 2011; accepted 23 July 2011
Available online 30th July 2011

Abstract

Titanium dioxide nanopowders, doped with different amounts of Fe** ions (0.3—5 mass%), were synthesized by acid-catalyzed sol-gel method
in a non-aqueous medium. The obtained powders were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman
spectroscopy and determination of izoelectric points as well as particle diameters. Careful investigation of porous structure was provided by
application of nitrogen adsorption—desorption method. Structure analysis showed that the obtained nanopowders exhibited the anatase crystal
structure, independent of the amount of iron dopants. The presence of Fe®* ions in anatase decreases the value of isoelectric point of undoped TiO».
Unlike crystal structure, porosity parameters are strongly affected by the amount of iron ions incorporated in TiO, lattice. The mesoporosity of
TiO, can be successfully controlled by changing the amount of iron dopants.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium oxide nanoparticles are widely investigated due to
their unique properties such as high stability, long lasting,
mechanical, optical and electrochemical properties. The wide
applications of TiO, nanoparticles as: anti-bacterial materials
[1], UV-protectors [2], materials in environmental protection
[3,4], photocatalyst [5-7], etc. demand general strategy for
synthesis of TiO, in large quantities.

One of the most common methods is sol-gel processing in
organic solvents under exclusion of water [5,8]. These
processes involve the reaction of metal oxide precursor with
organic solvent as a source of oxygen. These reactions take
place at lower temperatures and allow mixing of species at
molecular level. TiO, nanopowders, obtained by sol—gel
method, usually have developed porosity, but shape and
dimensions of pores are difficult to control [9,10].

The photocatalytic activity of TiO, depends on crystal
structure, particle size, surface area, porosity, etc. A wide range
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of transitional metal ions, especially iron, were used as dopants
for TiO, to improve its photocatalyst properties. Literature data
show significant disagreements about the influence of doped
iron on photocatalytic activity of TiO, [7,11-15]. The reason
for that is twofold. The certain concentration of iron dopants
near the surface of particle will strongly influence on charge
transfer and on structure and porous properties of TiO,, at the
same time. Although the reports about synthesis of iron doped
TiO, are numerous, the investigations of the influence of dopant
metal ions on surface properties and porosity of TiO,
nanoparticles are rare [16,17].

To our knowledge, only few paper, consider the isoelectric
point of Fe** doped TiO, [18,19]. This characteristic is very
important for the application of these materials in aqueous
solutions.

The aim of this work is to estimate optimal synthesis
conditions for obtaining samples of desired structure and
surface properties of Fe** doped TiO, nanopowders which were
synthesized by sol-gel method in non-aqueous medium. The
influence of the amount of iron dopant on structure and surface
properties of TiO, samples was investigated. Samples were
characterized by X-ray and Raman spectroscopy and SEM
analysis. In addition to the above mentioned methods,
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determination of isoelectric point, as well as the particle size
was performed in this study. Special attention was dedicated to
investigation of the specific surface and porosity of obtained
samples, determinated by BET method.

2. Experimental
2.1. Synthesis of doped TiO, samples

TiO, gels, doped with Fe**, were prepared by modified acid-
catalyzed sol-gel method in a non-aqueous medium [5]. The
sols were prepared by adding of 2 M solution of nitric acid to a
solution of titanium isopropoxide C,H,304Ti (97%, Aldrich)
in anhydrous ethanol (99.5%, Superlab), at room temperature,
under continuous stirring. The molecular ratios of Ti/ethanol/
H,O/nitric acid were 1/18/3/0.08. A corresponding amount of
Fe(NO3)3 (p.a., Superlab) was dissolved in nitric acid solution
before mixing with titanium isopropoxide. The amount of
Fe(NO3); was adjusted so the final mass% of Fe** in TiO,
powders was 0.3; 0.5; 1.0; 2.0; 3.0 and 5.0.

In each case, sols were stirred for 10 min, sealed and placed
5 days at room temperature. Formed gels were drying at 60 °C,
for 24 h, on air. After drying samples were heated to obtain
anatase crystallized phase and to remove traces of organic
substances. Thermal treatment was carried out at 400 °C for
2 h, in air.

2.2. Characterization of doped TiO, samples

Adsorption and desorption isotherms of N, were measured
on SBA-15 samples at —196 °C using the gravimetric McBain
method. The specific surface area, SggT, pore size distribution,
mesopore including external surface area, Sp,eqo, Mmicropore
volume, V., for the samples were calculated from the
isotherms. Pore size distribution was estimated by applying
BJH method [19] to the desorption branch of isotherms and
mesopore surface and micropore volume were estimated using
the high resolution ¢ plot method [20-22]. Micropore surface,
Smics Was calculated by subtracting Syeso from Sggt.

Field emission scanning electron microscopy (SEM)
analysis was carried out on doped TiO, samples using a
Hitachi 480 microscope.

Doped TiO, samples were characterized by recording their
powder X-ray diffraction (XRD) patterns on a Siemens D500
X-ray diffractometer using Cu Ko radiation with a Ni filter. The
26 angular regions between 5 and 80° were explored at a scan
rate of 1°/s with the angular resolution of 0.02° for all XRD
tests. Crystallite size was calculated using Scherrer equation.

Raman scattering measurements were performed at room
temperature on micro-Raman system using Jobin-Yvon
T64000 triple spectrometer. The Raman spectra were excited
with the 514.5 nm of the Ar*/Kr* laser operating at low incident
power in order to avoid sample heating.

A Zetasizer Nano with 633 nm He—Ne laser equipped with
an MPT Autotitrator manufactured by Malvern (Malvern, UK)
was used to determine the isoelectric point of pure and Fe**
doped titania samples by a potentiometric titration. This

instrument measures particle sizes from 0.6 nm to 6 pm. A
0.05 g of titania samples were dispersed in 25 ml of 0.01 and
0.1 mol dm > KNOj; and pH of suspensions were adjusted at
pH = 3. The samples were shaken mechanically and equili-
brated in PVC vessels for 24 h at room temperature. Then, the
samples were placed in a sample container and potentiometric
titrations were performed with 0.01 mol dm > KOH from
pH =3 to pH=9. Zeta, ¢, potentials were calculated by the
instrument software (Smoluchowski equation). Agglomerated
particle diameters were measured simultaneously with electro-
kinetic potential of the pure and Fe®* doped titania single
particle.

3. Results and discussion

According to X-ray diffraction analysis, the obtained
powders are single phase, independent of dopant concentration
in the range investigated (Fig. 1). Peaks related to isolated iron-
bearing phases are not observed. All of solid solution powders
exhibit the anatase (TiO,) crystal structure, which is in
agreement with literature data [13-15,17,23]. Fig. 1 also shows
that peaks are very broad which indicates small crystallite size
and/or strain. It was found that the crystallite size lies in the
nanometric range (10-11 nm). Adan and et al. in their work
claim that maximum solubility of iron cations inside anatase
structure is close to 1.5 mass% [18]. According to results in this
work all of 5 mass% of Fe** was successfully incorporated in
anatase crystal lattice.

The Raman spectra of Fe’* doped TiO, are presented in
Fig. 2. Raman modes presented in Fig. 2 are characteristic for
anatase phase with no traces of iron oxide phase indicating that
the doped samples are solid solutions. The most prominent
Raman E,; mode in the 0.3% Fe doped TiO; is shifted to higher
frequencies regarding its bulk counterpart [24] and is
positioned at 145 cm™' (Fig. 3). The shift of this mode to
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Fig. 1. X-ray diffraction patterns of Fe** doped TiO, samples (Fe** mass%: A-
0, B-0.3, C-0.5, D-1, E-3, F-5).
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Fig. 2. Room temperature Raman spectra of Fe** doped TiO, samples.

higher frequencies and its asymmetry on the high energy side is
characteristic for small crystallites.

With increasing of the Fe** up to the 3 mass% the E, mode
undergoes further shift to higher energies (see Fig. 2) indicating
that Fe entered substitutionally into titania lattice. When the Fe
content reaches 5 mass%, the E, mode exhibits redshift to
lower frequency. It is believed that such behavior originates
from electron-molecular vibrational coupling due to the excess
electrons present in titania lattice by increasing of Fe content
[25]. Previous investigation also confirms that Fe based phases
are not revealed by Raman spectra [26].

The zeta potential of pure and Fe** doped titania samples
(0.3, 3 and 5 mass% of iron) in different concentrations of
aqueous KNOj solutions at 25 °C was determined as a function
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Fig. 3. Behavior of the E, mode frequency with increasing Fe** content.
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Fig. 4. The zeta potential of Fe** doped titania samples as a function of pH for
different concentration of KNOj3. Inset: the zeta potential of pure TiO,.

of pH, and the results are presented in Fig. 4. The titration
started in acid region where titania surface is positively charged
and value of zeta potential has a positive sign. The value of zeta
potential decrease with increasing dispersion pH and position
of the common intersection point appears to be at
pH=7.25+0.2 and represents the isoelectric point of
synthesized titania (Fig. 4, inset). Literature data show wide
range of different values for isoelectric point of pure anatase
which were summarized by Kosmulski [27,28]. Presence of
Fe** jons in titania crystal lattice can cause shifts in isoelectric
point due to changes in cation coordination, structural charge,
ion exchange capacity, etc. These statements are confirmed by
results of isoelectric points of Fe** doped titania samples which
are presented in Fig. 4. The influence of doped iron ions on the
zeta potential of the TiO, samples is notable. Obtained results
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Fig. 5. The dependence of pure and Fe** doped titania particle diameters on
suspension pH in KNO; solutions.
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Fig. 6. SEM images of Fe** doped TiO, sample (Fe** mass% = 3).

show that the pHi, decreases and appears to be at
pH =6.5 £ 0.2 for all samples which means that the amount
of doped iron does not change the value of pHie,. The trivalent
Fe™* jons are weak acids and their presence at titania lattice
make overall surface more acidic.

Results obtained in this paper are in disagreement with
results cited in Ref. [18]. The authors obtained that isoelectric
point is function of the amount of iron incorporated in titania
samples. This disagreement in the results of pH;., in Ref. [18]
and in this work may arise from different way of preparation of
samples.

Fig. 5 presents the dependence of pure and doped titania
particle diameter on dispersion pH in 0.01 M KNOj; solution.
The agglomeration is not a function of ionic strength of KNO;
solution, in other words for the both concentrations of KNO;
solutions (0.01 and 0.1 M) the diameter size increases with
increasing pH of dispersion while the rapid increase i.e.
agglomeration is note at pH values which are close to the value
of isoelectric point of samples. This behavior can be ascribed to
the lowering of the thickness of the diffuse part of the electrical
double layer around pure and doped titania particles and

stronger interaction between NO; ™~ ions and the pure and doped
titania particle particles in more concentrated solutions. For all
samples particle diameter is similar, independent of the amount
of doped iron in titania. This also confirms that Fe** jons are
incorporated in crystal lattice of anatase.

SEM images of Fe** doped TiO, sample (Fe*" mass% = 3) is
given in Fig. 6. The morphology of the obtained powder shows
that particles have the large distribution of shape and
dimensions. It is worth noting that grains consist of
agglomerates of small particles.

Nitrogen adsorption isotherms, as the amount of N,
adsorbed as function of relative pressure at —196 °C, are
shown in Fig. 7. According to the IUPAC classification [29]
isotherms are of type-IV and with a well defined hysteresis
loops which are associated with mesoporous materials. Specific
surface areas calculated by BET equation, Sggt, are listed in
Table 1. Porous parameters of pure TiO,, synthesized by the
same procedure, are also presented in Table 1, for comparison.
It can be seen that incorporation of small amounts of iron in the
lattice of TiO, decreases Sget- However, higher amounts of iron
dopant significantly increase the overall specific surface.
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Fig. 7. Nitrogen adsorption isotherms of pure and Fe* doped TiO, samples: (a) pure TiO,, 0.3 and 0.5 mass% of Fe>*; (b) 1.0, 2.0, 3.0 and 5.0 mass% of Fe**. Solid

symbols — adsorption, open symbols — desorption.
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Table 1
Porous properties of Fe-doped TiO, samples.
Sample Sper (m*g™) Smeso (m” g™ Smic (m* g~ Seso/Smic Vinie (m* g™
TiO, 29 14 15 1.3 0.016
0.3% Fe 47 21 26 0.8 0.026
0.5% Fe 26 16 10 1.6 0.011
1.0% Fe 32 18 14 1.3 0.012
2.0% Fe 62 38 24 1.6 0.033
3.0% Fe 178 39 139 0.3 0.104
5.0% Fe 278 200 78 2.6 0.123
350 1 o plots, obtained on the basis of the standard nitrogen
] T —o—TiO, adsorption isotherm are shown in Fig. 9. The straight line in the
300 + —0— 0-32/" Fe medium «; region gives a mesoporous surface area including the
1 i 3202 Ez contribution of external surlelce,. Sesos detqmined by its slope,
~ 2501 ——2.0% Fe and micropore volume, V., is given by the intercept. Calculated
= . —<4—3.0% Fe porosity parameters (Sieso» Smic» Vimic) are given in Table 1. For
v,:’ 200 —>—5.0% Fe the samples with different amount of iron dopant, porosity
e . parameters are function of percentage of iron ions incorporated in
L 150 TiO, lattice and ratio Speso/Smic varies. Mesoporous surface
ga . slightly decrease with increasing the amount of doped iron up to
2“ 100 | <\ 3 mass%. Sample with 5 mass% has significantly larger
- v mesoporous surface comparing with the other samples. As
50 discussed above, the mesoporosity of TiO, can be successfully
. 5, <1\ controlled by changing the amount of iron dopant.
0 ; , e : s By inspection of data from Table 1 one can see that pure
0 2 4 6 8 10

Fig. 8. Pore size distribution (PSD) of pure and Fe** doped TiO, samples.

Pore size distribution (PSD) of Fe** doped TiO, samples is
given in Fig. 8. The distribution is continual and shows that pore
radius, in all samples, is below 4 nm, but in the mesoporous
region. Also, the amount of mesopores with larger radius
increase with increasing the quantity of iron dopant.
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Fig. 9. a-Plots for nitrogen adsorption isotherms of pure and Fe** doped TiO,
samples.

TiO, and sample of TiO, with 2 mass% have similar porous
properties. For samples with concentration of iron ions below
2 mass%, the smaller ionic radius of iron ions, in comparison
with ionic radius of titanium, reduces the size of the crystal
lattice. Also, at lower doped quantities, the concentration of
iron ions is very small and their influence is localized. As a
consequence, particles are smaller, micropores on surface of
particle are smaller and mesopores between two particles are
smaller, too. At higher concentrations of iron ions (above
2 mass%) the influence of single Fe ions is overlapped, since
they are close to each other. As a result, the shapes of particles
are irregular and the space between particles is larger, i.e.
microporous and mesoporous surfaces are larger. To our
knowledge, systematic investigations which can approve
prediction of porous properties of final samples as a function
of synthesis conditions were not provided, until now.

4. Conclusions

Fe®* doped titanium dioxide nanopowders were successfully
synthesized by acid-catalyzed sol-gel method in non-aqueous
medium. Characterization of obtained nanopowders has shown
that all samples have anatase structure and Fe’* ions are
completely incorporated in TiO, lattice. The secondary
crystalline phases containing Fe was not detected, even in
samples with 5 mass% of iron. The presence of Fe** jons in
anatase decreases the value of isoelectric point of undoped
TiO,. Obtained results show that the pH;., decreases and
appears to be at pH =6.5 £ 0.2 for all doped samples which
means that the amount of doped iron does not change the value
of pHjcp. The amount of doped iron strongly influences on
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porous properties of obtained material. By the choice of
appropriated amount of iron in starting solutions it is possible to
control the ratio between mesoporous and microporous surface.
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