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Abstract:

The local structures and optical absorption characteristics of Fe doped TiO2 nanoparticles synthesized

by the sol-gel method were characterized by X-ray diffraction (XRD), X-ray absorption fine structure spectroscopy
(XAFS) and ultraviolet-visible absorption spectroscopy (UV-Vis). XRD patterns show that all Fe-doped TiO2 samples
have the characteristic anatase structure. Accurate Fe and Ti K-edge EXAFS analysis further reveal that all Fe atoms

replace Ti atoms in the anatase lattice. The analysis of UV-Vis data shows a red shift to the visible range. According
to the above results, we claim that substitutional Fe atoms lead to the formation of structural defects and new

intermediate energy levels appear, narrowing the band gap and extending the optical absorption edge towards the

visible region.
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1 Introduction

In recent years, due to its low cost, non-toxicity, easy-
synthesis, long-term stability and high efficiency [1], a
lot of attention has been devoted to TiO, photocatalysts
to find solutions useful to treat environmental pollution
problems and the continuous increasing demand of en-
ergy [2]. However, its narrow range of response in the
ultraviolet actually limits large-scale industrial applica-
tions [3].

Recently, much research has been carried out to in-
vestigate metal ion-doping TiO, systems to improve the
photocatalytic activity [4]. Different studies have re-
ported doping with suitable transitional metals [5-10].
Among them, iron was considered to be one of the most
appropriate candidates because the radius of Fe3* (0.645
A) is similar to the Ti** (0.605 A) and Fe?* can be easily
incorporated into the crystal lattice of TiO, [11].

The local structure around iron strongly affects the
photocatalytic activity properties of Fe-doped TiO,. As
an example, if Fe ions in doped samples are aggregated
to «-Fe, O3 precipitates, doping may affect the catalytic
effect of TiO, [12]. Therefore, an accurate determina-
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tion of local structural information around iron is manda-
tory. X-ray absorption fine structure (XAFS) is a pow-
erful method to investigate the local structure around a
specific component and can be used to obtain the local
structural information around a selected atom [13].

In this work, the local structure around Fe atoms
in doped TiO, nanoparticles prepared by the sol-gel
method with different Fe concentrations were investi-
gated by using X-ray diffraction (XRD) and XAFS tech-
niques to identify where Fe ions go inside the TiO, ma-
trix and to improve optical absorption.

2 Experimental section
2.1 Sample preparation

Pure and Fe-doped TiO, nanoparticles (Fe,Ti;_,0,)
were prepared by the sol-gel method and the molar ra-
tios of the Fe dopants (z) were 0.6% and 6.0% [14]. Pure
amounts of Fe,(SO,); and Fe(NO3); with a certain mass
ratio were dissolved in distilled water under continuous
stirring for 2 h and then 0.05 mol/L Na,COj; solution
was dropped, wisely added to the above solution under
continuous stirring for 2 h, and the resulting solution was
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evaporated by heating and stirring at 353 K for 4 h. The
mixture was put into the oven at 393 K for 10 h and then
calcined in the muffie at 873 K for 10 h.

2.2 Measurement

The ultraviolet-visible (UV-Vis) absorption spectra
were performed with an Analyst 800 in the spectral range
from 200 nm to 800 nm. XRD patterns were collected
using Cu Ko (A=0.154 nm) radiation in the 26 range
from 20° to 80°. Fe and Ti K-edge spectra of the pre-
pared samples were collected at the U7C beamline of
the National Synchrotron Radiation Laboratory (NSRL,
China). XAFS data were analyzed by the UWXAFS3.0
software package according to standard data analysis
procedures [15].

3 Results and discussion

To detect the crystalline order and/or to identify dif-
ferent ordered phases, we performed XRD measurements
in these TiO, nanoparticles doped with different Fe con-
centrations. From Fig. 1, we can see that all samples
are characterized by a mixture of an anatase and a ru-
tile phase without diffraction peaks eventually associated
with other iron oxide or impurity phases, but for all the
synthesized Fe,Ti;_,O, samples, the anatase phase ac-
counts for the vast majority. It is worth mentioning that,
compared with the pure sample, the intensity of some
peaks of the rutile phase decreases in the doped sam-
ples, such as peaks at 20=36.48°, 41.73°, 44.30°, 56.89°,
and 69.48°. The data points out that Fe doping could af-
fect the crystallization of the TiO,, especially that of the
rutile phase. Regarding the (101) crystalline reflection
(20=25.3°) of the anatase phase, increasing the content
of Fe ions from 0.6% to 6% its intensity increases and
shifts to lower angles. This result clearly points out that
Fe ions may increase the disorder and expand the lattice
size of the structure of Fe,Ti;_, O, nanoparticles.
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Fig. 1. XRD patterns of anatase and rutile and

Fe,Ti1—O2 nanoparticles (z=0, 0.6% and 6%).

Figure 2 displays Ti K-edge EXAFS Fourier trans-
forms (FTs) spectra of anatase, and Fe K-edge EXAFS
FTs spectra of FeggosTig 09402 and Feg osTip.0402 and
their fits. As references, the Fe K-edge spectra of Fe,
FeO, Fe, O3, Fez04, and the Ti K-edge EXAFS spec-
trum of rutile are also shown in Fig. 2. The FT features
of Feg 006 Ti0.00402 and Feg o6 Tip.040O2 nanoparticles are
very close to anatase TiO, powders, with the first coor-
dination peaks of both Fe K-edge and Ti K-edge at ~1.4
A, a value corresponding to Fe-O and Ti-O coordination
shells. The second single coordination peaks at 2.3 A
correspond to the Fe-O-Ti and the Ti-O-Fe coordination
shells. These peaks are clearly different from those of Fe,
FeO, Fe, O3, and Fe;0, systems. Therefore, we may rule
out the presence of Fe, FeO, Fe, O3, and Fe;0,4. This also
indicates that Fe ions in Fe-doped TiO, nanoparticles
replace Ti atoms in the TiO, lattice within the doping
concentration from 0.006 to 0.06. It is also important
to underline that, compared to anatase, the first peak in
the Fe,Ti;_,O, samples presents a shift of ~0.1 A to-
ward high R. This result points out an expansion of the
bond length of the Fe-O bond respect to that of Ti-O. In
addition, we can see that the weaker intensity of the sec-
ond coordination peaks suggest that these samples have
a specific Fe-O-Ti structure containing many structural
defects, which are extremely important in enhancing the
photocatalytic activity of these nanoparticles [16, 17].
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Fig. 2. The radial structural functions obtained by

the FTs of Fe K-edge EXAFS spectra and their
ﬁtS, for Feo‘oosTio,gg402 and Fe()‘osTio,g4027 and
the radial structural functions of the Ti K-edge
EXAFS spectra of anatase (theoretical) and rutile
(theoretical), as well as Fe K-edge FTs EXAFS of
Fe, FeO, Fe2O3 and Fe3Og4.

In order to obtain additional quantitative structural
information, we fit the main peak corresponding to Fe-O
and Ti-O pairs. Data obtained using the basic EXAFS
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Table 1. Structural parameters around Fe atoms in the synthesized titania samples.
sample coordination coordination numbers (N) R/A o2 /A2
theoretical Ti-O 4 1.92
TiO2 anatase Ti-O 2 1.97
Tip.994Fe0.006 O2 Fe-O 3.940.1 1.9440.01 0.006540.0001
Fe-O 1.940.1 1.9940.01 0.0064+0.0002
Tio.94Fep.06 O2 Fe-O 3.9£0.1 1.9640.01 0.0073+0.0003
Fe-O 1.840.1 2.03+0.01 0.0073+0.0002
formula are shown in Fig. 2 [18]. The best fit of the struc- [
tural parameters obtained for these samples are summa- 2L
rized in Table 1 and the results of the fit are shown as
empty circles in Fig. 2. As shown in Table 1, we can _
see that both Fe-O bond lengths in the Tig g94Feg.006 O 5
are ~0.02 A longer than the Ti-O bond lengths of the g 08 F
anatase TiO, phase, pointing out that Fe ions replace Ti £
ions and expand the cluster of the nearest oxygen atoms g e TE
[9]. With a doping content increasing from 0.6% to 6%, 0.4 I FeyonTivonONN o
both Fe-O bond lengths expand, in agreement with XRD Ijoz
data. Moreover, because Fe doping enhances the distor- — —
tion, this phase is a thermodynamically less stable phase 0 L L L L L
[19] . 300 400 500 600 700 800
The ionic radius of Fe?* (0.64 A) is smaller than that wosEl et
of Ti** (0.68 A), and from the standard XAFS spectra, ) ) . )
Fig. 3. UV-Vis absorption spectra of Fe;Tii_;O2

we can see that the length of the Ti-O bond of rutile is
longer than that of anatase, so the Fe ions replace the Ti
ions for the doping samples, leading to the distortion of
the local structure for anatase as relatively smaller than
that for rutile, and eventually making the doping system
more stable.

To investigate the optical absorption characteristic of
Fe-doped TiO, nanoparticles, UV-Vis absorption spectra
were also collected. As shown in Fig. 3, the light absorp-
tion edges of 0.6% and 6% Fe-doped TiO, are 490 nm
and 613 nm, respectively, with a remarkable red shift to
the visible range compared to the spectrum of pure TiO,
(387 nm). At the same time, the absorption intensity of
visible radiation increases when the iron doping content
increased from 0.6% to 6%.

With the increase of Fe ions, the absorbance in the
visible region is enhanced, a behavior associated with
the Fe ion occupancy in the Ti sites of the TiO, lattice.
Thus an interaction among d electrons of Fe and the
TiO, conduction or valence band occurs [20] eventually
narrowing the energy gap of the titanium oxide through
the formation of new intermediate energy levels [21, 22].

nanoparticles for =0, 0.6 and 6%.

4 Conclusion

The local structure of Fe doped TiO, nanoparticles
prepared by a sol-gel method have been investigated by
XRD and XAFS, combined with UV-Vis to monitor their
absorption characteristics. XRD patterns show that all
Fe-doped TiO, samples qualitatively have the anatase
TiO, structure. Moreover, detailed Fe and Ti K-edge
EXAFS experiments further reveal that Fe atoms replace
Ti atoms in the anatase lattice. Doping with iron leads
to the formation of the structural defects and, probably,
a lot of intermediate energy levels that may narrow the
energy gap, being the mechanism responsible for the red
shift observed in the spectra of these materials in the
UV-Vis region.
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