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Inﬂuence of modiﬁcation with metals Au and Ag, oxides of Fe, Mg and Ce and their combinations on amorphization of widely used commercial nanosized TiO2 (Degussa P25) was studied with SR-XRD and EXAFS
methods. These systems were chosen taking into account their potential on catalytic properties for biomass to
biodiesel transformation, as it was shown in model reaction of liquid phase n-octanol oxidation as well as lowtemperature CO oxidation for “cold start” of the neutralizers of car exhaust gases. Instability of rutile, the most
stable TiO2 phase, in the presence of the additives was found. Application of EXAFS method, rarely used for
crystalline structure transfer studies, led to elucidation of this apparent eﬀect, which was explained by higher
level of amorphization of rutile than anatase. Literature data indicate that bulky TiO2 doping leads to either
increase of rutile/anatase ratio complete inhibition of anatase to rutile transformation. Dissimilar phase composition changes, revealed in this work for modiﬁed nanodispersed TiO2, was attributed to size eﬀect.

1. Introduction
Titanium dioxide is a widely used material in catalysis for the
transformation of biomass into biodiesel [1–5] as well as for low-temperature CO oxidation for “cold start” of the car exhaust gases neutralizers [6–10]. For these processes, TiO2 support plays a key role in
the obtention of optimal performance in the catalytic transformation,

⁎

decreasing the cost, particularly when catalysts are noble metals or rare
earths [1–10].
Selection of this support is related with its high stability in alkaline
and acid media. Besides, surface functionalization or doping with metals to modify their properties have been widely studied. Metals or
metal oxides are predominantly selected. The stabilization of several
oxidation states, modulation of Lewis acidity of the support and their
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applied [28].
XAFS spectra include two energy regions: a near-edge (up to
∼50 eV above the x-ray absorption edge energy) region, referred to as
X-ray absorption near-edge structure (XANES), and an extended XAFS,
or EXAFS (∼50–1000 eV above the edge). XANES is sensitive not only
to coordination geometry, but also to the charge state of the selected
element in the sample. XANES is inﬂuenced by many factors and
therefore can be treated as a ‘ﬁngerprint’ of a local atomic environment.
On the other hand, EXAFS oscillations can be transformed into quasiradial electron density distribution curves known as EXAFS Fourier
transforms, which can be easily modeled. XANES and EXAFS are
usually measured together, since both parts of the spectrum are necessary for the normalization procedure. Ag K-edge, Au L3-edge and Ti
K-edge XAFS spectra were measured in transmission mode. X-ray beam
intensities before and after the sample were measured with ionization
chambers ﬁlled with Ar-Xe mixtures providing the 20% and 80% absorption for I0 and It, respectively. Two diﬀerent channel-cut monochromators were used for energy scanning: Si (2 2 0) in case of Ag Kedge and Si (1 1 1) in case of Au L3-edge and Ti K-edge. Primary processing of XAFS spectra was carried out in terms of IFEFFIT software
package [29,30]. Linear combination ﬁtting of Ti K-edge XANES spectra
in the energy range of 4940–5000 eV was applied to estimate anatase
and rutile content. Reference spectra of two diﬀerent phases of TiO2
were used – anatase and rutile. Normalized EXAFS oscillations were k3weighted and analyzed in a 2 ÷ 11.6 Å−1 k-range in case of Au L3-edge
and in a 2 ÷ 10 Å−1 k-range in case of Ag and Ti K-edge spectra. In
order to ﬁt EXAFS Fourier transforms, a simpliﬁed structural model was
applied: two independent Ti-O scattering paths with equal Debye factors but diﬀerent Ti-O distances. The coordination numbers listed below
stand for a sum of the values for both paths.

capacity to participate in redox transfer processes due to the charge
redistribution between doping agents and the support, are crucial factors in the modiﬁcation of the catalytic performance.
Since the catalyst preparation often involves the introduction of
additional substances, it is necessary to consider the possibility of TiO2
structural transformation under synthesis conditions. Otherwise, the
diﬀerence in properties of various TiO2 phases could inﬂuence catalytic
properties.
Phase transformations, which occur in titanium dioxide due to
doping, with special attention to physical conditions and the inﬂuence
of speciﬁc metal ions or metal oxides that promote or avoid the phase
transformation from anatase to rutile and its impact in the catalytic
process, have been extensively studied [11]. However, TiO2 amorphization due to the incorporation of additives did not receive adequate
attention.
For the present work, the popular and commercially available nanosized Degussa P25 TiO2 was chosen as a support. Degussa P25 contains anatase, rutile and amorphous TiO2 [12]. The number of papers
devoted to the study of Degussa P25 modiﬁcation is relatively small: we
found only works dedicated to following additives: Zr [13], Th, Fe, Cu
[14], Cr, Mn, Co [15,16] and Pt [17]. The doping eﬀect on Degussa P25
structure properties was studied for additives (Au and Ag metals; Fe, Mg
and Ce oxides and their combinations), which were chosen considering
their potential on catalytic properties for biomass transformation, as
shown in model reaction of liquid phase n-octhanol oxidation [18,19].
2. Materials and methods
2.1. Sample preparation
Titania Degussa P25 was used as support (nonporous nanopowder
aeroxide with primary particle size ∼20 nm (TEM), 70% anatase and
30% rutile, 35–65 m2 g−1, density 4.26 g/mL at 25 °C, purity > 99.5%).
Before samples preparation, TiO2 was dried in air at 100 °C for at least
24 h. Modiﬁcation with oxides of Fe, Ce or Mg (M) with molar rate
Ti:M = 40 was made by impregnation (2.5 cm3 g−1) of initial TiO2 with
aqueous solutions of precursors Fe(NO3)3·9H2O, Ce(NO3)3·6H2O and
Mg(NO3)2 from Aldrich. Then samples were dried at room temperature
for 48 h, followed by drying at 110 °C for 4 h, and calcination at 550 °C
for 4 h.
Modiﬁcation of initial TiO2 or M/TiO2 with 0.56 at.% of metal additives (Au or Ag) were carried out with deposition-precipitation
method (DPM) in the absence of light following the previously reported
procedure [20–22]. Commercial HAuCl4·3H2O from Aldrich, was used
as gold precursor. The preparation of Au/TiO2 and Au/M/TiO2 samples
were performed by DPM with urea. Commercial AgNO3 from Aldrich
was used as silver precursors. The preparation of Ag/TiO2 and Ag/M/
TiO2 was performed by DPM with NaOH. Before characterization, all
the samples were pretreated at 300 °C in hydrogen ﬂow (100 mL/h) for
1 h.

3. Results and discussion
Modiﬁcation of nanopowder Degussa P25 with Ce, Fe, Mg oxides
was carried out at 550 °C. In accordance with [11] anatase nanopowder
transformation to rutile occurs at 600–900 °C. However, decomposition
of Ce, Fe, Mg precursors occurs at 350–470 °C [31–41]. Therefore,
temperature conditions for modiﬁcation were chosen to guarantee
complete decomposition of the modiﬁer precursors and preventing
phase transition of anatase to rutile.
SR-XRD patterns of TiO2 Degussa P25, initial and modiﬁed with
oxide additives (Ce, Fe, Mg), are shown in Fig. 1. SR-XRD patterns with
Ag/TiO2, Au/TiO2 and their combinations with Ce, Fe, Mg oxides are
presented previously [18,19,42]. In all cases, diﬀraction lines for rutile
and anatase are clearly identiﬁed. These correspond to the composition
of Degussa P25 declared by the manufacturer and conﬁrmed repeatedly
in the literature [12,43].
In case of all Ce-containing samples diﬀraction peaks attributed to
CeO2 were also observed (Fig. 1 and data in [19,42]). Mean CeO2 grain
size estimated from Scherrer equation is ∼10 nm. No noteworthy Bragg
peaks for mono and bi-component modiﬁers were observed for the rest
of the samples (Fig. 1 and data of Refs. [18,19,42]). This indicates that,
excluding CeO2 containing samples, modiﬁcation was made successfully.
Rutile and anatase contents calculated on basis of SR-XRD data are
shown in Fig. 2. For all modiﬁed samples, the anatase content increased
and the fraction of rutile decreased by 3–9% compared to the initial
Degussa P25. This result is unexpected because rutile is the most stable
TiO2 phase. Does this indicate the transformation of stable rutile into
less stable anatase? Such a transformation (see Scheme 1A) is characterized by the positive change in Gibbs energy (ΔG = 12 kJ/mol > 0)
and therefore is thermodynamically prohibited [44]. Thus, another
explanation should exist. Below we propose and discuss two alternative
explanations for the observed unexpected changes in phase composition.
It was shown in [12,43] that Degussa P25 titania contains up to

2.2. Sample characterization
X-ray absorption spectroscopy (XAFS) and X-ray diﬀraction on
synchrotron radiation (SR-XRD) experiments were carried out at the
“Structural Materials Science” beamline of the Kurchatov synchrotron
radiation source [23,24].
SR-XRD measurements were performed in the transmission mode
using a 2D FujiFilm Imaging Plate detector, at a wavelength of
λ = 0.68886 Å, sample-to-detector distance of 200 mm and exposure
time of 30 min, at room temperature. Rietveld analysis [25] of the
diﬀraction patterns was carried out in terms of Jana2006 software [26]
in order to determine crystalline phase fractions and coherence area
sizes of all phases. Structural models and bulk values of lattice constants
for rutile and anatase can be found elsewhere [27]. In order to depict
crystal structures of anatase and rutile, CrystalMaker® software was
313
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Fig. 1. SR-XRD patterns of supports. A and R stand for anatase and rutile peaks, respectively.

EXAFS Fourier transformed spectra the positions of absolute maxima
approximately coincide with those of unmodiﬁed Degussa P25. It indicates that the interatomic distances between Ti and its local atomic
surrounding is not changed due to the modiﬁcation of Degussa P25 with
any additive. However, the intensities of peak maxima vary from one
sample to another, indicating that the coordination numbers of Ti
diﬀer.
Table 1 contains local structure parameters obtained from EXAFS
data ﬁtting for all samples as well as rutile and anatase reference
samples. In both references, Ti atoms show octahedral coordination
with two diﬀerent Ti-O distances (Table 1 and Fig. 3). In the case of
unmodiﬁed TiO2, Ti coordination number (relatively to O atom) is 6.2,
which is similar to the value of 6.0 for bulk rutile and anatase reference
samples. After additive introduction, the coordination numbers are
reduced down to 3.2. One of the reasons for this reduction could be the
change of the crystalline phase structure. However, this reason is ruled
out by SR-XRD data (Fig. 1): in the presence of additives, the formation
of new Ti-containing crystalline phases was not observed.
If the transformation of rutile into anatase (thermodynamically
prohibited, Scheme 1A), or the transformation of amorphous titania
into anatase (Scheme 1B) were the cases, the coordination numbers
should be constant, equal to 6. Therefore, based on EXAFS data,

13 wt% of amorphous phase. Therefore, the observed changes in phase
composition (Fig. 2) can be explained by the well-known transformation of amorphous TiO2 into anatase and/or rutile [45–47] (Scheme
1B).
Another alternative (Scheme 1C) corresponds to amorphization
occurring due to modiﬁcation, if capacity to amorphization of rutile is
higher than that of anatase. Scheme 1C seems unlikely because amorphization of rutile and anatase occurs only due to hard irradiation damage [48], which were not applied in this work. However, recently in
[49] it was revealed that the most stable surface of rutile, (1 1 0), was
transformed into another surface structure at 600 °C in vacuum. These
data substantiate hypothesis corresponding to Scheme 1C. The results
of XAFS, described below, helped to choose between these two suggestions (Scheme 1, B or C).
Using XAFS method, it seemed reasonable ﬁrstly to consider XANES
data to quantify amorphous and crystalline TiO2 phases because XANES
is applied for this purpose for wide number of materials. However,
XANES data at Ti K-edge for anatase and amorphous TiO2 are nearly
identical [50]. Our results showed that XANES spectra for all samples
are similar (not shown). For this reason, it was not possible to quantify
the content of each phase on the basis of XANES data.
Therefore, Ti K-edge EXAFS data were analyzed (Fig. 3). For all

Fig. 2. TiO2 crystalline phase contents: anatase (left) and rutile (right) according to SR-XRD data taking into account diﬀerence in additive concentration.
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Table 1
Local structure parameters of Ti surroundings obtained from Ti K-edge EXAFS
ﬁt in the range of R = 1–2.2 Å.
Sample

Ti-O interatomic distances , Å

Ti-O coordination numbers

Anatase

1.90
2.01
1.89
1.99
Was not studied

6.0

1.99
1.87
1.97
1.89
1.98
1.88
1.97
1.90

6.2

1.98
1.90
1.96
1.88
1.98
1.90
1.96
1.92

4.5

1.95
1.95
1.95
1.95
1.95
1.96
1.95

4.5

Rutile
Amorphous
TiO2
Ce/TiO2
Fe/TiO2
Mg/TiO2
Au/TiO2
Au/Ce/TiO2
Au/Fe/TiO2
Au/Mg/TiO2
Ag/TiO2
Ag/Ce/TiO2

Scheme 1. Probable reasons for observed reduction of rutile content and increase in anatase content.

Ag/Fe/TiO2
Ag/Mg/TiO2

transformation Scheme 1A and B can be excluded. On the contrary,
coordination number changes conﬁrmed correctness of scheme C, because only TiO2 amorphization is accompanied by decrease of Ti coordination number.
Since the rutile content is small (9–17%) and coordination numbers
decrease signiﬁcantly, one can conclude that not only rutile, but also
anatase undergoes amorphization. However, anatase amorphization
occurred to a less extent, because rutile/anatase ratio decreases (Fig. 2).
Why anatase amorphization occurred to a less extent than rutile?
For Au additive, it can be explained by experimentally observed fact
that Au nanoparticles are located mainly on the rutile surface because it
contains larger number of defects then anatase surface [51–53]. In

6.0

4.9
5.9
3.8

4.5
3.6
3.4

3.8
3.2
3.5

general, easier amorphization of rutile can be suggested based on TiO2
crystal structure. Anatase structure has more free space for cation incorporation than rutile (Fig. 4). Indeed, the tendency of the anatase
structure to the interstitial defect formation with diﬀerent cations is not
only widely known [54,55] but is also used for controlling its semiconductor properties [56].
Literature data indicate that bulky TiO2 doping with additives applied in the present work: Fe [46,57], Mg [58], Ce [59], Au, Ag [60]
and others Mn [15], Zr [13], La, Pr, Nd [61], Eu, Er, Ho, Yb [62,63], Pt
[60], Cu [14] leads to either increase of rutile/anatase ratio or

Fig. 3. Ti K-edge EXAFS Fourier transforms for all samples. The maximum at R ∼1.5 Å is associated with oxygen surroundings of Ti atoms.
315
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capable to incorporate cations and form interstitial defects, while more
compact rutile lattice does not incorporate cations and therefore is
destroyed more easily.
Further studies are necessary to elucidate if this kind of amorphization eﬀects occurs during modiﬁcation with other crystalline nanomaterials.
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