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Abstract

ZrO>-TiO2 mixed oxides of various composition, with the molar fraction of TiO ranging
from 0.1% to 15%, have been prepared via sol-gel synthesis and then calcined at 1273K to check
both their thermal stability and physicochemical properties. These solids are usually employed in
photocatalytic processes and as active phase supports in heterogeneous catalysis. As indicated by X-
ray diffraction and Raman spectroscopy, solid solutions based on Ti ions diluted in the ZrO, matrix
are formed in the whole range of Ti molar fraction examined. Materials with low Ti loading (0.1%-
1%) are basically constituted by the monoclinic phase of ZrO; while the tetragonal phase becomes
prevalent at 15% of TiO> molar fraction. The presence of Ti ions modify the electronic structure of
the solid as revealed by investigation of the optical properties. The typical band gap transition of
ZrO» undergoes, in fact, a red shift roughly proportional to the Ti loading which reach the
remarkable value of 1.6 eV for the sample with 10% of molar Ti concentration. Comparing
chemical analysis of the solids with XPS data it has been put into evidence that the titanium ions
distribution into the solid is not uniform and the concentration of Ti** tend to be higher in
subsurface layers than in the crystal bulk. The introduction of titanium ions in the structure
increases the reducibility of the solid. Annealing under vacuum at various temperatures causes
oxygen depletion with consequent reduction of the solid which shows up mainly in terms of
formation of Ti®* reduced centres which are characterized by a typical EPR signal. Ti** defects
forms, as also forecast by theoretical modelling of the solid, as their energy is lower than that of
other possible reduced defective centers. The reduced solids are able to transfer electrons to
adsorbed oxygen molecules in mild condition resulting in the formation of surface superoxide
anions (O2*) which are stabilized on surface Zr** or, alternatively, on Ti** ions according to the

sample composition.
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1. Introduction

Zirconium dioxide is a strategic material which attracted a great deal of interest in the past
few decades because of the large range of applications in the fields of ceramic compounds, optical
devices, gas sensors and catalysist. There are three main polymorphs of pure ZrO, whose structures
are respectively monoclinic (stable up to 1443K), tetragonal (stable from 1443K to 2643K) and
cubic (stable at high temperature from 2643K up to the melting temperature at 2979K)2. An
additional metastable tetragonal phase (up to 650°C) is also reported whose formation, in
preparations involving moderate calcinations temperature of precursors aiming to obtain high
surface area systems, has been attributed either to impurity effects or to crystallite size effects®. For
several applications the use of tetragonal or cubic phases is required to avoid phase transformations
caused by temperature. Stable tetragonal and cubic zirconia are obtained via doping with Y203 (t-
ZrOy) or CaO (c-ZrO) both causing the formation of anion vacancies in the system. High surface
area ZrO- has low thermal stability and, when calcined at high temperatures, undergoes a phase
transition from tetragonal to monoclinic accompanied by a drastic decrease in surface area.
Therefore, several attempts have been made to improve the ZrO; thermal stability also by
incorporation of isovalent ions like Ce and/or Ti*® which, in principle, do not generate anion
vacancies. ZrO>—TiO2 mixed oxides have been studied in recent years because they show both
better thermal stability and modified surface acidity properties with respect to the bare ZrO,* © and
they are therefore used, like the parent material, as catalysts and catalyst supports for various
catalytic reactions such as dehydrogenation” 8 and isomerisation® 1°. Several examples of
photocatalytic applications of this mixed oxide are also available!!-16, A relatively large
number of studies have been thus devoted to the preparation of ZrO2—-Ti02 mixed materials!”.
18 under the form of powders or of thin films. In spite of this fact the papers devoted to the
characterization of this system are relatively few 4 6.19-23 and a thorough investigation of the
general physico-chemical properties of ZrO2—TiO2 (optical properties, redox behaviour,
surface reactivity) is substantially still lacking. Such an activity has been probably
conditioned by the frequent formation of mixtures of zirconia polymorphs which add an undesired
complexity to the system limiting basic research studies.

In a recent preliminary investigation by some of us'® the metastable tetragonal phase of
Zr02-TiO2 was investigated in order to gain information on the influence of titanium on the
properties of the matrix in a system displaying a high specific surface area, prepared in mild
temperature conditions. This study, though influenced by the metastable nature of the phase well
described by Ondik?* in the ZrO,-TiO2 phase diagram, has shown the capability of titanium

impurities to modify the electronic structure of zirconia causing a net reduction of its band gap,



moreover a wider region of stability for the metastable tetragonal phase is expected for Ti higher
amount. .

In the present paper we report an investigation of ZrO2-TiO2 mixed oxides containing
a fraction of TiOz ranging from 0.1% to 15 mol% which have been prepared by sol-gel
synthesis. The synthesized materials have been calcined at 1273K for 48 hours with the aim of
overcoming the formation of a metastable phase and of possibly obtaining a single and stable
crystallographic phase. A complete characterization of the variously loaded materials has
been performed using several structural and optical techniques. In this work, in particular, the
reducibility of the solid by oxygen depletion has been studied. This property is of capital
importance in many catalytic phenomena as it is related to the reactivity of the oxide. ZrO; has a
relevant band gap (around 5eV) and its capability of loosing oxygen is relatively modest and, in any
case, lower than that of typical semiconducting oxides. In the mentioned previous work*® we found
an influence of titanium in increasing the capability of oxygen depletion of the solid. This
phenomenon however must be confirmed on a crystallographic better defined matrix.

A particular role is assumed, in this part of investigation, by Electron Paramagnetic
Resonance (EPR). EPR is the reference technique to study paramagnetic defects in solids and
electron transfer processes leading to molecules in paramagnetic state 25, We have employed EPR
to monitor, on one hand, the presence of reduced paramagnetic centres in the lattice after annealing
and, on the other hand, to investigate the electron transfer from the reduced solid to surface
adsorbed oxygen to give Oz°*~ radical anions. These radical anions also play the role of probe of the

surface adsorption sites providing information on the nature of surface active sites.

2. Experimental and methods

2.1. Preparation of the samples

All reactants employed in this work were purchased by Aldrich and used without any further
purification treatment. Double distilled water was used in the synthesis procedures. ZrO> and
the ZrO2/TiO2 samples were prepared following the sol-gel route described by Livraghi et al.*®.
To prepare the bare ZrO> a solution containing zirconium propoxide, 2-propanol (with
alkoxide/alcool molar ratio 1:4) and water (alcool/water ratio 1:2) was prepared stirring
continuously at room temperature. The gel formed was aged over night, then dried in oven at
50°C. For the mixed samples the stoichiometric amount of titanium isopropoxide was added
into the solution. The concentration of the mixed oxides was 0.1, 1, 10 and 15% molar of TiO>

in ZrO». After drying all samples were then heated up to 1273K for 48 hours. The samples will



be referred to as ZT followed by the molar concentration of titanium (Z stands for the pure ZrO>

sample).

2.2. Characterization of the materials
Powder x-rays diffraction (XRD) patterns were recorded with a PANalytical PW3040/60 X’Pert

PRO MPD using a copper Ko radiation source (0.15418 nm) and a X Pert High-Score software for
data handling. Rietveld refinement was performed on the diffraction patterns was used to determine
the crystallite size and relative abundance of phases, using the MAUD 2.26 software and a NIST Si
powder to determine the instrumental broadening.

The UV-Vis absorption spectra were recorded using a Varian Cary 5 spectrometer, coupled with an
integration sphere for diffuse reflectance (DR) studies, using a Carywin-UV/scan software. A
sample of PTFE with 100% reflectance was used as reference.

u-Raman spectra were recorded on a Jobin Yvon LabRam HR800 Raman Spectrometer, equipped
with a He-Ne laser (632.8 nm), connected to an Olympus BX41 microscope. Spectra were recorded
using a 600um hole at a 50X magnification.

EPR spectra recorded at room temperature and at liquid nitrogen temperature were run on a X-band
CW-EPR Bruker EMX spectrometer equipped with a cylindrical cavity operating at 100 kHz field
modulation.

X-ray Photoelectron Spectroscopy (XPS) analysis were performed using a VSW TA10 non-
monochromatic Al Ko x-ray source equipped with a VSW Class 100 Concentric Hemispherical

Analyzer.

3. Results and discussion

3.1. Structural characterization

X-ray diffraction analysis, a bulk technique, was performed to check the crystalline phases present
in the samples after synthesis. The diffraction patterns of the mixed samples are shown in Fig. 1.
The figure indicates that the monocline polymorph of ZrO> is the dominant phase for low Ti loading
samples (ZTO01, ZT1). The diffraction peaks are narrow, indicating the formation of large
crystallites. For materials with high Ti concentration the presence of the tetragonal phase becomes
more important, as, by the way, expected on the basis of the state diagram of the ZrO»-TiO>
systemand it is dominant in the case of ZT15. For this sample XRD peaks are broadened indicating
that the crystallites are smaller than those of all other samples. None of the samples here examined
exhibit peaks indicating the presence of phases amenable to some TiO2 polymorph. This seems to
suggest (vide infra) the formation of a solid solution between the two components* 22,



Fig. 1

On all XRD patterns a Rietveld refinement with the MAUD software was performed®” %, The
results concerning the crystallite size, the cell parameters and the relative abundance of the different
phases are reported in Table 1. The lattice parameters are scarcely modified by the incorporation of
the Ti ion, whereas the abundance of the tetragonal polymorph present in the mixture and the size of
the crystallites are heavily dependent on Ti concentration. The crystallite size decreases for both
zirconia phases (m and t) with increasing the Ti content except in the case of the monoclinic phase
in ZT15 for which the crystallite size and the tetragonal polymorph abundance increases again.

Aggiungere barre d’errore

Sample Ru[%] a[A] b[A] c[A] B[] %wt d[A]
z 6.65

t-Zr0; 360 360 519 / 234 1108

m-Zr0, 515 521 532 99.17 97.66 1322
ZT01 6.22

t-Zr0; 360 360 519 / 724 1077

m-Zr0, 515 521 532 99.18 9276 1235
ZT1 5.94

t-Zr0; 360 3.60 519 / 236 598

m-Zr0, 515 520 532 99.16 97.64 1113
ZT10 5.43

t-Zr0; 359 359 520 / 3435 352

m-Zr0, 513 518 532 98.88 6565 514
ZT15 4.98

t-Zr0; 358 358 520 / 9547 433

m-Zr0, 513 520 532 99.05 453 1859

Table 1. Cell parameters, weight percentage and crystallite size obtained from Rietveld refinement of XRD
patterns in Fig. 1. Rw is the weighted residual error, a, b and c are lattice parameters, B is the angle between a

and c axes for the monoclinic cell, %owt is the weight percentage of a given phase, d is the crystallite size.

Figure 2 shows the p-Raman spectra obtained for all ZT samples. Each spectrum is the average
between five acquisitions that were made at different points of the sample to check its

homogeneity. u-Raman is a bulk technique but it can check a very local probe.



Raman spectroscopy is furthermore an extremely sensitive method to determine the phase
composition in the case of many transition metal oxides. For tetragonal ZrO; six Raman-active
modes are expected, namely 147 cm™ (Byg), 261 cm™ (Eg), 318 cm™ (Big), 463 cm™ (Eg), 611 cm'?
(Axg), 641 cmt (Eg)'® 2°3L, For the monoclinic phase of ZrO, the theory forecasts eighteen Raman-
active modes. Fourteen of those modes are in the range 100+-800cm™ here explored, namely at 176
cm(Ag), 187 cm™ (Ag), 220 cm™(Bg), 300 cm™(Ag), 333 cm™(By), 344 cm™(By), 380 cm™(Bg), 475

cm(Ay), 510 cm™(By), 536 cm™(Bg), 558 cm™(Ay), 613 cm™(By), 635 cm™(Ag), 760 cm(Ag)'* ¥
31

Fig. 2.

The u-Raman results are in good agreement with those of the XRD patterns as only ZrO; phases are
detected. The sensitivity of Raman spectroscopy is particularly high in the case of TiO2 polymorphs
as both rutile and anatase show particularly intense and characteristic peaks (144 and 639 cm™ for
anatase, 447 and 612 cm for rutile respectively)® 3. The absence of such Raman peaks in the
spectra conclusively allows to exclude the presence of segregated TiO> in all prepared materials.
Since titanium is effectively present in all prepared materials we can reasonably conclude that the
preparation method adopted led to the formation of solid solutions with titanium ions diluted in
ZrO; matrices. 10% of Ti in the system is the limit for the formation of the tetragonal phase. For
this reason in fig.2, two different spectra for ZT10 are reported, in one case (Fig. 2d) it is possible to
observe monoclinic phase, on the contrary in the other spectrum (Fig. 2d”) tetragonal phases

appears.

3.2 Optical characterization

All prepared materials were investigated by DR-UV-Vis spectroscopy in order to unravel
differences in their electronic structure. Typical UV-VIS absorption spectra, calculated by using the
Kubelka—Munk function [F(R«)], are shown in Fig. 3, where the typical spectrum of a TiO2 sample
(rutile) is also reported for sake of comparison. For both ZT01 and ZT1 three absorption bands in
the near UV are observed. Their presence, and the absence of the typical edge in the case of ZT1
(Fig.3 ¢), are related to photoluminescence effects whose investigation is not among the scopes of
the present paper. Despite the interference of the photoluminescence, the valence band to
conduction band transition typical of ZrO2 seems not to be affected in these two cases. As opposite,
in the case of high loading materials (ZT10 and ZT15) a dramatic red shift of the absorption edge is

clearly visible which is nearly the same in the two cases. A similar behaviour, indicating a



substantial reduction of the band gap, was already reported by some of us for systems prepared at

different temperature®® even though, in the present case, the shift is even more evident.

Fig. 3.
Energy gap values have been calculated by linearization of the plot reporting (chv)Y? vs hv typical
of indirect band gap transitions®4. For the bare zirconia (Z, Fig 3B, a) the observed energy gap is 5.0
eV while for ZT10 (the sample with the highest red shift) is 3.4 eV. The band gap narrowing shown
by this sample, and related to the presence of 10% of Ti ions, reaches the remarkable value of 1.6
eV indicating that the inclusion of Ti ions into the lattice, strongly modifies the electronic structure
of the materials. The band gap trend in growing in the red shift in correspondence to the higher
titanium concentration is valid only for ZT01, ZT1 and ZT10 samples. This trend is interrupted by
the sample ZT15 because in this case the prevalent structural phase for zirconia is tetragonal, in the

former casa the prevalent phase was monoclinic.

3.3 XPS spectroscopy

XPS measurements were carried out in order to monitor the material composition in the surface and
subsurface region of about a few nm in depth covered by this kind of analysis. The core lines
position has been evaluated with respect to the adventitious C 1s peak at 285 eV. A survey spectrum
of ZT10 is shown in Fig. 4 and the results on the composition of all samples are reported in Table 2.
In parallel an ICP chemical analysis was performed to monitor the composition of the whole
materials (results also reported in Table 2). ICP analysis shows that the real composition of each
material is in substantial agreement with the nominal one. As opposite the surface composition
monitored by XPS diverges from the chemical analysis indicating a higher concentration of Ti ions
in the external part of the crystals. In spite of the preparation method (intimate mixture at the liquid
state of the two basic components and final thermal treatment at high temperature) the crystals seem
not fully homogeneous and a gradient in the Ti ions concentration going from the surface to the
bulk of the particles is suggested by comparison of the two types of analysis.

Fig. 4
Sample Nominal Ti/Zr ratio ICP Ti/Zr ratio XPS Ti/Zr ratio
ZT01 0.001 0.002+0.001 0.020£0.003
ZT1 0.010 0.010£0.001 0.080+0.008



ZT10 0.100 0.091+0.008 0.29+0.02
ZT15 0.150 0.151+0.015 0.34+0.03

Table 2. Nominal composition of the samples compared to those monitored by ICP (stoichiometric analysis) and

XPS (surface analysis)

3.4 EPR Spectroscopy

EPR spectroscopy is one of the most suitable techniques to investigate defects in materials. We
have investigated by EPR the samples prepared in this work in order to monitor their reducibility.
Several transition metal oxides in fact show oxygen depletion upon annealing under vacuum with
consequent formation of excess electrons in the solid which can, in some instances, be stabilized by
particular metal ions capable of undergoing reduction. The redox properties of these reducible
oxides are important in many catalytic processes. The base lines of the EPR spectra of the as
prepared samples (not shown for sake of brevity) are not completely flat as they show a very weak
signal with axial symmetry (g;=1.978 and g.=1.960), assigned in literature to Zr3* ion!® 33 and
indicating a tiny deviation from the stoichiometry corresponding to a full oxidation. Figure 5 shows
the spectra obtained on the samples annealed for 1 hour at 873K under dynamic vacuum. Low
loading mixed samples (ZT01 and ZT1) behave in a similar way to bare zirconia. An isotropic
signal with g=2.003 in fact appears and simultaneously all other signals disappear®® 33 3° For
samples with high Ti loading (ZT10 and ZT15) the isotropic signal is accompanied by a broad axial
signal amenable to the formation of Ti®* ions (Fig. 5d, e)!°. Fig. 6 reports the experimental spectra
of the vacuum annealed ZT10 and ZT15 materials together with their computer simulation. Both
spectra are characterised by the presence of two distinct axial species (see Table 3) one of which is
common to both samples (species A) and is probably due to Ti*" ions at the surface or close to it in
a slightly distorted environment. The other two species are preliminarily associated to Ti** in the
cationic site of tetragonal zirconia (species B, sample ZT15) and to the same ion in monoclinic
zirconia (species C, sample ZT10). The spectrum related to the reduced ZT15 sample (Fig 6 B) is
the same observed in low temperature prepared TiO2-ZrO2 materials'® which also contains

predominantly the tetragonal phase.
Fig. 5

Fig. 6



Species o] gL sample assignment

A 1.978 1.905 ZT10, ZT15 Surface and subsurface
B 1.967 1.929 ZT15 Ti* int-ZrO»
C 1.958 1.918 ZT10 Ti** in m-ZrO,

Table 3. Spin Hamiltonian parameters of the species A, B, and C present in the EPR spectra of reduced ZT10

and ZT15, g-factors obtained via computer simulation.

Since the amount of reduced centres drastically increases passing from Z to ZT15 (Fig.s 5 and 6) at
first sight the effect of Ti insertion seems to be that of an augmentation of the reducibility of the
material. This is not surprising since the reducibility of an oxide tends to decrease with increasing
the band gap energy value, in other words the reducibility falls passing from semiconducting oxides
to insulating ones. The previous observation is thus in agreement with the dramatic band gap
narrowing observed moving from bare zirconia to ZT10 and ZT15 materials. A further
consideration can be made concerning the formation of reduced titanium centers. In a computational
study of the tetragonal TiO2-ZrOz system, Gallino et al*® have shown that Ti dopants in the
substitutional position to Zr cause the formation of an empty Ti 3d band about 0.5 eV below the
bottom of the ZrO, conduction band. A shift of the band gap transition roughly consistent with our
experimental observation was calculated. The formation of Ti®* species in annealed Ti-doped ZrO,
as probed also in the present work by EPR, can thus be rationalized as the result of excess electron
transfer from oxygen vacancies formed by oxygen depletion, to substitutional Ti** centers whose
energy is therefore lower than that of other possible defects such as electron trapped in oxygen
vacancies or reduced Zr®" ions.

The mechanism is shown in the two following equations which adopt for the oxygen vacancy the

well known Krdger-Vink notation:

TinZrin02 2 y/2 O + Tinzrl-nOZ-y + yVOX (1)
Tinzrl-nOZ-y+ yVoX > Ti3+2y Tin-2y Zrl-noz-y + yVO" (2)

The low energy of Ti%* centers explains also the higher reducibility of the mixed solid with respect
to bare or low loaded zirconia. The formation of relatively deep defect centers (Ti**) playing the
role of excess electrons stabilizers favours, in fact, the reduction process decreasing the electronic
energy of the whole reduced doped solid. The same effect is observed in the case of poorly doped
materials (ZTO01, ZT1) or of bare ZrOx.

10



Some caution has to be maintained, however, on this picture since we cannot assume that all
reduced centres in the system are necessarily paramagnetic and, overall, EPR visible. For this
reason a second check on the effective state of reduction of all materials has been based on the
reoxidation of the reduced sample by oxygen adsorption at room temperature. In such mild
conditions (the spectra obtained are shown in figure 7A) electron transfer, at least partially, occurs
from the solid to the adsorbed molecule with the main formation of superoxide radical ions (O2).
Samples ZT01 and ZT1 behave like the bare oxide. A weak signal of adsorbed superoxide having
rhombic symmetry (g-.=2.035-2.032, gyy=2.010 and gxx=2.003) is formed in these three cases. It is
well known that the gz, value of an ionic superoxide is sensitive to the nature and environment of
the adsorbing cation*. In particular the z component of the g tensor is :
Uzz = Qe + 2L /A 3)
the z direction being along the internuclear axis. A is the separation between the two 7 antibonding
orbitals of the adsorbed molecule and A is the spin orbit coupling constant of oxygen, generally
assumed to be 135 cm™. The magnitude of the g, component can be used as a probe of the oxide
surface since it gives a measure of the cation charge at the adsorption site*" %2, Where only one
charge state of the cation is expected the various g;, values correspond to adsorption sites where the
effective crystal field is changed either as a result of different crystal planes and/or different local
coordination.
In the cases of the low Ti loading samples there is no doubt that the main adsorbing centres are
surface Zr** sites!® 363941, 43-45 Remarkably, the more intense gz component shifts at lower values
(from g = 2.035 to g = 2.032, Fig. 7B) moving from Z to ZT1 indicating a tiny modification of the
coordinative environment of surface zirconium ions acting as adsorption sites which parallels the
compositional change. ZT10 and ZT15 samples show a different signal after oxygen adsorption.
The superoxide signal is more intense than in the two previous cases and part of the reduced Ti®*
centres are not consumed by oxygen adsorption. This result confirm what already hypothesized in
this Section, i.e. that the reducibility of the materials is proportional to the Ti content. Looking to
the gz, spectral region in these two cases (Fig.5, d and e), another important feature have to be
emphasized. ZT10 and ZT15 have g,; components which are clearly different from those measured
for the low loading materials, the main components being at g=2.022 and g=2.027. Both signals
have to be assigned to a superoxide anion adsorbed onto a Ti** ion*" 4246 a tetravalent ion like Zr**
but with a smaller size than the previous one and, hence, a higher charge/volume ratio and a lower
0z (Equation 3). These results indicate that, at higher Ti loading, Ti*" ions become the preferential
adsorption sites at the surface. This is due to not only to the more favourable charge/volume ratio
with respect to Zr** (implying higher adsorption energy) but also to the higher Ti**/Zr*" ratio, with
11



respect to the nominal one, occurring at the surface as indicated by comparison of XPS and ICP

results (vide supra).

Fig. 7

4. Conclusions

ZrO2-TiO2 mixed systems were prepared using a sol-gel synthesis that leads to the formation
of solid solutions of the two oxides (ZTn materials) at least till a molar fraction of 15% TiO2 in
ZrO». After preparation the solids were calcined at high temperature in order to obtain
thermodynamically stable phases. The thermal process aim is the formation of a pure monoclinic
phase for zirconia. While in the low loaded systems (0-1%) the monoclinic phase is dominant, the
presence of higher Ti concentration favors the stabilization of a tetragonal ZrO, phase. The solid
solutions with higher Ti loading are not uniform in composition as a gradient of Ti concentration
(which decreases from surface towards the bulk) is revealed comparing XPS results and chemical
analysis. The ZT systems have remarkable optical properties as a remarkable red shift of the
valence band to conduction band transition is observed which is proportional to the Ti content.

Oxygen depletion by annealing at high temperature occurs in all solids and is proportional to
the Ti content. Therefore the higher the Ti fraction the higher the reducibility of the system.
Reduction of the solids leads to the formation of Ti%* centers which are distributed between the
surface and the bulk of the solids. This results are in agreement with the picture proposed by
theoretical modeling which describe titanium states quite deep into the zirconia band gap.
Reoxidation starts with the one electron reduction of dioxygen to superoxide. This radical anion is
preferentially adsorbed on Ti** centers in the samples with high titanium loading confirming the
presence of a Ti rich surface in these particular materials whose EPR signal is the same observed on
thermally annealed TiO; (anatase).

In this paper, on the one hand, we have characterized systems which are finding increasing
applications in catalysis and photocatalysis. On the other hand the investigated systems, have also
revealed as excellent model systems to investigate the role of impurities in modifying the band

structure of a solid.
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