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Structure and Chemical Bonding in Zr-Doped Anatase TiQ Nanocrystals
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Zirconium-doped anatase Tianopowders and nanoceramics with particle sizes between 12 and 30 nm
were investigated by EXAFS spectroscopy. Furthermore, ab initio calculations based on density functional
theory were performed to analyze changes in the electronic structure due to Zr doping. Zr is dissolved on
substitutional bulk sites with a slight increase of the bond lengths of the inner coordination shells. The Debye
Waller factors show that the nanocrystallites are highly ordered. There is no indication for defect states or
band gap changes with Zr doping.

1. Introduction is a unique tool to study the local environment around a
zirconium ion in terms of bond lengths and electronic structure

nd to obtain a very complete picture of the bonding around Zr
ons at low concentrations.

Defects in general and interfaces in particular (e.g., grain
boundaries in ceramics and phase boundaries in composites
strongly impact the properties of materiaiSize reduction of
solids leads to the domain of nanostructured materials, which
is currently a hot topic in research and developnigkdvanced
nanosized materials have recently attracted considerable interest 2.1, Sample Preparation.Pure anatase nanopowders were
in the domain of Li-ion batteries because electrochemical obtained by precipitation from sulfuric acid solutions by heating
properties are very sensitive to particle size and connectivity. to 95-110 °C (sulfate route}! For zirconium doping, the

Another strategy for improving properties is doping. However, corresponding amount of Zr(GBOO), was added before
the success of this operation depends on the site where theprecipitation. The precipitates were thoroughly washed and
dopant ion is placed: dopant ions will impact the properties in calcined fa 1 h at 300 or 600C.

a different way if they are placed substitutionally on regular  Nanocrystalline anatase ceramics were prepared by hot-
bulk sites, on interstitial positions, or segregated to boundaries. pressing nanopowders calcined at 6@ under 0.45 GPa in
Extended X-ray absorption fine structure (EXAFS) spectroscopy pure alumina dies. The powders were heatgc s K/min up

is an element-specific technique sensitive to short-range order,to the final temperature, where they remained for 2 h. The final
which provides information on the local structure around a target temperature was adjusted to the average size of the powder
ion. It is ideally suited to locating the sites occupied by dopénts. particles: for the powders calcined at 60C, 580 °C is

Anatase phase titanium dioxide is nowadays studied for many sufficient to reach more than 90% relative density ceramics.
applications in the energy and environment sector, including The pressure was then released, and the ceramic was cooled
photocatalysi§,photovoltaic energy conversion and photoelec- with an intrinsic cooling rate of the hot-press (Cyberstar). The
trochemical cell$, reducing gas sensofsand lithium battery  density of the nanocrystalline ceramics was determined from
anode$. We have previously reported EXAFS studies of mass and geometrical dimensions and confirmed by dilatometric
different dopants in anatase TiOan acceptor, Zn, a donor,  experiments and mercury porosimetry. Densities 0£92%

Nb,? and an isovalent cation, SAEXAFS showed that Sn and  of theory, based on the density of pure anatase, were obtained
Nb are essentially dissolved on substitutional bulk sites, whereasunder these conditions.

Zn is mainly segregated in space charge regions near surfaces The mean grain size and size distribution of the nanopowders
and grain boundaries. and nanoceramics were studied by transmission electron mi-

In this work, we extended our previous approach to zirco- croscopy (TEM), BET adsorption measurements, and X_ray
nium, a dopant that is four-valent, like titanium, and has a diffraction (XRD). We have recently compared the most usual
slightly larger cation radius. Calculations based on density techniques for the determination of average grain size and grain
functional theory (DFT) were performed to analyze the changes size distribution, specifically for the case of nanocrystalline
in the bond length and electronic structure of Tiue to Zr materialst2
doping. The bond lengths can be compared to experimental data 2 2 EXAFS. The EXAFS experiments were performed at
obtained from EXAFS. From a fundamental point of view, the - station X1 of the Hamburg Synchrotron facility (Hasylab, DESY
conjunction of EXAFS spectroscopy and ab initio calculations Hampurg). The synchrotron has a positron energy of 4.45 GeV,
and the average current during the measurements was 100 mA.

2. Experimental Procedures

:ﬁg{&ﬁ%ﬁgg‘i %‘é?ﬁ;-r dEt-maiI: lippens@univ-montp2.fr. Fluorescence Zr K-edge spectra were recorded at room tem-
* University of Kent. ' perature. The nano_ceramic sample was used as-pressed (6 mm
8 Universitede Provence. diameterx 1 mm thickness). The doped powder samples were
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Figure 1. Fourier transformed Zr K-edge EXAFS spectra for 1 mol % Zr-doped: pi@vder calcined at 300 and 60C and 1 mol % doped Ti©

nanocrystalline ceramic, corrected with the phase shift of the first shell. The best fit parameters for the EXAFS data are given in Table 1 for
seven-shell fitting and in Table 2 for four-shell fitting.

TABLE 1: Zr K-Edge Data, Seven-Shell Fitting

EXAFS 1% 600°C EXAFS 1% 300°C EXAFS ceramic
atom CN RD (A) AAY CN RD (A) A Ay CN RD (A) A Ay
0 6 2.047 0.013 6 2.053 0.015 6 2.047 0.012
Ti 4 3.098 0.022 4 3.111 0.032 4 3.096 0.019
Ti 4 3.902 0.016 4 3.906 0.014 4 3.889 0.019
0 8 4.069 0.013 8 4.024 0.010 8 4.098 0.029
0 16 4.468 0.084 16 4.220 0.030 16 4.113 0.048
0 4 4.618 0.005 4 4.548 0.016 4 4.631 0.003
Ti 8 4.846 0.024 8 4,797 0.030 8 4.848 0.022
E,=7.50eV;R=33.4% E,=7.88eV;R=36.2% Eo,=7.49eV.R=33.0%

prepared by being pressed into pellets with polyethylene as theminimization, and a BFGS algorithm was used for the internal
binder. EXAFS data analysis was performed with EXCALIB, coordinate optimization. The electronic structure was evaluated
EXBACK, and EXCURV98 computer programs developed at from a more accurate all-electron calculation based on DFT-
the Daresbury synchrotrdd.Phase shifts were derived from GGA with the same exchange-correlation potential and the
ab initio calculations within EXCURV98. This code also atomic positions obtained from the pseudo-potential calculation
includes routines to treat multiple scattering effects in highly for the 48 atom supercell. We have made use of the full-potential
symmetric structures. For each spectrum, a theoretical fit waslinearized augmented plane-wave method (FLAPW) as imple-
obtained by adding shells of atoms around the central excited mented in the WIEN cod® With this method, the unit cell is
atom and least-squares iterating the edge positignradial partitioned into atomic spheres centered at the atomic positions
distances, RD, and the Deby®@/aller type factorsA. This latter and an interstitial region. The muffin-tin radii wergy(Ti) =
factor contains contributions from both thermal disorder and 2.0 au,rn(O) = 1.4 au, andm{(Zr) = 2.2 au. To improve the
static variations in RD. The coordination number, CN, can also energy linearization, the basis set was extended with Ti 3s, Ti

be iterated. The quality of the fit is measured byRdfactor, 3p, O 2s, Zr 4s, and Zr 4p local orbitals. In the interstitial region,

and the errors in RD are about 0.02 AAnand about 20% in the wave functions were expanded in plane waves with

CN. wavenumber& such as min,)maxK) = 7, and the charge
density was expanded in a Fourier series W@thyx = 15 Ry 2

3. Theory The irreducible wedge of the Brillouin zone was sampled using
30 points.

The atomic positions of Zr-doped Ti@vere obtained by DFT
calculation&* from the CASTEP code and the pseudo-potential
plane-wave formalisr The generalized gradient approximation
(GGA) with the exchange-correlation potential by Perdew et  Figure 1 shows a comparison of Fourier transformed Zr
al1® and ultrasoft pseudo-potentiflsvere used for the calcula- K-edge EXAFS spectra of nanocrystalline 1 mol % Zr-doped
tions. Two different supercells of 48 atoms: Zjgs, (2 x 2 anatase Ti@ powder calcined at 300 and 60 with a
x 2) and 108 atoms: Zr§iOr» (3 x 3 x 2), respectively, were  nanocrystalline anatase ceramic. The EXAFS spectra are very
considered to test the finite size effects and possible interactionssimilar showing consistently the ZO and ZrTi coordination
between the Zr atoms. In the two cases, the plane-wave kineticshells. One can conclude that the dopant sits on substitutional
energy cutoff was set to 400 eV. Tlkespace sampling was  Ti positions. The corresponding bond distances and Debye
performed on a Monkhorst-Pack grid with 9 andt-points in Waller factors are reported in Table 1 with seven-shell fitting
the irreducible Brillouin zone for the 48 atom and 108 atom and in Table 2 using four-shell fitting.
supercells, respectively. All atom positions were relaxed within ~ The bond distances calculated from EXAFS for 1% Zr doping
the supercells, but the lattice parameters were kept fixed at thereported in Tables 1 and 2 are consistently about 0.1 A larger
experimental values of anatase }iGi = 3.78 A andc = 9.51 than in pure anatase for the two first coordination shells and
A.18 The mechanical equilibrium was achieved through conju- similar for outer shells. This corresponds to the slightly higher
gate gradient minimization of the total energy to a tolerance of radius of the octahedrally coordinated tetravalent zirconium
1075 eV, the forces to a tolerance of 0.03 eVAand the atomic cation ¢(Zr*") = 0.72 A) in comparison to the host titanium
positions to a tolerance of 1®A. A density mixing scheme  cation ¢(Ti4") = 0.60 A)2° The Debye-Waller factors are
with a conjugate gradient Pulay solver was used for the energy small, even below those obtained for Ti K-edge, and consistent

4. Results and Discussion
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TABLE 2: Zr K-Edge Data, Four-Shell Fitting

EXAFS 1% 600°C EXAFS 1% 300°C EXAFS ceramic
atom CN RD A(A?) CN RD A(R?) CN RD A (A2
o) 6 2.050 0.013 6 2.066 0.015 6 2.049 0.013
Ti 4 3.099 0.021 4 3.118 0.031 4 3.098 0.014
Ti 4 3.898 0.017 4 3.927 0.019 4 3.871 0.013
o) 8 4.072 0.017 8 4.093 0.015 8 4.061 0.015
E,=7.04eV;R=34.7% E,=7.31eV;R=37.8% E,=8.34eV;R=52.7%
TABLE 3: Values of Zr —O and Zr—Ti Bond Lengths A) and 0 eV (labeled B), is formed by O 2p states hybridized with
for the Seven First Coordination Shells Given Ti 3d states, and the two lower conduction bands (labeled C
theory: unrelaxed  theory: relaxed exptl and D), between 2.5 and 7.5 eV, are composed primarily of
71-0 4x193 4x 2.02 (2.01) 6< 2.05 empty Ti 3d states. The structures C and D can be interpreted
2% 1.99 2x 2.11 (2.11) as molecular triply degenerateytand doubly degeneratg e
Zr—Ti 4 x 3.03 4x 3.10 (3.11) 4x 3.10 states, respectively, due to interactions between Ti 3d and O
%r*g ‘éx 3.273?1 gx g-gé g-;gg ;;bx( i-?g 2p orbitals within the TiQoctahedra. The fine structures within
r— X 9. X 3. . . i i
-0 8% 424 8 4.25 (4.25) 16¢ 411 these two groups can be related to the distortion of the octahedra
8 x 4.28 8x 4.31 (4.31)
Zr—0 4% 4,77 4x 4.80 (4.80) 4x 4.63
Zr—Ti 8 x 4.85 8x 4.85 (4.85) 8x 4.85

a Results are given for the unrelaxed and relaxed supercells of 108
atoms (theory) and from the EXAFS data of the ceramic samples
(experimental). The theoretical bond lengths obtained for a supercell
of 48 atoms are also given for comparison (in parentheses).

with the heavier Zr ions, highly ordered on substitutional sites
inside the nanocrystallites.
The theoretical Z¢X (X = O or Ti) bond lengths are given
in Table 3 for both the 48 atom and the 108 atom supercells.
The values obtained for the two supercells are within 0.01 A,
which confirms the weak influence of the interactions between
the Zr periodic images. The averaged relaxed Xionds are
larger than unrelaxed bonds by about 0.1 and 0.06 A within
the first and second coordination shells, respectively, in excellent
agreement with the results obtained from EXAFS. However,
only calculations make possible the distinction between the two
very close bond lengths in the first coordination shell. The local
Zr environment formed by the two first coordination shells is
similar to that of Ti in undoped Ti@(Figure 2). The first shell
is formed by six O atoms. Two of them are along thaxis
(axial oxygen atoms: §) and are distant from Zr by 2.11 A
(+0.11 AITi—O0. in undoped TiQ), whereas the other four  Figure 2. Local atomic structure of Zr (in blue) in Zr-doped Ti@s
oxygen atoms (equatorial oxygen atomsgg@vre distant from obtained from t_he pseudo-potential calculation fOI’. the 108 atom
Zr by 2.02 A @-0.09 A/Ti_Oeq in undoped TiQ). The angles supercell. The first shell formed b_y oxygen atoms (in red) and the
between the four Z+Oeqbonds and the-axis are equal to 77 tsheecok:lgnzh?eellnformed by Ti atoms (in gray) are shown. The values of
S . - - gths and angles are given in angstroms and degrees,
which is close to the value obtained fog©Ti—Oeqin undoped respectively.
TiO2 (78.6°). The second shell is formed by 4 Ti atoms at 3.10
A (+0.06 A/Ti—Tiin undoped TiQ). The relaxation of the other
bonds involving Zr does not exceed 0.03 A. As expected, the
observed main trend in the relaxation around Zr is the decrease
of the bond length variations with increasing interatomic
distance, showing that substitution of Zr for Ti mainly changes
the two first coordination shells. The experimental values of
the bond lengths for the third to sixth coordination shells{3.8
4.8 A) differ from the calculated ones by about-8@.2 A. This
could be due to the difficulties to extract these bond lengths
from the EXAFS data as shown previously for Sn-doped, O
The calculated total DOS of Zr-doped Ti@r the 48 atom
supercell is shown in Figure 3. The energy reference is taken
at the Fermi level, which is at the top of the valence band. 6420 2 4 6
Because of the small contribution of the Zr atom due to the E(eV)
composition of the supercell_ (ZrEDs), the main stru_ctures_ Figure 3. Calculated densities of states of Zr-doped TiThe origin
of the total DOS come from Ti and O atoms. The DOS is similar ,fthe energy is taken at the Fermi level. The main features that are in
to that found for undoped Tigand the main bands are labeled  common with undoped anatase Fifre denoted by BE, except for
in the same way as in ref 10. The valence band, betwegn peak B, which is due to Zr.

DOS (arb. u.)

10 12 14

00 -
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T is an increase of the cationic charge from Ti to Zr. The Mulliken
charges on the O first neighbors of Zr are more negath@{3)
. than on the other O atoms of the superceld(68). The overlap
,4,"‘,,.*». \ e populations for Z+Oeq (0.33) and Z#-Oay (0.20) are lower than
those of Ti-Ogq (0.38) and Ti-Oa (0.23), respectively. This
Ti indicates that T+O bonds are more covalent than-ZD bonds,
which is consistent with the more ionic character of Zr as
compared to Ti. An increase of the covalent character from the
axial to the equatorial bonds is consistent with a decrease in
the bond lengths. Thus, the substitution of Zr for Ti in 7iO
provides more ionic ZrO bonds as compared to-fO bonds
by increasing the electron transfer toward the first O neighbors
of Zr.
Finally, it is also interesting to compare the present results
with our previous results obtained for Sn-doped Z10In the
b two cases, St and Zf* are found to replace T in the TiO,
lattice with similar relaxation effects. First, there is no significant
change in the local symmetry, and the distances with O first
EeV) neighbors increase by about 0.1 A, as expected from comparison

Figure 4. Calculated partial densities of states of Zr-doped.Tithe between the ionic radii of the different tetravalent cations with
origin of the energy is taken at the Fermi level. The s (dotted line), p octahedral coordinationt(Ti*+) = 0.60 A r(Srt+) = 0.69 A
(dashed line), and d (solid line) states are averaged over the diﬁerentandr(Zr‘H) —0.72 A20Then. the interator’nic distances incréase

crystallographic sites of each element of the supercell. ) . - .
in the two cases by about 0.06 A with the Ti second neighbors

and to interactions with more distant atoms. The only significant and by less than 0.03 A with the more distant neighbors. Finally,
difference is a small structure, at about 9.2 eV (labelgd E  no improvements are expected in the electronic properties as
which occurs at the bottom of the band E mainly formed by compared to undoped TiGince the position Fermi level and
delocalized empty states. the band gap between the valence and the conduction bands

The partial DOS per atom are plotted in Figure 4. Except for are unchanged. However, the comparison between the local
small bond length variations, the Zr local environment is similar densities of states of Sn-doped Bi(Figure 7 in refl0) and
to that of Ti. As a result, interactions between Zr 4d and O 2p zr-doped TiQ (Figure 4) clearly shows differences that are due
orbitals lead to bonding states within the valence band and to strong changes in chemical bonds involving hybridizations
antibonding states within the conduction bands that mainly of O 2p states with Sn 5s and 5p states in one case and Zr 4d
contribute to the bands D and, Bf the total DOS. Thus, the  states in the other case.
tog and g peaks of TiQ octahedra are found at about 4 and 6
eV, respectively, and those of the ZyOctahedron at 6 and 9 5. Conclusion

eV, respectively. The energy shift of about 3 eV between these Both EXAFS and DFT calculations show that the substitution

Ti and these Zr states can be related to the atomic energy Ve - . )
. : 21 of Zr** for Ti*" in anatase Ti@leads to a slight increase of
difference between Ti 3d-{11 eV) and Zr 4d £8.5 eV):= Of the bond lengths of the inner coordination shells. The density

course, the contribution of Zpd states to the peak D of the of states around the Fermi level does not change, and no defect

total DOS can be neglected as compared o theyiStates, levels occur in the band gap between the valence and the
which is not the case for the Zg states. This analysis shows conduction bands 9ap

that the substitution of Zr for Ti in TiQanatase does not change
noticeably the total DOS since the states are mainly found within
the bands of Ti@ It is of particular interest to note that the
position of the Fermi level for the Zr-doped Ti® unchanged
as compared to undoped Ti@nd that the band gap does not
contain defect states. This clearly indicates that Zr doping o
bulk TiO, does not improve the band gap dependent electronic Note Added after ASAP Publication. This article was
properties, such as electronic conductivity or photocatalytic released ASAP on December 13, 2007. Table 1 has been revised.
properties. The corrected version posted on December 21, 2007.
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