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Abstract

Density functional theory (DFT) calculations were performed to address the effects of 5d
transition metals (TM) doping on the electronic structure properties of rutile TiO2, using both the
modified Becke-Johnson (mBJ) and on-site hybrid functional. The calculations show that there is
a reduction of band gap in almost all the investigated cases, except when TiO. is doped with Ta.
Some of the investigated systems (Re, W, Os, Ir) exhibit pronounced spin polarization, mainly
arising from the TM atoms. In addition, a large increase of band gap is observed, when switching
from a 24-atoms to 48-atoms supercell, while further enlarging the supercell size doesn’t affect
the band gap significantly. Among the investigated transition metals, Pt and Ir are the best
candidates for improving the photocatalytic properties of rutile TiO2 through substitutional
doping.
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1. Introduction

Titanium dioxide has proven to be the leading material for photocatalyst applications and as such
has been extensively studied in both single, anatase and rutile, and mixed-phase form [1, 2].
Among other investigations transition metal doping of TiO2 has received special interest due to
potential applications including improved photocatalysis, solar energy production, and designing
dilute magnetic semiconductors. Doping is an effective and easy method to adjust the TiO2 band

gap and extend the optical absorption edge toward the longer wavelengths, which increases its
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efficiency in using the solar spectrum and improves its photocatalytic efficiency [3]. Extensive
theoretical and experimental work has been carried out to study the doping effects of most of the
3d [4-16] and 4d transition metals [15-26] and lanthanides [27]. It was even shown that the
improved visible light photocatalytic activity of the TiO, can be achieved through Ti®* self-
doping, mainly owing to the excitation of Ti** ions via 3d — 3d transitions from the gap state to
the empty excited state above the Fermi level [1]. As far as the doping effects of 5d transition
metals are concerned, the focus was mainly on anatase TiO [15, 16, 19, 20, 21, 22, 24, 28-30],
while the rutile phase was much less investigated [31-34]. Hao et al. demonstrated that W®* as
donor dopant in anatase TiO. introduces 5d unoccupied orbitals in the conduction band (CB)
bottom and moves the CB edge downward, which can accelerate the electron injection process
[30]. Zhang et al. found that in the anatase TiO> CB moves downward gradually with increasing
the tungsten content from 0.1 % to 2 % and then stays almost unchanged with increasing the W
content from 2 % to 5 % [22]. Rosario and Pereira showed that Pt ions could be incorporated into
the TiO lattice at low Pt content levels, which is followed by the conversion of small portion of
anatase in the rutile phase and the enhancement of the photocatalytic activity [35]. Choi et al.
reported that Pt and Cr doped TiO», with relatively high fraction of rutile, exhibited significantly
enhanced photocatalytic activity [15]. Significant energy gap narrowing together with enhanced
optical absorption has been experimentally achieved using 5d elements such as W [22] and Pt
[15, 35, 36]. This paper presents a systematic study of the effect of 5d transition metals (Hf, Ta,
W, Re, Os, Ir, Pt) doping on the photocatalytic properties of rutile TiO,. We have performed an
analysis to investigate the effects of these elements on geometry and electronic structure
properties, such as band stucture, density of states and conduction band (CB) levels, i.e. to

explore how the conduction band and valence band edges of TiO, are influenced by these



dopants and whether the doping introduces band gap states. Furthermore, we have made an
attempt to correlate the obtained results in order to comment on the efficiency of these systems
for visible light photocatalytic applications.

Due to the well-known shortcoming of the DFT in describing defects in metal oxides, hybrid
DFT has become the approach of choice for a proper description of the band gaps of these
systems. In the study conducted by Ju et al. [2] it was demonstrated that the HSEO6 hybrid
functional with the proper choice of a fraction of the screened Hartree — Fock (HF) potential, can
yield the exact band gaps of anatase and rutile TiO.. However, although the calculations with
HSEO06 exchange-correlation functional are faster in comparison to the others hybrid methods,
they are still slower than the calculations with the Tran-Blaha modified Becke-Johnson (TB-
mBJ) exchange potential [37, 38], whose computational cost is comparable to local density
approximation (LDA) and generalized gradient approximation (GGA) potentials. Since the
earlier testing of the TB-mBJ showed that this procedure mimics many-body results in
satisfactory way [39, 40], we conducted our research using this method. In order to establish the
consistency of the hybrid DFT and our approach, we also did calculations with on-site hybrid
functional for the investigated probes, but only for the smallest 2 x 2 x 1 supercell.

2. Calculation details

We have performed self-consistent calculations by means of full potential linearized augmented
plane waves (FP-LAPW) method implemented in the Wien2k package [41]. Firstly the lattice
parameters and the atomic positions were fully optimized with the PBE-GGA [42] exchange-
correlation functional until all components of the residual forces were smaller than 3 mRy/a.u.
and after that, the Tran-Blaha modified Becke-Johnson (TB-mBJ) [38] exchange potential was

used. In the case of hybrid calculations with onsite-exact-exchange, where the GGA exchange-



correlation was partly replaced by exact exchange, the atomic positions were optimized
separately. To study the doping effect of 5d transition metals on the electronic structure of rutile
TiO2, we introduced a TM atom by substituing one Ti atom in the 2 x 2 x 1 (24-atom), 2 X 2 X 2
(48-atom), and 2 x 2 x 3 (72-atom) supercells of rutile, which led to different doping
concentrations of 4.16, 2.08, and 1.39 at. %, respectively. No symmetry constraints were applied
to the doped structures. All calculations were spin polarized in order to describe the magnetic
effects correctly. The band structures were calculated along the path in the rutile Brillouin Zone
(BZ) with the most high-symmetry points. The cut-off parameter RmiKmax for limiting the
number of plane waves was set to 7.0, where Rn is the smallest value of all atomic sphere radii
and Kmax is the largest reciprocal lattice vector used in the plane wave expansion.

The BZ integrations within the self-consistency cycles were performed via a tetrahedron method
[43], using 18 k points in the irreducible wedge of the Brillouin zone (4 x 4 x 6 mesh) and the
self-consistency was achieved by demanding the convergence of the integrated charge difference
between the last two iterations to be smaller than 107 electron. The obtained optimized lattice
constants, a = 4.635 A and ¢ = 2.978 A, for pure rutile TiO2, are in reasonable agreement with
the experimental values (a = 4.594 A and ¢ = 2.959 A) [44]. The structure parameter of rutile,
which determines the position of O atom in the unit cell is u = 0.305.

3. Results and discussion

3.1. Geometry structure

In rutile TiO2 each Ti atom is bonded to four nearest and two second nearest oxygen atoms, with
slightly different bond lengths (1.949 vs. 1.980 A). Our calculated Ti-O bond lengths with the
nearest and second nearest oxygen atoms are 1.962 A and 1.999 A. Introducing dopants into the
rutile TiO> crystal leads to a change in the atomic distances. To study the lattice deformation, the

bond lengths in the doped rutile TiO, after geometry optimization are summarized in Table 1.
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First of all, we can see that for each transition metal dopant the bond lengths in the different
supercells are similar, namely the size of the supercell doesn’t seem to affect the bond lengths
notably. The most pronounced difference is observed for Pt atom, but it doesn’t exceed 2%.
Furthermore most of the doping atoms cause an enlargement of the atomic distances, that is to
say the distances between the substituted TM atoms and their nearest O atom are larger in
comparison to the Ti— O bond length in pure rutile. The only exception is W-doped rutile, which
makes the W — O bonds shorter than the corresponding Ti — O bonds. Similar behaviour was
observed in W doped anatase TiO> [30].

Table 1: The interatomic distances, given in A in5d ™™ doped TiO-, for different supercell sizes

2 x2x 1supercell | 2x2x2supercell | 2x2 x3supercell
Hf-O 2.036 2.057 2.062
Ta-0 1.988 1.985 1.986
W-0 1.942 1.959 1.942
Re-0 1.980 1.990 1.987
Os-0 1.990 1.966 1.959
Ir-0O 1.977 1.997 1.976
Pt—0O 1.992 2.029 2.008

3.2. Defect formation energy

To investigate the relative difficulty of doping under different growth conditions, the doping
formation energies for all studied cases were calculated using the formula:

Ef=Ed— Ep+ pux - pri

where Eq and E, are total energies of the supercells with and without dopants, respectively, pri is
the chemical potential of Ti, and pux (X = Hf, Ta, Re, W, Os, Ir, Pt) is the chemical potential of

dopants calculated from the bulk materials. Due to the fact that the chemical potential of Ti
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varies with growth conditions, the formation energy also depends on them. Under the O-rich
condition pri = prio2 — 2 po, where o is half the total energy of the O> molecule. Under the Ti-
rich condition, the Ti chemical potential is the energy of bulk Ti.

Table 2: Defect formation energies for different doped supercells

dopant O-rich [eV] | Ti-rich [eV]

2x2x1

Hf -10.19 0.054
Ta -10.38 -0.17
Re -4.38 5.83
w -7.85 2.39
Os -4.56 5.69
Ir -4.43 5.81
Pt -1.80 8.44
2X2X2

Hf -9.49 0.72
Ta -7.96 2.24
Re -3.28 6.92
w -5.51 4.70
Os -1.72 8.48
Ir -0.91 9.30
Pt -0.56 9.65
2x2Xx3

Hf -7.66 2.58
Ta -6.03 4.21
Re -2.35 7.86
W -3.562 6.72
Os 0.96 11.20
Ir 0.59 10.84
Pt 0.92 11.16




Our calculated formation energies for all investigated cases are summarized in Table 2, from
which the following trends are observed: the doping is energetically more favorable under the O-
rich than under the Ti-rich growth conditions; the systems with the lowest and second lowest
formation energy are Hf and Ta doped ones, respectively, regardless of the growth conditions; Pt
and Os are the most difficult to dope under both O-rich and Ti-rich growth conditions.

3.3. Band structure

To investigate the band structure modifications in the 5d TM doped rutile TiO2, band structures
for all the studied cases were calculated along the high-symmetry paths in the BZ. The obtained
band structures for TM doped 2 x 2 x 2 rutile supercells are presented in figures 1 and 2. The
calculated band structure of pure rutile TiO2 (figure 1) is consistent with previous studies,
showing a direct energy gap at the I' point, with the energy gap value of 2.94 eV, which is
similar to that calculated with HSEO06 functional (2.92 eV [45]) and differs from the
experimental value (3 eV [46] ) by only 2%. Figures 1 and 2 demonstrate that all of the
investigated systems display a direct energy gap at the I' point and that almost all of them,
except Ta, lead to band gap narrowing. In some cases (Re, W, Os, Ir) the existence of
pronounced spin polarization is evident, i.e. the up and down spins are clearly different. The
investigated systems can be divided into two groups: those for which the band gap narrowing is
caused by the shift of the positions of the conduction band (CB) and valence band (VB) edges
(Hf, Pt) and those with band gap narrowing as a consequence of formation of isolated

intermediate states (1S) in the band gap region (Re, Os, Ir, W).



The mBJ calculated band structures of (a) pure and (b) Hf, (c) Ta and (d) W-doped
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3.4. Density of states

To further understand the electronic structure of 5d TM doped TiOz, the total densities of states
(TDOS) and site-projected densities of states (PDOS) were calculated using 2 x 2 x 2 (48 atoms)
rutile supercell. They are displayed in figures 3 and 4, with spin-up states plotted on the positive
and spin-down states on the negative y-axes. It was found that the valence band of pure rutile is
mostly composed of O 2p states, while in the conduction band Ti 3d states dominate. For Hf-
doped TiO- the calculated band gap (table 3) and DOS are nearly identical to those of pure rutile
TiO,. The situation is similar for Ta-doped TiO2, except for the fact that there is a small
downward shift of the conduction band edge in the minority spin region and the Ta 5d states are
spread over the whole CB. For the Re-doped TiO>, the calculated DOS is more complex, as the

up and down spins are evidently different, i. e. the DOS is notably spin-polarized.
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Figure 3: The mBJ calculated DOS for pure and Hf, Ta and W-doped rutile TiO; in 48-atoms
supercell
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Figure 4: The mBJ calculated DOS for Re, Os, Ir and Pt-doped rutile TiO in 48-atoms supercell

This observation is also confirmed by the calculated total spin magnetic moment in the unit cell
(table 3), which is, unlike the Hf and Ta-doped rutile, significant. The total magnetic moment
mainly arises from the Re atom, i. e. the spin-polarization occurs mainly at the Re site, but the
calculations also indicate that the nearest neighbouring O and Ti atoms can be polarized up to
0.05 and-0.03 pg, respectively, due to the hybridization between the Re 5d states and the nearest
neighbouring O 2p and Ti 3d states. From figure 4 we can see that doping rutile TiO, with Re
atoms, leads to the creation of intermediate states, mostly Re 5d states, at the mid-band energy

levels. In the case of W doped TiO2 some W d states lie in the gap, near the conduction band
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minimum (CBM), but only in the spin-down panel. Above them, at the CBM lie Ti d states. In
total, the band gap is markedly narrowed in the spin-down panel. For the case of Os doping,
several states, which originate mainly from the Os 5d electrons, appear in the band gap. The
shape of the DOS is similar to that obtained in the earlier calculations, with the Fermi level
which passes through the minority spin component, while the majority spin component remains
semiconducting, which indicates that the system is half-metallic [32, 47]. Os 5d states in the
majority spin channel are fully occupied and slightly splitted into two separate states, again
similar as in the references [32, 47]. Spin polarization occurs mainly at the Os site, i. e. the total
magnetic moment (2.0 ug) mainly arises from the magnetic moment of the Os atom (1.64 ug). Ir
cation dopant introduces some impurity states at the top of the valence band, thus extending it
into the band gap by about 0.5 eV. Furthermore, in the spin-down panel, two isolated Ir d states
appear, one immediately above the valence band maximum (VBM) and the other under the
CBM, which leads to different band gaps of the up- and down-energy bands. Pt doped rutile
exhibits a large band gap contraction of about 0.71 eV, primarily due to the Pt d states at the top

of the valence band, which causes the extension of the VB into the band gap.
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Table 3: Band gaps and magnetic moments in 5d TM doped TiO> obtained from mBJ and on-site

hybrid calculations

dopant up gap | down up gap - | down gap | total magnetic | TM total
-mBJ | gap - hibr — hibr moment in the | magnetic | magnetic
[eV] mBJ [eV] [eV] cell—mBJ moment — | moment in
[eV] [ue] mBJ [us] | the cell -
hibr [us]
2x2x1
Hf 2.48 2.48 2.75 2.75 0 0 0
Ta 2.97 2.31 2.86 2.86 -1.0 -0.02 0
Re 2.80 2.86 0.76 2.58 3.0 2.25 3.0
w 1.44 1.69 1.74 1.74 1.0 0.08 -0.002
Os 1.41 1.58 1.66 1.60 2.0 1.76 2.0
Ir 1.39 0.22 2.28 0.03 1.0 0.66 1.0
Pt 1.28 1.28 2.31 2.31 0 0 0
2X2X2
Hf 2.78 2.78 0 0
Ta 2.97 2.53 -1.0 -0.01
Re 2.78 2.80 3.0 2.16
w 2.86 2.50 -1.97 -0.41
Os 2.78 2.72 2.0 1.63
Ir 2.12 1.77 1.0 0.81
Pt 2.23 2.23 0 0
2x2Xx3
Hf 2.75 2.75 0 0
Ta 2.86 2.56 -1.0 -0.01
Re 2.75 2.78 3.0 2.20
w 2.88 2.18 -2.0 -0.36
Os 2.75 2.75 2.0 1.62
Ir 2.23 2.48 1.0 0.79
Pt 2.26 2.26 0 0
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3.5. Impact of doping concentration on the electronic structure

To investigate the influence of the doping concentration on the electronic structure, the DOS was
also calculated for the systems with a TM atom in the 2 x 2 x 1 - 24 atoms (figure 5) and 2 x 2 x
3 - 72 atoms (figure 6) supercells of rutile, which corresponds to the TM content of 4.17 and 1.39
%, respectively. In some of the investigated cases (Hf, Ta, Re) there is no large difference in the
DOS and band gap features for different sizes of supercells, aside from the fact that the
intermediate bands in the smaller supercells are wider, making the energy gaps smaller.
However, in the rest of the investigated systems (Os, W, Ir, Pt) a large increase of band gap
occurs when switching from 2 x 2 x 1 to 2 x 2 x 2 supercell. Further increase of the supercell
size to 2 x 2 x 3, doesn’t seem to affect the band gaps significantly in any of the investigated
cases, so we can conclude that the 2 x 2 x 2 supercell is large enough to avoid the interaction

between the dopant atoms, which could lead to unrealistically small band gap values.
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Figure 5: The mBJ calculated DOS for Re, Os, Ir and Pt-doped rutile TiO; in 24-atoms supercell
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Figure 6: The mBJ calculated DOS for Re, Os, Ir and Pt-doped rutile TiO in 72-atoms supercell

3.6. Bader analysis

To obtain more information on the charge distribution between the atoms, we employed the
Bader’s atoms in molecule theory [48], as implemented in the Critic2 code [49]. Bader’s charge
is defined as the difference between the electronic charge of the neutral atom and the electronic
charge in the atomic basin of given atoms. The results of charge transfer analysis in the
investigated systems are given in Table 4. We can see that TM atoms replace the Ti atom as a
donor impurity in all studied cases and that the electron transfer from the Ti atom to O atom is
reduced in comparison to that in pure TiO2 on account of the transfer from TM to O atom. The

amount of charge transferred from TM to O atom is mostly in accordance with their
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electronegativity, that is to say the element with the largest electronegativity (Pt) has the smallest
amount of charge transferred.

Table 4: Bader charges, in electrons, of Ti, O and TM atoms.

Ti @) ™

- 2.585 -1.292

Hf 2543 -1.362 3.009

Ta 2531 -1.397 3.519

W 2373 -1.348 3.522

Re 2542 -1.283 2.768

Os 2539 -1.282 2.479

Ir 2557 -1.215 2.200

Pt 2563 -1.234 1.955

3.7. Hybrid functional calculations

If we pay attention to the spin polarization and the magnetic moments in the cell, we see that two
of the investigated TM stand out. Namely, Ta and W doped rutile, are the only systems that
exhibit the spin polarized behaviour where the spin polarization doesn’t occur mainly at the TM
site. This may cast doubt on whether these systems are correctly described with the mBJ
approximation. To clarify this dilemma and obtain more realistic picture of the electronic
structure of the investigated materials, we also did calculations with onsite-exact-exchange,
where the GGA exchange-correlation was partly replaced by exact exchange, but only for the
simplest 2 x 2 x 1 supercell. The band gap values obtained in this way are also given in table 3

and the corresponding DOS plots are presented in figures 7 and 8.
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Figure 7: DOS for pure and Hf, Ta and W-doped rutile TiO> in 24-atoms supercell calculated
with on-site hybrid functional
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Figure 8: DOS for Re, Os, Ir and Pt-doped rutile TiO2 in 24-atoms supercell calculated with on-
site hybrid functional
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The energy gap value for pure rutile TiO obtained in this way is 2.81 eV. For Hf and Pt doped
rutile, the overall profile of the total DOS obtained by hybrid potential is similar to that obtained
by mBJ, except for a shift of the conduction bands to higher energy, which leads to a somewhat
larger band gap. In the case of Re and Os doped rutile, the differences between the DOS plots
obtained by hybrid and mBJ potentials are again small and mainly caused by the upward shift of
the conduction bands. However the main difference in the DOS obtained by the two potentials is,
as suspected, manifested for Ta and W doped rutile. Namely, the DOS obtained using the hybrid
potential is not spin-polarized. The absence of spin polarization is also manifested in the total
magnetic moments of the mentioned systems, which are almost zero. From figure 7 we can see
that in both Ta and W doped rutile, the TM impurity atoms introduce TM d states at the bottom
of the conduction band, which in the case of W streches into the band gap, resulting in its
narrowing of about 40% as compared to that of pure rutile. Similar DOS, with the W 5d states
just below CBM causing a band gap reduction, was obtained using the HSEO06 functional [45].
However, in our case the decrease of the band gap is much larger, which is probably a
consequence of the use of the 2 x 2 x 1 supercell instead of the 2 x 2 x 3 which was used in the
HSEO06 calculations, as it was demonstrated in the mBJ calculations that there is a large
difference between the energy gap values for the 2 x 2 x 1 and 2 x 2 x 2 doped supercells. To
further examine this discrepancy we performed hybrid functional calculations for W doped 2 x 2
X 2 supercell. Just as in the case of mBJ calculations, switching from 2 x 2 x 1 to 2 x 2 x 2
supercell has led to significant increase of band gap, whose value of 2.86 eV now compares
much better with the one obtained using the HSEO06 functional [45] and is similar to that obtained
in our mBJ calculations. The increase of the supercell size also induced a small spin polarization

in W-doped TiO2 and the DOS shape is similar to that obtained from the mBJ calculations,
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except for the fact that the W d states below the CBM are now moved further into the gap. The
formation of W d states at the bottom of the conduction band was also observed in the W-doped
anatase TiO> [30].

3.8. Optical absorption

The absorption spectra for all studied systems, plotted in figure 9, were calculated from the

relation

ao(w) = \[2 [\/glz(a)) + 5% (w) — gl(a))]
where o(w) is the absorption coefficient and €1(w) and 2(w) are the imaginary and the real part
of the dielectric tensor. The imaginary part of the dielectric tensor &1(w) for all the investigated
systems was calculated from the computed band structure and then, the real parts of the dielectric

tensor e2(w) were evaluated using the Kramers-Kroning relation [50].
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Figure 9: Optical absorption spectra of pure and TM doped TiO». The inserted segment
represents the visible range.
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As seen from figure 9, although the main absorption peaks for Pt and Hf doped rutile are red-
shifted, they still occur in the UV range. However, the tails of the absorption edges extend up to
the visible light region for most of the investigated dopants. Among them, Ir and Pt give the best
visible light absorption, while Re has the longest extension of the absorption tail into the visible
light region, probably due to the existence of the additional intraband transition between the Re d
states in the gap and the Ti d states in the conduction band. The obtained absorption spectrum for
Pt doped TiO. is consistent with the corresponding spectrum obtained from the UV-vis
spectroscopic measurements [15], although the comparison is not straight forward, as the
measured samples contained about 30% of rutile phase.

In order to evaluate the suitability of the investigated materials for visible light photocatalytic
applications, we make an attempt to correlate our obtained results for electronic structure with
the electronic structure that an efficient photocatalyst is supposed to have. To efficiently use
rutile TiO. for photocatalytic water splitting, it is necessary to find a dopant which through the
narrowing of the band gap, shifts the absorption edge to the visible light region, but at the same
time does not lower the conduction band minimum, as the reduction potential level of water is
just below the CBM of TiO> [51]. Furthermore, an efficient photocatalyst is supposed to have
band gap with no additional states inside, which can act as electron-hole traps and recombination
centers, reducing the lifetime of the photo-induced charge carriers and as a consequence also the
photocatalytic activity. However, if the impurity states inside the gap do exist, they should be
located in the lower or top third of the band gap, so the lifetime of the charge carriers will be
reduced, but won’t reach its minimum, as would do in the case these impurity states were created

at the mid-band energy level. Taking all these criteria into account we can conclude that, among

19



the investigated transition metals, Pt and Ir, can be distinguished as the best candidates for
improving the photocatalytic properties of rutile TiO- by doping.

4. Conclusion

In summary, using the first principles calculations, we have investigated the properties of interest
for photocatalytic application, namely the band gap and absorption coefficients, in rutile TiO>
substitutionaly doped with various 5d transition metals. In our investigation we have tested
different supercell sizes and approximations for exchange-correlation potential. The calculated
results indicate that all the investigated systems display a direct energy gap at the I" point and
that almost all of them, except Ta, in one way or another lead to band gap narrowing.
Furthermore, it was found that a 2 x 2 x 1 supercell is not adequate for the realistic description of
the investigated systems and that in order to get satisfying results 2 x 2 x 2 supercell must be
used. The overall trend in the band gap changes is the same for the DOS obtained by mBJ and
hybrid calculations. Taking all the criteria for the efficient photocatalyst for water splitting into
account, we can conclude that among the investigated transition metals, Pt and Ir are the best

candidates for improving rutile TiO2 properties.
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