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Abstract

State-of-the-art acidic oxygen evolution reaction catalysts are mainly based on mixed oxides of titanium and iridium or
ruthenium. Because of its high chemical corrosion resistance and stability in acid, TiO, is a promising support material, yet
with poor electrical conductivity. We herein theoretically examined the stability and the electronic properties of substituted
rutile-phase titania, in which Ti is partly replaced by elements of the fourth, fifth and sixth period. For negative values of the
calculated segregation energy, we conclude that the heteroelement M forms a solid solution for 25% or 50% substitution. For
these heteroelements, we calculate the electrical conductivity. Since it is known that the electronic structure of transition metal
oxides strongly depends on the applied theoretical method, we performed self-consistent optimizations of the Hartree-Fock
contribution to the exchange functional in a hybrid functional for every compound. Experimentally, two favorable and two
unfavorable elements were synthesized with 25% foreign metal concentration. The most promising candidates to improve

the electronic properties of titania are Ta and Nb.
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Introduction

Electrocatalytic systems play a pivotal role for matter and
energy transfer with industrially relevant dimensions. With
the aid of water electrolysis, sustainably produced electricity
can be transferred into hydrogen and thus stored. Efficiency
and costs of these systems depend crucially on the employed
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catalysts which are typically based on noble metals ensuring
stability and high catalytic activity.! Yet these metals are
very costly and of limited global supply.?

Under acidic conditions, water splitting usually takes place
in polymer electrolyte membrane (PEM) electrolyzer cells.
In those, the limiting factor is not the hydrogen evolution
reaction (HER), but the oxygen evolution reaction (OER).
Common catalysts for the acidic OER are IrO, and RuO, as
well as their mixed oxides with Ti.>~> The intrinsic catalytic
properties are controlled by the composition and atomic dis-
tribution of the electrode material. Since the OER is a surface
reaction, one step of reducing the noble metal content of the
electrode is the limitation to the surface. The remainder of
the electrode can consist of a conductive oxide of Ti com-
bined with a less expensive and rare foreign metal in the
rutile phase. A first step for new electrode design is finding
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a foreign metal that leads to a conducting material within
the rutile matrix. Preliminary studies by Bernsmeier et al.®
revealed that a minimum electrical conductivity was required
to enable efficient charge transfer and promote catalytic OER
activity. Un-doped, porous TiO, is not suitable as a support
material, since its bulk conductivity lies below the conduc-
tivity threshold. Doping rutile with metallic or non-metallic
heteroelements for more desirable properties has been stud-
ied under various aspects and is well documented in litera-
ture.”!! Among the plethora of literature on doped rutile,
many theoretical studies investigating d- and p-block metal
doping in order to increase the photocatalytic activity.'>>

The focus of the present study is on the formation of
a solid solution of the heteroelement in the rutile matrix
and the resulting electrical conductivity. Mixed oxides
M, Ti,_,O, that are favorable in both aspects were recom-
mended for synthesis and have been tested experimentally.
From our previous combined experimental and theoretical
study on Nb-doped TiO,, we are aware that the conductiv-
ity depends on the Nb concentration.”® Here, we consider
two fixed metal concentrations to focus on general trends
with several theoretical methods. Therefore, we modeled
the formation of a solid solution in the rutile phase by the
following reaction:

xMO, + (1 = x)TiO,— > M, Ti,_, 0,

with x = 0.5,0.25 and M=(Sc, V, Cr, Mn, Fe, Co, Ni, Ga,
Ge, Y, Zr, Nb, Mo, Ru, Rh, Pd, In, Sn, Sb, Te, Hf, Ta, W, Re,
Os, Ir, Pt, T1, Pb, Bi). All oxides must have rutile structure.
In the mixed compounds M, 5Ti, 50, and M, ,5Ti; ,50, the
atoms of the heteroelement M are maximally separated. In
this way we examine if the heteroelement has the tendency
to segregate, i.e. to evenly distribute in the rutile matrix or
to form a separate phase. We, therefore, denoted the calcu-
lated reaction energy corresponding to the above equation
as segregation energy E,. A negative segregation energy
indicates that the heteroelement M will form a solid solution.

In comparison with known mixed oxide systems,'”-**?’
the percentage of the foreign metal considered here is quite
high, yet the conductivity at x = 0.5 is a sufficient marker for
further investigations, as known from our previous studies.?
We are also aware that the chosen reaction and the corre-
sponding segregation energy are an insufficient description
of thermodynamic stability with respect to the M oxides
in their equilibrium structures. This has been investigated
theoretically before!’?*%” and is not the scope of the pre-
sent study. Stable oxides MO, with rutile structure do exist
for 15 of the investigated metals, and others form distorted
rutile structures.”®* Thus, not all of the MO, references
are entirely artificial. Our simplified approach serves as a
sufficient first step for further investigation or exclusion of
possible dopants and aids in the development of superior
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support materials for catalytically active species, e.g. elec-
trocatalytic reactions. The theoretical results narrow down
the number of laboratory experiments which must be per-
formed. Experimental results for the most promising het-
eroelements are reported in the results section. In the next
sections we describe the computational approach followed
by a presentation of the computed segregation energies,
experimental results and computed conductivities.

Computational Details

Partial substitution of the Ti atoms by heteroelement M in
the rutile lattice can lead to insulating, semiconducting or
metallic ground states. In addition, substitution with transi-
tion metals can result in open-shell systems with strongly
correlated d-electrons. It is well known that electronic prop-
erties such as the band gap or the electrical conductivity
of such systems are often inaccurately described by stand-
ard Kohn-Sham density functional theory (DFT). Standard
global hybrid functionals contain a fixed amount of Fock
exchange in the exchange functional and are in general better
suited for insulators and semiconductors than for metals. A
more flexible approach is using the self-consistent dielectric-
dependent hybrid (sc-DDH) functionals.*® The percentage
of Fock exchange is iteratively optimized for each system
based on the inverse dielectric constant.’’

In the present study we have applied a complementary
theoretical approach combining a plane wave approach and a
linear combination of atomic orbitals (LCAO) approach with
CRYSTALI17. We compared the electronic end energetic
properties obtained with generalized gradient approximation
(GGA), meta-GGA and hybrid functionals, respectively. The
computational details of both approaches are given below.

All plane wave DFT calculations were performed with
the Vienna ab initio program (VASP) version 6.1.132734
using the projector-augmented wave (PAW) approach of
Joubert and Kresse.>> *® The respective POTCAR files
containing the PAW parameters were taken from the VASP
library. The PAWs with the largest valence-space avail-
able optimized for GW calculations, denoted as Ti_sv_
GW, O_GW and M_sv_GW, which include the semi-core
s and p shells of the metals, were applied. Full structure
relaxations were performed using a 900 eV energy cut-
off for the plane wave basis sets. The Monkhorst Pack
net was adjusted to the cell size. For the primitive unit
cells (PUC) and the 1 x 1 x2 supercells 4 x4 x 6 and
4 x4 x 3 grids were used, respectively. The GGA func-
tional PBE?” and the meta-GGA functional SCAN>® were
employed. Dispersion effects were taken into account by
applying the D4 dispersion correction®*~*! (PBE-D4) and
by the less-empirical van der Waals density functional
SCAN + rVV10.4>* The threshold of the relaxation of
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the electronic degrees of freedom (EDIFF) was set to
1076 eV with EDIFFG of -0.01 eV.

All LCAO calculations were performed with the crys-
talline orbital program CRYSTAL17 version 1.0.2.434¢ The
GGA functionals PBE*” and PW91,*” and the hybrid func-
tional PW 1PW,**4° which is based on PW91 including 20%
Fock exchange, were used. In addition, the D3(BJ) correc-
tion by Grimme et al.’*! was applied in case of PBE and
PWI1PW. sc-DDH functionals were derived from PW1PW
individually for all compounds and denoted as sc-PW1PW.
All-electron Gaussian-type basis sets were used for O and
Sc-Ge,”? and ECP-based basis sets for Y-Te> and Hf-Po,>*
which are of consistent triple-zeta with polarization qual-
ity. A 4 X 4 X 6 Monkhorst-Pack and 8 X 8 x 8 Gilat net was
used for geometry optimizations of the PUC, and a modified
4 x 4 x 3 Monkhorst-Pack net was used for all supercell cal-
culations. The truncation criteria for bi-electronic integrals
were set to 1077 for the overlap and penetration threshold
for the Coulomb integrals, and for the overlap threshold for
HF exchange integrals. For the pseudo overlap in the HF
exchange series, the truncation criteria were set to 10~'% and
10742 (TOLINTEG 7 7 7 14 42).The SCF accuracy
was set to 1077 a.u. for geometry optimizations.

Most MO, and M, 5Ti, 0, were calculated in their
closed-shell states (denoted as non-magnetic (NM) in the
following), in a ferromagnetic spin state (FM) and an antifer-
romagnetic spin state (AFM) with antiparallel spins at the
substituted metals but an overall magnetic moment of zero.
Elements without unpaired valence electrons such as M**
(Ge, Zr, Sn, Hf, Pb) were only calculated in the NM state.
To achieve AFM spin ordering for M sTijs0,, 1 X 1 X2
supercells were necessary. The AFM supercells were created
by substituting one metal atom in the PUC and then doubling
the cell in the c-direction in order to ensure comparability
with the NM and FM results. For FM compounds with possi-
ble high and low spin states, a high-spin initial configuration
was defined and no further constraints were applied. Within
VASP, FM spin states were achieved through spin-polarized
calculations (ISPIN=2), defining an initial magnetiza-
tion (MAGMOM). In AFM calculations, both options, total
magnetic moment relaxation and fixation via NUPDOWN,
were employed, while setting antiparallel initial spins on
the substituted metal atoms. Within CRYSTAL, initial AFM
spin states were achieved analogously by setting antiparallel
spins (ATOMSPIN) and locking the total magnetic moment
(SPINLOCK) to zero.

Resulting spin states with an energy difference of less
than 2 kJ/mol per formula unit were considered energeti-
cally degenerate. If all three spin states were degenerate,
the NM state was chosen. If FM and AFM spin states were
degenerate and more stable than NM, FM was chosen. For
FM results, the total spin density of the system is given.

For AFM results, the spin density per non-Ti metal atom
is given.

For selected cases, the electronic structure in terms of an
insulating or conducting ground state is of special interest.
For global hybrid functionals, the band structure and the
derived electrical conductivity strongly depend on the sys-
tem-independent Fock exchange fraction. sc-DDH methods™
have shown to provide more accurate absolute band posi-
tions and band gaps.>>~’ Therefore, the approach of Erba
et al.>! was used to determine the system-specific optimal
Fock exchange for sc-PW1PW for rutile and selected mixed
metal oxides. The resulting Fock exchange fractions are
15.1% (Ti0,),19.7% (Ge, 5 Tiy 50,), 58.6% (Sby 5 Ti, 50,) and
12.7% (Pt, 5Tiy 50,) . For all other mixed metal oxides, the
self-consistent procedure reduced the Fock exchange frac-
tion to zero, corresponding to the PW91 GGA functional.

It was observed that the calculated absolute conductivities
are very sensitive to the density of the applied k-point grid,
in agreement with recommendations from the literature.’®
However, it was not possible to reach convergence due to
increasing computational effort. Therefore, all electronic
properties were calculated with sc-PW1PW, decreased inte-
gral thresholds (TOLINTEG 9 9 9 27 48), and denser
24 x 24 x 24 Monkhorst-Pack and 48 x 48 x 48 Gilat nets.
For the calculated band structures, the k-vector path recom-
mended by Curtarolo et al.’® was applied to cover all special
k-vector points. To estimate the electrical conductivity, the
Boltzmann transport equation in relaxation time approxi-
mation as implemented as BOLTZTRA*® in CRYSTAL17
was used. The conductivity ¢ was calculated at 298 K, with
a relaxation time parameter z=1 fs and finite-temperature
schemes SMEAR of 0.01 a.u. By definition, the conductivity
is calculated as a 3 X 3 tensor for a three-dimensional sys-
tem. Because of the tetragonal rutile structure, the xx- and
yy-contributions are equal. Therefore, the small off-diagonal
elements are discarded and the conductivity is estimated as
the averaged diagonal elements 6 and separately as o,, = 0,
ando_,.

Results and Discussion
Metal Dioxides in Rutile Structure

Before investigating mixed metal oxides, we give a short
overview of rutile-type oxides with experimental references.
Their calculated lattice parameters, band gaps, and mag-
netic ground states are given in the Supporting Information,
Table SII. Lattice parameters of MO, with M = (Cr, Mn, Ge,
Nb, Ru, Sn, Ir) are found in an overview of rutile structures
by Bolzan.®® V¢!, Mo®, Rh%, Re,* 0s,% Pt and Pb®” also
form rutile-type oxides. Rutile-type PdO, can be found in the
Inorganic Crystal Structure Database, ICSD, with the index
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647283.% The rutile structure is the most stable polymorph
for M = (Ge, Ru, Sn, Ir, Pb). IrO, and RuO, are metallic
oxides,%” PbO, is a small gap semiconductor and metallic
when defective,’’ GeO,’! and SnO,’? are large gap semicon-
ductors. MnO), with rutile structure, pyrolusite, also occurs
naturally,”® while for M = (V, Cr, Nb, Mo, Re, Os, Pt) the
rutile polymorph is a meta-stable phase accessible at higher
temperatures and/or pressures. In rutile structure VO,, CrO,,
NbO, , and OsO, are metallic’* and MnO), is conducting at
low temperatures.’

In our comparison of experimental and calculated lat-
tice parameters, we omitted PtO, and PdO, due to incom-
plete experimental data as well as NbO,, MoO, and ReO,.
NbO, is only stable in rutile structure at 1300 K’® and MoO,
occurs in rutile structure at 1533 K 77 which makes com-
parison with theoretical structure optimizations impossible.
At ambient temperatures monoclinic or orthorhombic phases
are preferred over rutile for ReO,.”®

For all remaining dioxides, we calculated the mean signed
(MAD) and unsigned (MUD) percentile errors of the com-
puted lattice parameters with respect to available experi-
mental data, see Table 1. MAD and MUD are defined in
Egs. 1 and 2 in the Supplementary Information. All methods
perform reasonably well with mean errors below 1%. With
VASP, the maximum mean of the unsigned percent error is
+ 0.70% for the PBE functional. MAD is similar, 0.54%,
indicating that PBE systematically overestimates the lattice
parameters, in agreement with earlier benchmark tests.”
Also, the small errors observed for SCAN, MUD = —0.18%
and MAD = 0.35%, are in line with the observations by Tran
et al. Surprisingly, PBE-D4 also overestimates the lattice
parameters, while SCAN and SCAN+rV V10 slightly under-
estimate them.

Regarding CRYSTAL calculations, the hybrid functionals
slightly underestimate and the GGAs overestimate the lat-
tice parameters. Here, the largest unsigned error occurs for
PW1PW-D3 with 0.79% and the largest signed error is found
for PBE-D3 with + 0.47%, relatively close to the VASP
results, indicating that the atomic basis sets are reasonable.

The maximum error for a single lattice parameter in
VASP occurs for a(RhO,) which is overestimated by
1.82-1.84%. In CRYSTAL, GGA calculations overesti-
mate the ¢ parameter of GeO, by 1.82-2.02%. With hybrid
functionals the ¢ parameter of VO, is underestimated by

—1.26/ — 1.38%. Generally, a slight underestimation of room
temperature lattice parameters is reasonable, since calcula-
tions occur at 0 K.

In addition to the lattice parameters, the experimen-
tal band gaps are in general well reproduced. For MnO,,
hybrid methods erroneously predict a band gap; however,
our approach simplifies its complicated magnetic structure.”
With all other methods it is conducting. The other experi-
mentally conducting oxides are uniformly predicted to have
no band gaps.

Mixed Metal Oxides

As mentioned in the introduction, we define the segregation
energy E., per formula unit as

Es = Evimi,_0, = *Enmo, — 1- x)ETiOZ €))]

with x = (0.5, 0.25) as an indicator for possible formation of
a solid solution. The energies refer to the total energies of
the mixed metal oxide, the metal dioxide in rutile structure
and pure TiO, rutile with the respective functional. In order
to take into account the approximations of our approach, we
consider all M with a segregation energy of E, = +4 kJ/
mol as possible candidates regardless of the sign. Only if
the overall segregation energy is significantly larger than
4 kJ/mol do we assume segregation. Segregation energies
smaller than — 4 kJ/mol indicate solubility according to our
interpretation. Of course, this threshold is quite arbitrary, but
the classification of M substituents does not change much
with larger tolerances. Figure 1 shows E, for x = 0.5 with
all employed functionals. Results for x = 0.5, 0.25 obtained
with SCAN and PW1PW are shown in Fig. 2. Furthermore,
all energies are given in Table SV in the supplementary
Information.

For the majority of investigated metals, all methods pro-
vide similar trends. We averaged the differences of com-
puted segregation energies, ZEseg (see Supporting Informa-
tion Table SI), (i) for selected functionals with and without
dispersion correction, and (ii) for the same functional (PBE)
implemented in VASP and CRYSTAL. In this way, the
effect of London dispersion and the basis set is investigated,
respectively. Both differences are in most cases rather small,
0.3-1.3 kJ/mol, indicating that (i) London dispersion does

Table 1 Mean signed (MAD) and unsigned (MUD), and maximum (MAX) percentile deviation for the lattice parameters of MO,

VASP CRYSTAL
SCAN SCAN+rVV10 PBE PBE-D4 PBE PBE-D3 PWIPW PWIPW-D3 PW91

MAD % 035 0.45 0.70 0.66 0.70 0.51 0.43 0.58 0.65

MUD % -0.18 —0.34 0.54 0.39 0.47 0.16 -0.07 -0.25 0.41

MAX % 1.84 (@Rh) 1.82 (aRh) 1.83(@Rh) 1.83(@Rh) 2.09(cGe) 1.82(cGe) —126(V) =138(cV) 2.02(cGe)
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Fig.2 Segregation energies for M s Ti, sO, and M, ,5Ti, 750, in rutile structure in kJ/mol with SCAN and PW1PW.

not play a significant role in Ti-M-O interaction, and (ii) the
CRYSTAL pob-rev2 basis sets are reasonable. In CRYSTAL,
the largest difference between segregation energies obtained
with PBE and PBE-D3 is 2.2 kJ/mol for Tl and 6.4 kJ/mol
for PW1PW and PW1PW-D3 for Bi. In VASP, the differ-
ence between PBE and PBE-D4 is more pronounced with
a maximum of 5.8 kJ/mol for Ru. The difference is also
pronounced for Cr, Mn, Ga, and Mo, equally resulting from
differences in the minimum geometry and/or spin state. For
Mn, the spin state is uniformly AFM and lattice parameters
are similar; however, the PBE-D4 structure corresponds to
a rather shallow minimum. Using the the same PBE mini-
mum structures for both approaches, the energy difference
between PBE and PBE-D4 segregation energies is reduced

to 0.5 kJ/mol. On the other hand, differences between SCAN
and SCAN + rVV10 are very small with an average of
0.3 kJ/mol and a maximum of 2.3 kJ/mol.

The largest difference for PBE segregation energies cal-
culated with VASP and CRYSTAL is 5.5 kJ/mol for In. It
is, therefore, possible that the In pob-rev2 basis set is not
optimal.

All methods predict positive segregation energies larger
than 4 kJ/mol for M = Cr, Mn, Fe, Co, Y, Zr, Mo, Ru, Rh,
Sn, Te, Hf, W, Os, Ir, T1, Pb, and Bi. For Ni and V, the use
of hybrid methods lowers the segregation energy below
4 kJ/mol and also leads to the occurrence of band gaps.
The same pattern applies for Mo at overall larger ener-
gies. Among the metals with positive segregation energies,

@ Springer
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only Mo, Rh, W and Tl show method dependence of the
magnetic ground state. Since their segregation energies
are close to our predefined threshold, Mn and Ge will be
considered candidates forming a solid solution. Pd, Pt and
Ta are the only elements where all methods predict nega-
tive segregation energies. The segregation energy for Nb is
positive with hybrid functionals (but below the threshold),
while the GGA and meta-GGA functionals provide nega-
tive values for E. For Sc, Ga, Pd, Sb, and Re, the meth-
ods give contradicting results for x = 0.5. In particular, for
these systems we also investigated x = 0.25.

M, 5Ti, 50, with M = Sc, V, Ga, Y, In and Tl are mostly
predicted as FM systems with a delocalized total spin of
1.0 per primitive unit cell. With GGA, the well-known
overdelocalization resulted in a closed shell ground state
in some cases. M = Co and Ni oxides are also mostly pre-
dicted as being NM, while the other 3d transition metals
are either AFM or FM. Even with our simplified collinear
approach, mixed oxides with M = Mn and Fe are most
stable as AFM. Their heavier homologues, M = Ru, Re,
and Os mixed oxides are also predicted as AFM. Mixed
oxides with the other 4d and 5d transition metals are pre-
dicted as NM, except for Ta which is favored as FM. No
trend can be found for M = Mo which ties in with our MO,
calculations.

The most stable spin state obtained for the respective
M, 5Ti, 50, calculations was assumed for M, ,5Ti;750,.
In order to retain the size of the 1 X 1 X 2 supercell, AFM
spin states were approximated as FM, taking into account
that the segregation energies might be less favorable with
the smaller concentration.

As shown in Fig. 2, the positive segregation energies
for My 5Tiy 5O, with M=Cr, Mn, Fe, Co, Ni, Y, Zr, Mo,
Ru, Rh, Sn, Te, Hf, W, Os, Ir, T1, P, Bi, Po are similar or
even more positive with M ,5Tij 750,. Increased Ti con-
tent confirms formerly ambiguous Ni and Mn as unsuitable
candidates.

The segregation energies of M = Ge, Pd, Pt increase
with decreasing M content, but are still within our thresh-
old value. In contrast, Ta maintains a negative segregation
energy and a solid solution with M = Nb becomes more
favored. Re and In retain segregation energies close to zero
independent of the concentration. Sc and Sb segregation
energies become more negative with increasing Ti content,
yet the sign remains functional dependent. It has to be noted
that the particularly stable system Sc ,5Tij 750, becomes
NM during the optimization with SCAN. Both segregation
energies for 25% Sb and Sc hint towards a possible solid
solution.

Concluding from the segregation energies at 50% and
25% M concentration, we consider M = Sc, Ga, Ge, Nb,
Pd, In, Sb, Ta, Re, and Pt as possible candidates for forming
solid solutions with rutile TiO,.

@ Springer

Mesoporous M, ,5Ti, 550, Films

As a proof-of-concept of the theoretical results for the seg-
regation energies, model-type mixed titania materials with
x =0.25 and M = Nb, Ta, Ir, Ru were synthesized as rep-
resentative examples using a previously established, well-
controlled synthesis approach.®?%3%8! In brief, mesoporous
films of the mixed oxides were prepared via dip-coating and
evaporation-induced self-assembly (EISA).%?

Titanium(IV) chloride (TiCl,) was chosen as the Ti-
precursor and dissolved together with the corresponding
metal precursor salt for M = Nb, Ta, Ir, Ru in a polar solvent
(ethanol). By the ratio of the precursors, the composition
of the resulting oxide material can be precisely adjusted.
Our previous results indicate the production of various high
surface area metal oxide films with adjustable layer thick-
nesses via dip-coating. Importantly, dip-coating can ensure
a high degree of reproducibility for independent experiments
due to its well-controlled atmosphere and parameters during
deposition. The withdrawal rate controls the resulting layer
thickness, for instance. By calcination at elevated tempera-
tures in air, the as-deposited mesophase can be converted
into a crystalline oxide phase upon a concomitant removal
of the polymer template. In this study, calcination for 30 min
at 600°C in air was chosen to afford crystalline oxide films
with defined mesoporosity. Higher temperatures lead to pro-
nounced crystallite growth and sintering effects, which are
not desirable for the production of high surface area support
materials for (electro-)catalytic applications.

As illustrated in Fig. 3, homogeneous films were obtained
for Nb and Ta, whereas a pronounced crystallite growth and
surface segregation effect can be observed for Ir and Ru. The
distinct morphological differences provide clear evidence
for the proposed segregation energies suggesting a partial
segregation to take place for Ir and Ru during the calcina-
tion step at high temperature. This is in good agreement with
observations from a previous study on mixed mesoporous
titanium-iridium oxide films.*

For Nb and Ta, however, an incorporation into the titania
lattice can be confirmed experimentally. No evidence for the
formation of large crystallites or segregated domains at the
pore wall surface of the oxide materials is given based on
the obtained experimental results.

Conductivity of Mixed Metal Oxides

For comparison with the literature, we first calculate the
band structure, projected density of states (PDOS) and the
electrical conductivity of rutile TiO, without substitution
(Fig. 4) with CRYSTAL17/sc-PW 1PW/pob-TZVP-rev2.
The electronic properties of rutile TiO, have been studied
extensively in the literature at various theoretical levels.?%
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Fig.3 Top-view SEM images of different templated mesoporous
M;,5Tig750,, M = Nb in (a), Ta in (b), Ir in (c), Ru in (d), films
synthesized via dip-coating in a controlled atmosphere and calci-
nation for 30 min at 600°C in air. For M = Nb, Ta, homogeneous
mesoporous films are obtained, indicating the formation of a solid
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Fig.4 TiO,: Band structure, projected density of states (PDOS) in
states/eV and electrical conductivity o in S/m relative to the Fermi
level at e, = 0eV. The results are obtained with CRYSTAL17/sc-
PWI1PW/pob-TZVP-rev2.

Previous studies have shown that the application of hybrid
functionals is necessary for the accurate electronic band gap
prediction of semiconducting oxides.’>*%%° In this work,
the calculated fundamental band gap of 3.1 eV as obtained
with CRYSTAL17/sc-PW1PW is in good agreement with
experimental results of 3.3-3.6 eV.!*? Inspection of the
PDOS shows that the top of the valence band is dominated
by the O 2p-states while the bottom of the conduction band
is mainly composed of Ti 3d-states, fully consistent with
previous DFT studies.®*** As mentioned above (see “Com-
putational Details” section), the absolute electrical conduc-
tivity is very sensitive to the applied k-point grid, depends
on the relaxation time 7 and drastically changes in the energy
range around the Fermi level. Therefore, its evaluation by
comparison to experimental results is a critical challenge for
theoretical approaches. Rutile TiO, conductivity at Fermi
level is chosen as reference to study the substitution effect on
electrical conductivity. The electrical conductivity of rutile
TiO, is obtained as 1.1 X 10* S/m at the Fermi level with
CRYSTAL17/sc-PW1PW.

The formation of the mixed metal oxides leads to semi-
conductors in the case of Ge sTi, 5O, and Pt sTi; sO,. The

P XY 100nm'
(¢) Irp25Tip7502

(d) Rug25Tig.7502

solution. For M = Ir, Ru, calcination at elevated temperature leads
to a pronounced crystallite growth and partial segregation of MO,
species from the host titania lattice. The surface-segregated IrO,
and RuO, crystals show a brighter contrast compared to the porous
matrix, which strongly suggests Ir- or Ru-rich domains, respectively.
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Fig.5 Sc,5Tiy50,: Band structure, projected density of states
(PDOS) in states/eV and electrical conductivity ¢ in S/m relative
to the Fermi level at ¢, = 0 eV. « electron contributions are marked
as ‘up’ and f contributions as ‘down’. The results are obtained with
CRYSTALI17/sc-PW1PW/pob-TZVP-rev2.

band structures, PDOS and conductivities are given in Fig-
ure S1 in the SI, respectively. For Ge sTi(, sO,, sc-PW1PW
calculations predict a direct fundamental band gap of 3.1 eV
at the I"-point. In comparison to TiO,, the resulting conduc-
tivity slightly decreases to 0.7 x 10° S/m at the Fermi level.
In the case of Pt 5Ti,, sO,, a significantly smaller fundamen-
tal band gap of 0.8 eV but only a slightly larger conductiv-
ity of 0.8 X 10? S/m is calculated. Ge and Pt substitutions
do not significantly increase the electrical conductivity in
comparison to rutile TiO, and are, therefore, not considered
promising catalyst support.

The mixed metal oxides Sc5Ti,sO,, Ga,5Ti, 50, and
In, 5 Ti, 5O, form a group since the substitution of Ti** by
M3+ (denoted as p-doping) leads to partial oxidation of the
oxygen ions. The band structure, PDOS and conductivity of
Scq.5Tiy 50O, are shown in Fig. 5. The corresponding graphs
for Ga, 5Ti 5O, and In, 5Ti, sO, can be found in Figure S2
in the SI.

In all three cases, the top of the valence bands is domi-
nated by the O 2p-states, in particular the f contributions.
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The electrical conductivity increases compared to rutile TiO,
to 1.2 X 10° S/m (Sc, 5 Tij sO,), 0.8 X 103 S/m (Ga, 5 Tij sO,)
and 0.9 x 10> S/m (Iny5TiysO,) at the Fermi level. For
p-doped compounds, the majority of charge carriers are
holes, which are introduced by M3+ impurities. To evaluate
the electrical conductivity properly, the carrier mobility and
concentration must be taken into account. Since the overall
carrier concentration is constant for the given p-type com-
pounds, the mobility might be the crucial property, which
is not accessible by Boltzmann transport theory. In general,
hole mobilities are lower compared to electron mobilities,
which will be discussed later for the n-type doped com-
pounds. Therefore, the given p-type mixed metal oxides
might be a good starting point for photo- or electrochemical
applications, which benefit from lower hole mobilities.

For Pd, 5Ti; 50,, the with sc-PW1PW calculated elec-
trical conductivity of 0.4 X 103 S/m at the Fermi level is
increased in comparison to rutile TiO,; however, the number
of states at this level is very low as can be seen in Fig. 6.
For Pd, ,5Ti; 750, a semiconducting state with a band gap
of 0.3 eV is predicted. Standard PW1PW calculations for
Pd, 5Tiy 5O, and Pd, ,5Tij ;50, (see Tables SII and SIII in
the Supporting Information) result in indirect band gaps of
1.4 and 2.1 eV, respectively. Therefore, we do not consider
Pd, 5Ti, 5O, promising catalyst support.

For Sby 5Ti, s0,, the calculated electrical conductiv-
ity at the Fermi level increases to 1.9 x 10° S/m. The
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Fig.6 Pd,;Ti);O,(top) and Sby;Ti,;O,(bottom): Band structure,
projected density of states (PDOS) in states/eV and electrical conduc-
tivity o in S/m relative to the Fermi level at ¢, = 0 eV. The results are
obtained with CRYSTAL17/sc-PW1PW/pob-TZVP-rev2.
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corresponding band structure, PDOS and conductivity are
given in Fig. 6. Substitution of Ti by Sb should give Sb in a
formal Sb** oxidation state (4d'5s'). However, calculations
show that the 5s state is very high in energy; therefore, the
additional Sb electrons are preferentially transferred to Ti**
cations which are reduced to Ti>*, as seen by the intra-band
states near the conduction band edge. This is confirmed by
a population analysis of the states near the Fermi level. One
must keep in mind that this solution suffers from the exces-
sive delocalization of the Ti** states due to the application
of the GGA-functional PW91 (sc-PW1PW). In addition, the
overall number of states at the Fermi level is rather small
and, therefore, we do not consider Sby 5Ti, 5O, promising
catalyst support.

The mixed metal oxides Nby 5Ti, 50,, Ta, 5Tiy 50, and
Re 5Tiy 50, are classified as n-type doped oxides. For
Re, 5Tiy 50,, the band structure, PDOS and corresponding
conductivity are given in Fig. 7 (bottom). Inspection of the
PDOS shows that the states at the Fermi level are dominated
by Re d-orbitals. The electrical conductivity calculated with
CRYSTAL17/sc-PW 1PW/pob-TZVP-rev2 is 3.5 x 10° S/m.
Since this is the highest calculated conductivity of all con-
sidered compounds, Re, 5Tij 5O, is in principle a promising
mixed metal oxide for conductive catalyst supports. How-
ever, the occurrence of the unstable weakly radioactive iso-
tope '3Re in combination with the limited supply and the
resulting high price, we do not recommend the synthesis of
Re,, 5Tiy 50, in the first place.

On DFT level, Nb- and Ta-doped rutile TiO, have been
studied extensively in the literature. 399394 I these studies,
a semiconducting character is predicted for low dopant con-
centrations up to 6%. In the present study, the mixed metal
oxides Nby, s Ti, 5O, and Ta 5 Ti, 5O, show metallic behavior
as can be seen by the calculated band structures and PDOS
in Fig. 7. The corresponding electrical conductivities at the
Fermi level are calculated as 2.6 X 10° S/m (Nb, sTi, sO,)
and 2.9 X 10° S/m (Ta, 5 Ti, sO,). In both cases, inspection
of the PDOS show that the states at the Fermi level are
dominated by Ti 3d-, Nb 4d- and Ta 5d-orbitals, which is in
accordance with recent DFT-studies.?**%* The combination
of favorable segregation energy and highly increased electri-
cal conductivity leads to the recommendation of Nby, 5Ti;, 50,
and Ta,, 5 Ti, 50, for synthesis of support materials.

Summary

We investigated the segregation energies of rutile M, Ti;_, O,
with x = 0.25,0.5 and M = (Sc, V, Cr, Mn, Fe, Co, Ni, Ga,
Ge, Y, Zr, Nb, Mo, Ru, Rh, Pd, In, Sn, Sb, Te, Hf, Ta, W,
Re, Os, Ir, Pt, Tl, Pb, Bi) with GGA, meta-GGA, hybrid
functionals, and dispersion corrections. All methods yield
accurate lattice parameters and, within their expected errors,
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Fig.7 Nb, sTi,50,(top), Ta,sTij50,(middle) and Re 5Tij 5O,(bot-
tom): Band structure, projected density of states (PDOS) in states/
eV and conductivity ¢ in S/m relative to the Fermi level at ¢, = 0 eV.
a electron contributions are marked as ‘up’ and f contributions as
‘down’. The results are obtained with CRYSTAL17/sc-PW1PW/pob-
TZVP-rev2.

band gaps of the experimental rutile MO, structures. For
the majority of metals we find the same trends for the mag-
netic ground state and also for a positive segregation energy
with all methods. Segregation energies for M, Ti,_,O, with
x = 0.25 were calculated with meta-GGA SCAN and the
hybrid functional PW1PW. For this smaller fraction M = Sc,
Ga, Ge, Nb, Pd, In, Sb, Ta, Re, and Pt have segregation ener-
gies that may allow formation of solid solutions. For Nb, Ta,
Ru and Ir mesoporous M, ,5Ti,, 750, films were prepared via
dip-coating. As hinted by the segregation energies, Ru and
Ir exhibit crystallite growth and segregation at the surface,
whereas Nb and Ta are incorporated into the titania lattice.
Investigation of the band structures and conductivities of
M, 5Ti, 50, with M= Sc, Ga, Ge, Nb, Pd, In, Sb, Ta, Re,
and Pt with sc-PW1PW confirm Nb and Ta as promising
candidates for synthesis of support materials.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-021-09318-4.
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