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Cation Mono- and Co-Doped Anatase TiO, Nanotubes: An
Ab Initio Investigation of Electronic and Optical Properties

Mohamed M. Fadlallah* and Ulrich Eckern*

The structural, electronic, and optical properties of metal (Si, Ge, Sn, and Pb)
mono- and co-doped anatase TiO, nanotubes are investigated, to elucidate their
potential for photocatalytic applications. It is found that Si-doped TiO, nanotubes
are more stable than those doped with Ge, Sn, or Pb. All dopants lower the
bandgap, except the (Ge, Sn) co-doped structure, the decrease depending on the
concentration and the type of dopant. Correspondingly, a redshift in the optical
properties for all kinds of dopings is obtained. Even though a Pb mono- and
co-doped TiO, nanotube has the lowest bandgap, these systems are not suitable
for water splitting, due to the location of the conduction band edges, in contrast
to Si, Ge, and Sn mono-doped TiO, nanotubes. On the other hand, co-doping of
TiO, does not improve its photocatalytic properties. The findings are consistent
with recent experiments, which show an enhancement of light absorption for

Si- and Sn-doped TiO, nanotubes.

1. Introduction

Titanium dioxide (TiO,), also known as titania, has been widely
studied as a promising material for many applications because of
its low production cost, chemical stability, and nontoxicity.l'!
Titania is useful for, in particular, solar cells,™ batteries, photo-
chemical® and photocatalytic!”! applications, gas sensing,’® and
hydrogen storage.’~*!! However, TiO, can only be activated by
ultraviolet light due to its large bandgap (3.0eV for the rutile
and 3.2eV for the anatase phase). Therefore, engineering the
bandgap!'?'¥! of titania (the term “bandgap engineering,” intro-
duced more than 30 years ago, generally refers to all attempts at
modifying the bandgap, e.g., by heterostructuring, combining
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suitable materials, and doping) to increase
its photosensitivity for visible light is a
major target in photocatalyst studies.

In recent years, various low-dimensional
TiO, nanostructures have been prepared,
such as thin films,* nanoparticles,[ls‘l(’]
nanowires,*”*® and nanotubes.'>?% TiO,
nanotube (TNT) arrays are most interesting
for applications due to their large internal
surface and highly ordered geometry.**~2*!
The structural properties, stability, and
electronic structure of different TNT struc-
tures (anatase and lepidocrocite) have been
discussed, e.g., in the previous study.[z‘” All
anatase nanotubes are semiconductors
with direct bandgaps, whereas the lepidocro-
cite nanotubes are semiconductors with
indirect gaps. In addition, anatase nano-
tubes were found to be most stable; their sta-
bility increases with increasing diameter.”>*” The rolling of an
anatase (101) sheet along the [101] and [010] directions has been
used to build (n,0) and (0,n) TNTs, respectively.”®! Further
details of the geometrical properties of TNTs, in particular,
about the folding procedure and the anatase layer basic trans-
lation vectors, can be found in the previous studies.**~2

The experimental results show that the predominant peaks of
anatase and rutile nanotubes are (101) and (110).2%*%! Recently,
several mono- and co-doped TNTs have been synthesized, e.g.,
C,BY P B2 Co,B¥ 8i,B and Sn**) mono-doped, as well as (C/N, F)
co-doped®®! TNTs. On the other hand, doped TNTs have been
studied theoretically only occasionally, e.g., N and B doping,””!
C, N, S, and Fe doping,*® (N, S) co-doping,**! and nonmetal and
halogen doping.*

In the context of this study, we note that an improvement of
the photocatalytic properties of bulk TiO, has been observed
experimentally™*?! and calculated theoretically!**** for Si
doping. Other dopings (Ge, Sn, and Pb) are also known to reduce
the bandgap in the rutile bulk system, whereas Sn and Pb
dopings slightly broaden the bandgap in anatase TiO,.[*’]
Experimentally, an improvement of photocatalytic properties
was found for Sn-doped bulk systems synthesized by the hydro-
thermal method." TiO, thin films doped with Si,*® Sn,[*”]
Pb,** and Gel*” have been prepared and investigated, generally
showing an improvement of photocatalytic activity upon doping.
With respect to TNT, a suitable doping with Si also improves the
light absorption.?**” Similar results have been found for Sn
doping where, however, also a transformation from anatase to
rutile is observed.®*! Thus, in the light of these previous
experimental and theoretical studies, and in view of their poten-
tial high relevance for photocatalytic applications, we perform a
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systematic study of doping anatase TNT with group-1V elements,
as a function of dopant concentrations; in addition, co-doping
effects are also investigated. Our focus in this work is on the ana-
tase nanotube because the TiO, anatase (101) surface is known to
be a quite effective surface for solar cell applications.”")

In the following, we investigate the effect of the mono-dopants
(Si, Ge, Sn, and Pb) on the structure and stability of anatase phase
(8,0) titania nanotubes (INTSs) (Section 2). Then, we study the
electronic structure of doped TNTs (Section 3), followed by a
discussion of the optical properties (Section 4). An application
of this study is the splitting of water (Section 5). We close our
work with a brief summary (Section 6). The computational
details are given in the final section (Section 7).

2. Optimized Structure and Stability

The total number of the atoms in the unit cell of a TNT is related
to the number of atoms in one unit cell (48 atoms) in the surface
layer. We use a supercell including two TNT unit cells to study
the effect of changing the doping concentration. Figure 1 shows
the structure of two unit cells of (8,0) TNT. The fundamental
periodic of the TNT nanotube (along z direction) is found to
be 10.49 A, which is only slightly larger than the value obtained
in a previous study, 10.13 A.*”! In that paper, only one unit cell
was studied, whose length was determined to be 5.065 A; hence,
we compare with twice this value. No symmetry was preserved
during structure optimization. Concerning other geometric
parameters, we find the inner diameter of the nanotube (see the
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lower part of Figure 1), i.e., between an O3 and its opposite coun-
terpart, to be given by 7.07 A, whereas the distance between an
01 and its opposite counterpart is 12.05 A; the diameter with
respect to the Ti atoms is 9.51 A, and the 01-03 distance is
2.49 A. The bond length Til-O1 (equal to Til-03) is 1.84 A,
whereas the bond Ti2-02 is slightly longer, 1.95A, in good
agreement with previous works.!?’->?

Cation doping of the TNT is introduced by replacing Ti atoms
by the dopants. Replacing one Ti by a metal dopant corresponds
to ~1.0% dopant concentration. If two atoms are substituted, the
doping concentrations will double, and so on. These dopant con-
centrations are comparable to those reported experimentally.©®*)
Though there are several possible dopant locations for 2% and
3% doping, we have opted, in this work, for configurations in
which the dopants are as far apart as possible, namely, 9.8 A
for 2%, and 9.8, 9.3, and 7.4 A for 3% concentrations, thereby
avoiding as much as possible any dopant-dopant interaction.
With this choice, we also avoid major distortions of the nanotube’s
structure. Naturally, we thus exclude the possibility of dopant
cluster formation (which could be an interesting question in
itself,** but is beyond the scope of this study).

The optimized average bond lengths around the dopant atoms
are listed in Table 1. The bond length between the dopant atom and
the O atom increases as the ionic radius of the dopant increases:
Si, Ge, Sn, and Pb, with radii 0.40, 0.53, 0.69, and 1.19 A, respec-
tively. In comparison, the ionic radius of Ti*" is 0.61 A.

The charge deficiency on the metal, estimated as the differ-
ence between electronic charge densities obtained with the
Mulliken population analysis, is also given in Table 1. The table

Figure 1. Top part: Optimal configuration (side view) for pristine TNT, 1% doped TNT, 2% doped TNT, and 3% doped TNT (from left to right). Lower
part: Top view of the pristine TNT (left) and detail of the wall (right). The indicated labels are discussed in the main text. Red, grey, and blue spheres

represent O, Ti, and dopant atoms, respectively.
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Table 1. Bond lengths between dopant metal and oxygen, M-O (A),
Mulliken charge on dopants (), and formation energy, Eqm (€V),
for doped TNT.

Metal Si Ge Sn Pb
M-O 1.77 1.94 2.09 218
Mulliken charge 2.12 1.48 2.05 1.78
Erorm 15 2.1 3.1 42

shows that the charge transfer from the dopant atom to the
surrounding O atom is rather high for Si and Sn, as compared
with Ge and Pb. The formation energy of doped TNTs is used to
investigate the stability of the structures. The formation energy
(Eform) of the dopant atoms can be calculated as follows!
Eform = Em-Tio, + #1i — (ETio, + #m) 1
where Ey_tio, and Er;o, are the total energies of the metal-doped
TiO, and the pristine TNT, respectively, whereas ur; and py
denote the chemical potentials for Ti and the dopant; the latter
is assumed to be equal to the energy of one atom in its corres-
ponding bulk structure.

The formation energy depends on the growth conditions,
which can be Ti-rich or O-rich.’® For the Ti-rich condition,
thermodynamic equilibrium is assumed for the Ti bulk solid
phase; thus, its chemical potential is fixed at pr;, whereas the
chemical potential of O is fixed by the growth conditions.
Under the O-rich condition, O is assumed to be in equilibrium
with O, molecules; thus, the chemical potential of O is
Mo = Mo, /2. We present the formation energy under the O-rich
condition, which is lower than for the Ti-rich condition. The
stability of nanotubes with dopants is in the following order:
Si, Ge, Sn, and Pb. The behavior of the formation energies can
be understood, to a large extent, in terms of the dopant’s electro-
negativity (see also Section 5) given by 1.90 (Si), 2.01 (Ge), 1.96
(Sn), and 2.33 (Pb) (Pauling scale). On the one hand, one note
that the formation energy of Si is smaller than that of the
other dopants, corresponding to the fact that Si has the smallest
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electronegativity. On the other hand, the Pb formation energy is
the largest, and so is its electronegativity. From this point of view,
Ge- and Sn-doped TNTs are “out of order,” which can be related
to the effect of electronegativity on the ionic radius, implying that
the formation of Sn—-O bonds is more favorable than Ge-O
bonds. This behavior of formation energies and bond lengths
is very similar to the behavior of the corresponding dopant in
bulk TiO,.*’!

3. Electronic Structure

In this section, we discuss the density of states (DOS) and
the partial density of states (PDOS) for the doped TNTs under
consideration, in particular, the behavior of the valence bands
(VBs) and the conduction bands (CBs) upon doping, with focus
on the modifications of the energy gap. To present the results
in a concise and systematic fashion, we have chosen to measure
the energy in the DOS and PDOS plots (Figure 2-6) relative
to the top of the valence band energy, Etyg, of the pristine
TNT. For water splitting applications, on the other hand, the
absolute energies are required, see Section 5.

Before going into detail, we emphasize that we have carefully
checked the dependence of the results on the dopant positions.
For example, for a concentration of 1%, we find that the total
energy for different dopant positions varies only by less than
0.01 eV, and no change in the DOS is obtained. For 2% and
3% concentrations, we find that the stability increases upon
increasing the distance between dopants. Hence, our calcula-
tions have been done at the largest possible distance(s) between
dopant atoms.

Figure 2a shows the DOS for pristine TNTs (8,0). The
calculated bandgap is 2.20 eV, which—as usual in density func-
tional theory-generalized gradient approximation (DFT-GGA)—
is lower than the corresponding experimental gap of the TNT
(3.18-3.23 eVE”>8)) The Ti (3d) states dominate in the unoccupied
states, whereas the O (2p) states contribute mostly to the occupied
states with a minor contribution to the unoccupied states (see
Figure 2b). The DOS and PDOS are very similar to the results
obtained in the previous study.”?
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Figure 2. a) DOS and b) PDOS of the pristine TiO, (8,0) nanotube. The energy is given relative to the top of the valence band (TVB).
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3.1. Mono-Doped TNTs

3.1.1. Si Doping

The effect of Si doping at different concentrations on the
electronic structure of TNT is shown in Figure 3b-d. The
bandgap is 1.80 eV for 1% doping, less by 0.40 eV than that of
the pristine TNT. The corresponding total DOS is similar to the
pristine DOS, however, with a smaller bandgap (see the inset of
Figure 3b as compared with Figure 2a). When the concentration
increases to 2% and 3%, we find that the Si-Si distance decreases
to 9.4 A after optimization for 2% concentration, and to 9.4, 9.0,
and 7.3 A between different pairs of Si atoms for 3%. These
values have to be compared with the original Ti-Ti distance of
9.8A for 2%, and 9.8, 9.3, and 7.4 A for 3% concentrations.
The bandgap remains at 1.80 eV for 2%, and increases to 1.86 eV
for 3%. The computed bandgap reduction for the corresponding
doped bulk system is found to be slightly smaller, 0.20 eV.**!
(In that paper, only 2% doping was studied.)

www.pss-b.com

Concerning the detailed behavior, we note that on the scale of
the figure an almost rigid, concentration independent downshift
of about 1.3 eV of the VB is observed, accompanied by a slight
“smearing” of the oscillations, which are visible below —0.5 eV in
the pristine PDOS. The PDOS shows that the dopant states start
contributing above 1eV, with a distinct maximum at about
2.2 eV. The dopant contribution is rather small, but increases
continuously with increasing concentration. Comparing with
the Ti PDOS (Figure 3a), we realize that while the onset of
Si states is clearly lower than the onset of the pristine Ti states,
the latter coincides with the maximum of the Si PDOS. The
evolution of the maximum of the Si PDOS can be seen more
clearly in Figure 3b-d. It is located near 2.2 eV for 1% and 2%
concentrations (Figure 3b,c), and then shifts downward to about
1.8 eV for 3% concentration (see Figure 3d). As the location of
dopant states shifts closer to the CB edge, the bandgap increases.
The decrease in the bandgap—as compared with the pristine
TNT—is consistent with the observed increase in optical absorp-
tion of TNT upon Si doping.>*°*>?)
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Figure 3. PDOS for a) pristine TNT (shown at the top of both columns), and mono-doping at different concentrations for b) 1%, c) 2%, and d) 3% Si, and
for e) 1%, f) 2%, and g) 3% Ge. (Ti, O) states are scaled down by a factor of 50 to allow easy comparison. The energy is given relative to the TVB of the
pristine TNT. The insets in (b), (d), and (g) show the corresponding total DOS (Si doping), and PDOS (Si, Ge) on an even more reduced scale.
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3.1.2. Ge Doping

The optimized Ge-Ge distances are slightly larger than the Si-Si
values, consistent with the increase in ionic radius, namely, 9.7 A
for 2% concentration (and hence only 0.1 A smaller than the
original Ti-Ti distance), and 9.7, 9.2, and 7.5 A for 3% concen-
tration. Figure 3e,g shows that the bandgap is 1.86eV, at any
concentration, which is less than the pristine bandgap but larger
than that for Si doping TNT at 1% and 2% concentrations
because the location of Ge states is closer to CB edge than the
Si states at these concentrations. The bandgap does not depend
on the concentration because the dopant states peak position
(1.86eV) is rigid (Figure 3d). The peak in the Ge PDOS can
be attributed to the fact that the Ge ionic radius and electro-
negativity are only slightly different in comparison with Ti. The
shifts of the VB and the CB are quite similar to the case of Si
doping, even though the Ge states give a stronger contribution
in the PDOS (Figure 3d). Accordingly, the DOS of the Ge-doped
system at different concentrations is very similar to the DOS of
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the Si-doped structures (see the inset of Figure 3b). Again, the
bulk gap reduction was reported to be slightly smaller, only
0.15 eV!*™! compared with the present 0.34 eV.

3.1.3. Sn Doping

For Sn-doped TNTs, we find that for 2% concentration, the
Sn-Sn distance is 9.8 A, which is the same as the original
distance of Ti atoms. Regarding 3% concentration, the distances
are 9.8, 9.6, and 7.6 A, which are larger than original distances.
Figure 4b shows that the contribution of Sn states at 1% concen-
tration is similar to the Ge-doping structure at 2% in the energy
range from —2.0 to 2.5 eV. The distinct peak appears at 1.8 eV,
which is the same as for Si at 3% and Ge at any concentration.
Hence, the bandgap also is 1.86 eV. When the Sn concentration
increases, the distinct peak slightly shifts to higher energy
(Figure 4b,c), which is in the opposite direction compared
with Si doping with increasing concentration. The distinct peak
is located at 2.0 eV, and we find the gap to be 1.83 V. Due to the
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Figure 4. PDOS for a) pristine TNT (shown at the top of both columns), and mono-doping at different concentrations for b) 1%, c) 2%, and d) 3% Sn, and
for e) 1%, f) 2%, and g) 3% Pb. (Ti, O) states are scaled down by a factor of 50 to allow easy comparison. The energy is given relative to the TVB of the
pristine TNT. The insets in (d) and (e) show the Sn PDOS on an even more reduced scale, as well as the total DOS (Pb doping).

Phys. Status Solidi B 2020, 257, 1900217 1900217 (5 of11)

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.pss-b.com

ADVANCED
SCIENCE NEWS

S$S°

status
solidi

physica

www.advancedsciencenews.com

similarity of the Ti PDOS of doped Sn structures with the
corresponding one of Si-doped structures, the general behavior
of the DOS for Sn doping is similar to the DOS for Si doping.
The computed reduction of the bandgap through Sn doping also
is in good agreement with the corresponding light absorption
experiment.l*!

3.1.4. Pb Doping

Within the mono-doped series, we finally consider Pb. The
optimized Pb-Pb distances are 10.0A for 2% concentration,
and 10.0, 9.6, and 7.7 A for 3% concentration. These values
are larger than the original distances of the host atoms. The dis-
tinct peak of PD states is not only located at a lower energy (1.2 eV)
as compared with the peak of the previously discussed dopants,
but also clearly lower than the Ti CB states (see Figure 4e-g),
such that a separate dopant peak appears in the corresponding
DOS. These states decrease the bandgap to 1.56 eV, which is the
lowest bandgap in comparison with the other dopants at any con-
centration. On the other hand, the shift of the VB and CB edges is
0.5 and 0.3 eV, respectively, downward in energy, which is less
than the corresponding values for the other systems. For the
resulting DOS, see the inset of Figure 4e, as compared with
the inset of Figure 3b. Increasing the concentration of Pb, the
bandgap slightly decreases to 1.50 and 1.44 eV, for 2% and 3%,
respectively. The PDOS shows that the majority of the additional
states derive from the Pb states (see Figure 4f,g). The peak energy
of the Pb states hardly changes with increasing doping.

To obtain a better understanding of the systematics of the
aforementioned results, and of those presented in the following
subsection, we emphasize that the relevant aspect is the energetic
location of cation dopant states relative to the conduction band,
in which the Ti 3d states dominate. In particular, we have been
able to relate the characteristic concentration and dopant depen-
dent shifts of the dopant PDOS, especially the distinct peak,
to the behavior of the energy gap. In comparison with the doped
bulk system,**! we note, first of all, that the gap reduction for the
doped TNT generally is stronger than in the bulk, where, in fact,
a gap enhancement was found for 2% Sn or Pb doping. However,
the stronger effect of doping—compared with the bulk system—
appears reasonable because the disturbances created by dopants are
expected to have a stronger influence in a reduced-dimensionality
system such as a nanotube. With respect to the location of dopant
states, we note that their respective peak energies obey the
following inequality:  Epy(gs)<Eri(3d) < Esn(ss) < Ece(4s) <Esi(3s)-
In particular, the Si, Ge, and Sn states are well within the con-
duction band, such that they are not able to form distinct dopant
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states below the CB. Instead, they “only” reduce the energy gap.
However, there is no obvious trend—except for the relation to
the distinct dopant PDOS peak, as mentioned earlier—when
the dopant concentration is increased (see Table 2): When the
Si concentration is increased, the gap slightly increases, which
likely can be related to the fact that a rather large geometric dis-
turbance is created by Si, which has the smallest ionic radius, and
that this disturbance is reduced upon doping, at least for 3%.
While the gap for Ge doping is concentration independent, it
is found to slightly decrease for Sn doping, which is reasonable
because the ionic radius of Sn is larger than the ionic radius of Ti.
However, these are rather subtle effects, and we believe it
is hardly possible to identify a single “cause” for the systematics.

The only clear-cut case in the considered series is Pb, where
the dopant states are strong and located in energy clearly below
the conduction band. Thus, a separate peak in the DOS is
formed, whose amplitude increases with dopant concentration.
In addition, a strong reduction of the energy gap is found.

3.2. Co-Doped TNTs

Turning finally to co-doped TNTs, the doping concentration is
2% for two different substitutional atoms, and 3% for two atoms
from the same kind plus one doping atom from another kind.
We first study the effect of co-doping at 2%. Starting with
Si-Ge, the optimized distance is 9.5 A. This is approximately
the average of the Si—Si and Ge-Ge distances at 2% concentra-
tion. Figure 5b shows the effect of (Si, Ge) co-doping on the
electronic structure. The overlap between Si, Ge, and Ti states
appears near the CB band; therefore, the bands shift to lower
energy. This shift is less than the corresponding one in the case
of 1% and 2% mono-doping with Si and Ge by 0.6eV. The
(Si, Ge) co-doped TNT has a bandgap of 1.92 eV, larger than
the gap for Si and Ge mono-doping at any concentration.
As we go down the group of dopants in the periodic table (4A),
the dopant—dopant distance increases to 9.6 A for Si-Sn and
9.7 A for Si—Pb. The overlap between the dopant and the host
atom states also increases slightly near the CB edge, so the
bandgap of (Si, Sn) is 1.98 eV (see Figure 5c). Figure 5d shows
the PDOS of the (Si, Pb) co-doped system, which is very similar
to the DOS of the Pb mono-doped TNT. It is characterized by
Pb dopant states below the conduction band. The bandgap for
this co-doping is 1.50 €V, smaller than the gap of the 1% and
equal to the 2% mono-doped Pb system.

As compared with the co-doped structures discussed earlier, the
bands of (Ge, Sn) shift to higher energy, and the bandgap
increases to 2.3eV (Figure 5e), clearly larger than the gap of

Table 2. Calculated bandgap values (eV) for all concentrations and configurations considered; “pr” denotes the pristine TNT.

pr Si Ge Sn Pb Si/Ge

1% 2% 3% 1% 2% 3% 1% 2% 3% 1% 2% 3% amn @n (1,2)

Egap 2.20 1.80 1.80 1.86 1.86 1.86 1.86 1.86 1.83 1.83 1.56 1.50 1.44 1.92 1.92 1.92
pr Si/Sn Si/Pb Ge/Sn Ge/Pb Sn/Pb

oy ey 0 0y @) 0 0y @) 02 0y @) 02 0y @) (12

E 2.20 1.98 1.86 1.86 1.50 1.44 1.50 2.34 1.86 1.86 1.56 1.56 1.56 1.56 1.50 1.56
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Figure 5. PDOS for a) pristine TNT, and for 2% co-doping: b) (Si, Ge),

o) (Si, Sn), d) (Si, Pb), e

) (Ge, Sn), f) (Ge, Pb), and g) (Sn, Pb). The (Ti, O) states

are scaled down by a factor of 50 to allow comparison. The energy is given relative to the TVB of the pristine TNT.

pristine TNT. The increase in the bandgap can be attributed to the
strong interaction (bonding) between the dopant (such as Sn) and
the Ti CB states in the energy range of 1.8-2.5 eV (see Figure Se).
The distance between Ge—Sn is similar to the Si-Sn distance
(9.6 A). If Sn is replaced by Pb, the distance of Ge—Pb increases
t0 9.8 A, which is less than the Pb—Pb distance at 2%. Due to the
interaction between Ge and Ti states near the CB edge, the Pb
states slightly move toward higher energy, so the bandgap
slightly increases to 1.56eV as compared with (Si, Pb) (see
Figure 5f). The last 2% co-doped system is (Sn, Pb) (Figure 5g)
with 9.9 A Sn—Pb distance. The distinct peak of the Sn dopant is
located at the same position as for Ge (2.4 eV) (Figure 5¢), and
the Pb midgap states remain in their place; thus, the bandgap
does not change. The bandgap of co-doped systems at 2%
concentration is larger than the bandgap of the individual
corresponding mono-doped structures because of good co-dopant
states interactions near the CB edge, except for Pb doping. Table 2
summarizes the bandgap values of all structures considered.

At last, we study co-doped TNTs at high concentration,
ie., 3%. The distances in the (2Si, Ge) co-doped structure are

Phys. Status Solidi B 2020, 257, 1900217 1900217 (7 of 11)

9.1 and 7.3 A for Si-Ge and 9.4 A for Si-Si, and for (Si, 2Ge)
are 9.1and 7.4 A for Ge-Ge and 9.6 A for Ge-Si. Figure 6b shows
the PDOS of (251, Ge), which is practically identical to the (Si, Ge)
case. Also, there is no change when another configuration (Si, 2Ge)
is considered. The electronic structures of (Si, Ge)/(2Si, Ge)/
(Si, 2Ge) co-dopants do not depend on the concentration of the
individual dopants because all configurations have a similar effect
at the same energy. Regarding (2Si, Sn), we find (see Figure 6c¢) that
the overlap between states in the CB reduces the bandgap as
compared with (Si, Sn) by ~0.3 eV, and the gap becomes 1.86 €V,
less than the bandgap of the same co-doped system at 2% concen-
tration. The DOS of the (Si, 2Sn) system is practically the same as
the (251, Sn) DOS, even though the distances differ slightly: 9.1
and 7.5 A for Si-Sn and 9.8 A for Si-Si for the former, and 9.2
and 7.4 A for Si-Sn and 9.4 A for Si-Si for the latter case.

For (2Si, Pb) co-doping (Figure 6d), the PDOSs show that the
CB and Pb midgap states shift toward lower energy by 0.6 and
0.2 eV, respectively, as compared with the same co-doped system
at low concentration (Figure 5d). This relatively strong shift
in the CB is due to the shift of the corresponding Si states.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. PDOS for a) pristine TNT, and for 3% co-doping: b) (2Si, Ge), c) (2Si, Sn), d) (2Si, Pb), e) (2Ge, Sn), f) (2Ge, Pb), and g) (2Sn, Pb). The (Ti, O)
states are scaled down by a factor of 50 to allow easy comparison. The energy is given relative to the TVB of the pristine TNT. The insets in (d) and (g)

show the corresponding total DOS.

The overlap between CB and Pb states is most pronounced at
1.4 eV, which results in a small shoulder in the DOS (see the
inset of figure). This reduces the bandgap to 1.44 eV, less than
the corresponding one for 2% co-doping but equal to the
bandgap of 3% Pb mono-doping. The PDOSs of (Si, 2Pb) show
the same gap and DOS shape as (Si, Pb) due to the dominant
effect of the Pb states.

For (2Ge, Sn)/(Ge, 2Sn) co-doping (Figure 6e), the PDOSs are
very similar to the case of (2Si, Sn) (Figure 6¢) with a small shift
of bands to higher energy. The bandgap is 1.86 eV, the same
as for Ge mono-doping at any concentration. The PDOSs of
(2Ge, Pb)/(Ge, 2PDb) are the same as for (Ge, Pb), with the same
bandgap. The last 3% co-doped structure is (2Sn, Pb): as com-
pared with the (2Si, Pb) system, the PDOS is very similar with
respect to the Pb contribution, but there is a shift in energy due to
the Sn states (in comparison with the Si states), consistent with
what we observed for the case of Sn versus Si mono-doping.
As compared with (Sn, Pb) co-doping, the CB and Pb states for
(2Sn, Pb) are lower in energy due to the higher concentration of

Phys. Status Solidi B 2020, 257, 1900217 1900217 (8 of 1)

Sn; the bandgap is 1.50 eV. For (Sn, 2Pb), due to the high con-
centration of Pb, the PDOS is similar to (Sn, Pb). The bandgaps
of the 3% co-doped structures are also presented in Table 2.

We note that for a given co-doped system, say (2X, Y), there
are different possibilities to position the X and Y atoms. We have
considered such different cases, and we have confirmed that the
DOSs are not affected.

4. Optical Properties

The optical properties of a semiconductor photocatalyst are
closely related to its electronic structure. The decrease in the
bandgap for all mono-dopants as compared with pristine TNT
(see Figure 3) leads to a redshift of the optical absorption edge.
This redshift depends on the kind of dopant and the concen-
tration. Clearly, several factors are relevant for the differences
between doped bulk TiO, and doped TNTs, namely, the
geometry, electronic structure, and the interaction between

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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dopant and neighboring Ti and O atoms, with the general ten-
dency of reducing the optical gap. As is apparent from Figure 4,
this leads to a shift of the absorption edge toward higher
wavelengths, most pronounced for Pb mono- and (2Pb, Ge)
co-doping.

In contrast, a reduction of the optical gap upon doping in the
bulk system is only found for Si and Ge doping.!**! Our results
agree qualitatively with the recently observed gap reduction for
Sn-doped TNTs.*)

The optical absorption is related to the complex dielectric
function &(w) = &;(w) + ig;(w), with o is the frequency. The
imaginary part is calculated from the momentum matrix
elements between the occupied and unoccupied states, and the
real part is subsequently from the Kramers—Kronig relation. The
absorption coefficient is then given by’

alw) = \/Ew\/\ e} (@) + &(w) — & (w). (2)

A “scissors operation”®*™%3! of 1.0 eV, which corresponds to
the difference between the calculated and the experimental
gap (3.2 eV) for pristine TNT, is also used for the doped system.

As a side remark, we wish to add that this “operation”—
adding ad hoc a correction A to the conduction band energies,
such that the calculated energy gap plus A (here, 1.0 eV) equals
the experimental gap, is pretty much standard. It relates to the
well-known problem of DFT that the gap calculated from the
Kohn-Sham orbitals almost always is by far too small.[**®
Another way out of this problem is to extend DFT and include
so-called GW corrections, see the previous study®® and referen-
ces therein; but, this approach is computationally quite costly,
and hence not practical for systematic studies of doped systems.

A pristine TNT can only absorb the narrow UV light (370 nm),
but shows no absorption for visible light (see Figure 7). The
calculated optical absorption spectra for all mono-doped TNTs
show absorption in the visible-light region, namely, in the range
of 380-410 nm. Also, a redshift is apparent for all mono-doped
TNTs, consistent with the earlier discussion.

5. Application: Water Splitting

The improvement of the visible light activity of TiO, is very
important for water splitting (H production).l®”-*®! In this context,
it is important to note that the absolute values of the conduction
and valence band edges, Ecgr and Eygg, are required. This issue
has been discussed extensively in the literature; see, e.g., the

p:s:s’
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Figure 7. Absorption coefficients of pristine and mono- and co-doped
TNTs.

study given by Gritzel,"” or, more recently, the study given by
Wang et al.'*”) In short,*! the conduction band edge is computed
from the empirical relation Ecpy = X — 0.5Eg,, — 4.5 eV, where X
denotes the geometric mean of the electronegativities of the
constituents (e.g., X = (yrix3)'/* = 5.80eV for the pristine case,
using experimental values’’7%), and Egp is the scissors-
corrected energy gap. Then, Eypg = Ecgg + Egap- Calculations
of the conduction band edge (CBE) and the valence band edge
(VBE) have shown that the CBE of anatase TiO, is located
at —0.29 eV, and the VBE at 2.91eV.””?! Note that these band
edges are measured with respect to the normal hydrogen
electrode (NHE) potential of the reduction and oxidation levels
of water: the reduction level (H*/H,) is located at 0 eV, and the
oxidation level (H,0/O,) at 1.23eV. Thus, the CBE is “above”
the water reduction (H*/H,) level, and the VBE is “below” the
water oxidation (H,0/O,) level, in the standard representation.!'

Table 3 shows that Si, Ge, and Sn mono-doping of TNTSs
improves the photocatalytic properties, at any concentration.
However, the CBE value is too high compared with the reduction
level of water; hence, Pb-doped TNTs are useful for hydrogen
production despite the fact that they have the lowest bandgaps
among the mono-dopants. The low-concentration Si- and
Ge-doped structures show a better efficiency than for high
concentration. In contrast, for bulk TiO, anatase, only Ge doping

Table 3. CBE and VBE, both in units of eV, of pristine TNT and doped TNTs for different concentrations. The energies are given with respect to the NHE
potential; see the related discussion in Section 5 of the previous study.? Note that 0 eV (NHE) corresponds to —4.5 eV (vacuum). In the third row,
the scissors-corrected energy gap, Eg.p = Evge — Ecae, is presented for completeness.

pristine Si dopant Ge dopant Sn dopant Pb dopant
1% 2% 3% 1% 2% 3% 1% 2% 3% 1% 2% 3%
CBE —-0.29 —0.08 —0.06 —-0.07 -0.11 —-0.09 —-0.07 -0 —0.09 —0.06 0.04 0.08 0.12
VBE 291 2.72 2.74 2.79 2.75 2.77 2.79 2.75 2.74 2.77 2.60 2.58 2.65
E 3.20 2.80 2.80 2.86 2.86 2.86 2.86 2.86 2.83 2.83 2.56 2.50 2.44

8ap
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improves the photocatalytic properties.'**! We do not present the
co-doping results here because all of them have CBEs
around —2 eV, which is higher than the reduction level of water,
and the VBEs are higher than the oxidation level.

6. Summary

DFT has been used to study the structural, electronic, and optical
properties of cation mono- and co-doped TNTs at different
doping concentrations. All mono-/co-dopants, except (Sn, Ge)
co-doping, decrease the bandgap of the TNT, similar to previous
results.[*”) For mono-dopants, Pb-doped TNTs have the lowest
bandgap at the studied concentrations (1% to 3%) due to the
presence of distinct Pb states below the conduction band. The
contribution of the dopant states in the conduction band
increases as we move down the 4A group in the periodic table,
i.e., from Sito Ge, Sn, and Pb. The decrease in the bandgaps of
mono-doped TNTs is accompanied by shifts in the band edges
toward lower energy for Si, Ge, and Sn. The bandgaps of 2%
co-doped TNTs, except for (Ge, Sn), are smaller than those of
Si, Ge, and Sn mono-doped TNTs at any concentration. The
(Pb, 2X; X=Si, Pb) co-doped TNTs have the lowest bandgap
of all mono- and co-doped TNTs. However, (Ge, Sn) 2% co-doped
TNT has the largest bandgap not only of all mono- and co-doped
TNTs but also compared with the pristine nanotube. The influ-
ence of co-dopants can be understood, to a large extent, in terms
of a superposition of individual mono-dopant effects. The study
of optical properties illustrates that mono- and co-doped TNTs
can absorb a wide range of visible light, in contrast to pristine
TNT. This observation, consistent with recent experimental
results, is related to the decrease in the bandgap. The Si, Ge,
and Sn mono-doped TNTs at low concentration (1%) have a high
ability to produce hydrogen in the water splitting process, their
performance being clearly better than for pristine TNT. The
energetic locations of the bandgap edges of Pb mono-doped and
co-doped TNTs, however, prevent their use for this application.

7. Computational Details

We applied DFT using the GGA®® and the Perdew—Burke—Ernzerhof
functional’ as implemented in the SIESTA package.l””! (Generally speak-
ing, the accuracy of DFT-GGA calculations—which notoriously underesti-
mate the bandgap—is always an issue. In this context, we mention that
this question was thoroughly discussed in a recent paper,® with the
conclusion that DFT-GGA is “an empirical, yet practical” approach. See
also previous studies!® ™% in relation to the “scissors operation”.) The
wave functions were expanded using a local atomic orbitals basis set;
the energy cutoff was 300 Ry, and the Monkhorst—Pack k-meshes con-
tained 1 x 1 x 12 points. Structural relaxation was carried out with the
conjugate gradient method until the net force on every atom was smaller
than 0.04 eV A~". As we were interested in the properties of nanotubes, a
rectangular supercell, 20 x 20 x L A3, was used, where L is the length of
the nanotube along the z axis. The distance between two neighboring
TNTs, in x and y directions, was thus 20 A, which was sufficient to avoid
any image interaction. Test calculations, changing the size of the supercell
and the number of k points, showed the convergence of our results. In
particular, to check for the spurious dipole—dipole interaction between
image supercells, the cell was increased to 30 x 30 x L A%, however,
no effect was observed. (This aspect is discussed in detail, e.g., in
Refs. [76,77].) Spin polarized calculations were also performed for selected
systems, but no modifications were found.
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