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In this study, theoretical results of structural, electronic and magnetic properties of codoped anatase TiO,
using metals (Pt, V) and nonmetals (C, N) to obtain insight into the codoping effect are reported. Results of
monodoped systems with N, C, V and Pt are also reported. The way different pairs of metal-nonmetal
dopants affect the positions of the edge of the valence and conduction bands, and consequently their
redox potential in the search for the best candidate for water splitting into H, and O, has also been stud-
ied. In this sense, density functional calculations show that the particular case of Pt-C@Ti codoped TiO,

;f%words" would be the most efficient for the mentioned reaction. In addition, it is pointed out that the formation of
Denzsity functional theory particular structures observed is due to the interaction metal-nonmetal (M-NM) rather than the partic-
Codoping ular nature of the foreign atoms. The analysis also shows that the systems presenting the highest inter-

planar spacing in the crystal structure are V-C@O and Pt-C@O, unlike Pt-N@O that has not shown
significant modifications. This could translate into an enhancement in the specific surface area, particu-

Water splitting
Electronic structure

larly observed in the case of V-C@O.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO,) has characteristics which make it very
interesting for the design of catalytic technologies applicable to
devices. Various feasible modifications may be made to the mate-
rial to give it great versatility adding it value as engineering mate-
rials. The theoretical and experimental studies of the modified
oxide carried out to the present have given conflicting results, so
further studies are needed to provide clarity. Possibly the contro-
versy may be because there are many interacting factors involved
in modifying oxide. In particular, the interactions of metallic and
nonmetallic dopants are greatly influenced not only by the nature
of the doping elements, but also by the position thereof in the crys-
tal lattice.

In a work recently published by our group [1] it was reported
that the codoped of titania in anatase structure with C-doping in
O site and Pt-doping in Ti site leads to the formation of peculiar
and symmetrical structures that brings about distortion in the
mesh. Such distortion increases the distances between planes
and could generate reactive surfaces at high dopant concentra-
tions. This study attempts to resolve whether the above structures
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would either be formed by the particular nature of C and Pt ele-
ments as dopants or if they are due to the interaction metal-
nonmetal as has been reported by other authors [2]. As it is known,
carbon can have both anionic and cationic behavior and can form
multiple bonds because of its different possible hybridizations
(sp, sp? and sp?), while platinum is a noble metal despite having
large number of valence electrons.

Is the formation of these structures due to the nature of this pair
metal (M) - nonmetal (NM), Pt and C, or each of the individual
dopants? To answer this question, different possibilities of cationic
and anionic substitution were studied: V instead of Pt because it
provides magnetic properties, and N instead of C, which is an ele-
ment with odd number of external electrons.

Motivation in seeking answers to the formation of these struc-
tures is that it is known that a higher specific area corresponds to
better catalytic activity [3,4]. Considering that the specific surface
area is the relationship between the surface and its mass, this
can be increased if the solid is distorted or has fractures or pores
inside. This is reflected in a higher real exposed surface that would
be calculated assuming a geometric shape.

A second important objective of this work is to determine which
of the cases studied is the best candidate for the photoelectro-
chemical water splitting reaction-of interest in hydrogen produc-
tion [5,6] and environmental remediation [7,8].
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Fig. 1. Position of the band edges of TiO, anatase (left) relative to the standard potentials at pH = 0 as referenced to the normal hydrogen electrode (NHE). Eg represents the

band gap width obtained for our group.

As schematized in Fig. 1, water splitting process [5,9] makes use
of the reducing and oxidation potentials of TiO, and could be
enhanced if the edges of their valence band (VB) and conduction
band (CB) approach the appropriate redox potential. The reduction
potential is measured by the conduction band minimum (CBM)
energy while the oxidation potential is measured by the valence
band maximum (VBM) energy. The design principle of the catalyst
should consider that the closer the CBM energy to the vacuum
level, the stronger the reducing potential is, whereas the lower
the VBM energy, the higher the oxidizing potential is. For example,
to make the spontaneous production of H, and O, from water dis-
sociation possible, the band edges must include the water redox
potential levels; i.e., the oxygen and hydrogen reactions must lie
between the VBM and CBM [10-12].

The reduction and oxidation equations of H,O are displayed
below:

2H,0 + 2e~ — H, + 20H" (1)

0, +4e +4H' — 2H,0 2)

The reduction potential of water has a value of —0.83 eV, while
the oxidation potential value is —1.23 eV. Moreover, it is known
that water undergoes a process of auto-ionization:

2H,0 < H;0" + OH" (3)

This reaction has a low equilibrium constant (K =10"1%) that
can be displaced by Le Chatelier’s principle towards the generation
of H30" whose reduction potential is 0.00 eV:

2H" +2e~ — H, (4)

The hypothesis that arises is that codoping using donor-
acceptor pairs, M-NM, could passivate the holes in the acceptor
levels of impurities keeping the semiconductor character of the
system. Moreover, an important relationship exists between the
electrode potential, CBM (or Ec edge), VBM (or Ev edge) and Eg that
can be approximately expressed by the equations:

Eg(eV)

Ec(V vs NHE) = 123 - == (5)

Eg(eV)
5 (6)

with the exception of some transition metal oxides which have
filled or partly filled d orbitals, as shown in reference [11]. From

Ev(V vs NHE) = 1.23 +

the electronic structures of systems with n-p impurities, as well
as from these equations, it is possible to obtain a quantitative loca-
tion of Ec and Ev which should meet the redox capacity.

Also, as it is known for titania, the electrons in the VB need radi-
ation of about 380 nm or less so as to access the CB. The VB is
located deep in energy generating holes with high oxidative poten-
tial; nevertheless, the electrons that reached the CB do not have an
appropriate reducing potential, being this effect more pronounced
in rutile (R) than in anatase (A). The doping of the system with dif-
ferent anions (C, N) at O sites [12,13], or cations (Cr, V, Fe, Ni, Pt)
[14,15] induces changes in the positions of the band edges that
in turn, involve shifts of their both oxidation and reduction
potential.

Part of the aim of this work is also to provide theoretical results
of structural, magnetic and electronic properties of codoped ana-
tase TiO, using Pt, V as metals and C, N as non-metals, to obtain
insight into the M-NM codoping effect. With the intention to com-
plete the study, a section referring to results obtained for mon-
odoping with nonmetals (C, N) and metals (Pt, V) has been
incorporated.

2. Theoretical framework

Density Functional Theory calculations were carried out by
using the Vienna Ab-Initio Simulation Package (VASP) code [16]
and the projector augmented-wave method (PAW) developed by
Bloch to describe the ion-electron interactions [17]. The general-
ized gradient approximation due to Perdew and Wang (GGA-
PW91) [18] was adopted to treat exchange-correlation effects
between valence electrons. The basis of plane waves were gener-
ated considering 4 valence electrons for Ti (3d°4s'), 5 valence elec-
trons for V (3d#4s'),10 valence electrons for Pt (5d%6s!), 4 valence
electrons for C (2s%p?), 5 valence electrons for N (2s%p®) and 6
valence electrons for O (2s?p*). The smooth part of the wave func-
tions was expanded in planes waves with a kinetic energy cutoff of
450 eV. The Brillouin zone integration was performed on well-
converged Monkhorst-Pack k-point meshes [19]. For the k-point
integration, we used 3 x 3 x 3 mesh for the (3 x 3 x 1) anatase
supercell of 108 atoms in order to represent the anatase codoped
system with low concentrations of impurities. The convergence
criteria for the electronic and ionic relaxation were 0.1 meV and
20 meV/A, respectively. The known drawback that the DFT strongly
underestimates the band gap of complex oxide materials has been
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discussed at length in the literature. A viable approach to resolve
the self-interaction errors for strongly correlated electron materi-
als is the use of methods known as DFT+U. The usual application
of this method introduces a correction of the DFT energy by
means of single numerical parameters, U-J (U and ] are screened
Coulomb and exchange parameters, respectively) involve different
aspects of self-interaction. This method was originally proposed
by Anisimov and co-workers [20] to account for correlations
resulting from strong on-site Coulomb and exchange interactions.
In this model a specific number of localized orbitals is selected
and the associated electron correlation is treated, depending
highly on the choice of the (Hubbard) parameter U used [21]. In
this work, we use the Dudarev’s approach [22] implemented in
the VASP through careful selection of U, achieving excellent
matches with the experimental band gap and bulk modulus mea-
sured for the systems investigated. The U value was optimized to
a value of 8 eV [23] for corrections of Coulomb interactions of the
Ti and V d electrons and it was previously proposed by our group
with excellent results [1,24]|. Moreover, the study involves the
effect of the U on the lattice parameters, bulk modulus and ther-
mal properties as heat capacity at constant volume (Cv) for the
stoichiometric systems. All calculations were performed at the
spin polarized level.

For each optimized structure the density of states (DOS) was
calculated to obtain the corresponding electronic structure and
band gap value (Eg). The study was completed evaluating the cor-
responding magnetic moments for the atoms (L in [g) and Bader
charge [25] analysis was done to analyze charge populations in
the periodic calculations. The interatomic distances, angles and
cell parameters and the isosurfaces were obtained using VESTA
[26].

The formation energies (Eg;) of codoped systems were calcu-
lated following the procedure according to the equations given in
reference [1]; the most favorable structure has the lowest energy.
Furthermore, in order to improve the knowledge of these systems
and to explore if the codoping system is stable, it is possible to cal-
culate the codoped pair binding energy (E») as discussed in refer-
ence [27]:

Eb = EM + ENM - Ecodoped - Epure

where Ey, Env, Ecodoped and Epyre are the total energy of metal (M)
monodoping (Pt, V) in TiO,, nonmetal (NM) monodoping (C, N) in
TiO,, codoping in TiO, and pure anatase TiO,, respectively. The
same supercell was used in all calculations. A positive value of E,
indicates that the donor-acceptor pairs are likely to bind each other
when both of them are presented in the host.

Table 1

3. Results and discussion

As it has been previously mentioned, with a view to complete
the knowledge of the doped systems, a section with the results
obtained for monodoping was included (Table 1). From the opti-
mized structures, we proceeded to the analysis of Bader charges,
magnetic moments (1) and electronic structure. Simply for reasons
of convenience, the zero energy was set at the VBM, including the
values of the valence band, conduction band and Eg widths and the
energy location of the defect states in the band-gap, always mea-
sured from CBM. Similar analysis was performed for the five
codoped systems studied including the interatomic distances M-
NM of interest in the calculation of specific surface area. The main
results obtained are summarized in Table 2.

3.1. Monodoping

In order to represent the anatase doped with nonmetal, carbon
and nitrogen atoms are placed in an oxygen site (C@0, N@O) as
well as in interstitial site (Ci, Ni). In addition, only substitutional
Cis incorporated on Ti-site (C@Ti). The corresponding contribution
in weight percent (wt%) at low concentrations are comparable to
those used in some experimental studies and are indicated in
Table 1.

Doping metals is modeled by replacing a Ti atom by Pt (Pt@Ti)
or V (V@Ti) and at interstitial site in the case of V(Vi). The respec-
tive structures of some cases studied are shown in Fig. 2

In the case of anionic substitution in anatase titania, when an
oxygen atom is replaced by one carbon or nitrogen atom, C@O
and N@O, the system becomes one p-type dopant, as noted by their
electronic configurations. These systems are more oxidizing than
anatase pure since they add holes to the lattice being this effect
more pronounced for C which shifts the valence band towards
lower energies. At low impurities concentrations, the most stable
site for the N is the anionic substitution.

On the other hand, when these nonmetals are incorporated into
interstitial sites, they act by increasing the number of electrons in
the crystal, as dopants n-type, with reducing character and the cor-
responding band gap widths are decreased. In the case of carbon at
low concentrations, one structure type distorted tetrahedron is
observed [1] which also turns to be the most stable site (Table 1).
In these cases, C acquires cationic characteristics being its charge
+4e, while when placed at oxygen site, it acquires negative charge
(Table 1) and no particular structures are evident. On the other
hand, when C is located in substitution of Ti atom, the charge
acquired is also +4e and internal structures such as CO, could be
observed. Such structures present C—O bond lengths located

Information of the contribution in weight percent (wt%) and the main features of the cell parameters, electronic structure and Bader charges values of dopants (q) for
monodoping. VB and CB are the widths of the valence and conduction bands. The position of the defect states in the band-gap are measured from CBM. For Eg,, see text. The value
of the wavelength (1) is given as a reference of absorption edge. Actually the requirement is to red-shift the absorption edge of TiO, to wavelengths longer than 400 nm.

C@0 N@O Ci Ni C@Ti Pt@Ti V@Ti Vi

wt% 0.4 0.5 04 0.5 0.4 6.4 1.8 1.7
a(A) 3.91 3.98 4.01 4.03 4.07 3.95 3.95 4.02
b (A) 3.92 3.98 4.02 4.05 4.07 3.95 3.95 4.03
c(A) 9.47 9.89 10.06 10.11 10.06 9.69 9.69 9.99
Efor (€V) 3.18 1.22 -6.13 0.68 4.43 1.83 3.32 -1.89
Eg (eV) 3.19 2.87 3.04 3.02 3.02 334 3.16 1.72
A (nm) 389 432 408 411 411 371 392 720
VB (eV) 4.61 4.42 4.36 4.37 4.27 4,57 4.65 5.73
CB (eV) 1.86 1.65 1.93 1.66 1.67 1.76 1.84 6.68
States in the band-gap 3.01-2.92-0.80 2.85 2.53 None None 0.44-2.64-2.81 None 0.69
Qaop (€) -1.16 -1.27 4.00 -0.07 4.00 1.81 1.22 0.63
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Table 2

Information of the main features of the electronic structure, Bader charges values of dopants (q), distance between metal (M) and nonmetal (NM) and magnetic moments (1)
values of dopant atoms. The position of the defect states in the band gap are measured from CBM. VB and CB are the widths of the valence and conduction bands. For AEy, AEc, Egor

and Ej, see text.

Undoped Pt-C@0 Pt-N@O V-C@0 Pt-Ci Pt-C@Ti
a(A) 3.96 4.00 4.00 3.99 4.01 3.99
b (A) 3.96 4.00 4.01 4.00 4.03 4.02
c(A) 9.76 9.95 9.96 9.97 10.02 9.95
Efor (€V) - 2.58 1.25 -3.52 -1.33 3.27
E, (eV) - 2.86 -0.22 10.08 -2.55 3.42
Eg (eV) 3.21 3.20 3.20 3.11 3.04 3.03°
VB (eV) 4.53 4.41 4.41 4.49 4.61 4.66
CB (eV) 2.06 1.64 1.64 1.64 1.78 1.73
AEg (eV) - -0.01 -0.01 -0.10 -0.17 -0.18
AEy (eV) - -0.70 -0.61 -0.76 -0.87 0.28"
AEc (eV) - -0.79 -0.71 -0.95 -1.12 -0.02%
States in the band-gap - 0.4-2.7-3.0 0.5-2.7 1.1-29 0.5 0.6-0.3
qPt (e) - 1.76 1.76 - 1.76 1.74
qV (e) - - - 245 - -
qC (e) - -1.09 - -1.31 1.63 4.00
qN (e) - - -1.29 - - -
dM-NM (A) - 6.09 6.05 6.02 3.01 4.86
nPt (pg) - - - - 0.01 -
1V (Hs) - - - 0.81 - -
uC (us) - - - 0.28 - -
uN (pp) - - 0.55 - - -

2 Optimal values for the redox reaction of H,O to produce H, and O, are highlighted in italics.

between the ones formed by a single covalent bond and a double
one. Possibly, the formation of these internal structures is related
to the high value of formation energy.

Otherwise, when nitrogen is interstitially located in anatase, a
structure type NO~ (Fig. 2b) can be assumed where the dopant
atom acquires a net negative charge (—0.07e).

The complicated implications involved in nonmetals as dopants
explain the controversy of published experimental results [28,29].
The theoretical study demonstrated the complexity of the specific
effects of the dopant nature (type n or p); the formation of individ-
uals structures stabilized within the solid depends not only on the
impurities position in the network, but also on the concentration
and polymorph type [1].

In reference to the monodoping with metals, we can mention
that the substitutional doping at low concentrations is less expen-
sive in the case of Pt than V. The doped with interstitial V is always
exergonic. It may be also remarked that all Pt doped systems are
nonmagnetic, while if the substitutional dopant metal is V, the
magnetic moment is 1 g per cell, lower if we compare with the
5 up per cell obtained for interstitial doped vanadium. This high
value makes this metal an interesting candidate as the dopant
for generation of spintronic materials time. The amount of elec-
trons supplied to the crystal by the metal presence (n-type dopant)
is greater especially when the metals are located at interstices (for
example V) causing a greater band shift to lower energies. The cor-
responding DOS curves are displayed in Fig. 3

3.2. Codoping

The photocatalytic mechanism in titania has been discussed at
length in the literature. More recent experimental studies showed
that monodoping using cations or anions has not reached the
expected efficiency in regard to improving the photocatalytic tita-
nia capacity. Various side-effects such as: systems becoming
unstable, recombination of photo-excited electron-hole pairs,
reducing the carried mobility, are unfavorable to enhance the pho-
tocatalytic efficiency. However, the donor-acceptor codoping con-
cept can improve semiconducting material quality. To explore

new combinations, different M-NM pairs are proposed. For exam-
ple, the structures of co-doped V-C@0O and Pt-N@O anatase are
shown in Fig. 4.

Firstly, it is important to emphasize the great agreement of the
calculated Eg of pure anatase TiO, (3.21 eV) with the experimental
result of 3.2 eV. The more relevant characteristics of the Pt-C-
codoped anatase presented in detail in reference [1] were included
in Table 2 to facilitate the comparison. The energy difference
between the valence bands (AEy) and conduction bands (AEc) with
respect to pure anatase, also indicated in Table 2, are important
parameters for analyzing the photoelectrochemical activity of the
titania as mentioned in the introduction. The redox potentials of
water have been drawn up on Fig. 5 in red' broken line to bring
about clarity.

Let us present here the results corresponding to Pt-N@O and V-
C@0. For the first one, similar characteristics to Pt-C@0 are
observed in the electronic structure when the nonmetal dopant
is nitrogen. The Eg remains almost unchanged compared to
undoped anatase and N-doping also creates localized states below
the conduction band edge at 0.52 eV and 2.68 eV and up/down N
2p states lying further down from the valence band at 0.87 eV.
However, it should be noted that this system is magnetic with a
magnetic moment for the N atom of 0.55 i obtained from the bulk
calculations unlike Pt-C@O system. Another similitude to be men-
tioned, although not as pronounced, is that when the NM is N
instead of C, the increase in the separation between the plane con-
taining the NM dopant and the plane above it, evidenced by the
distance between the NM and the O located just on top (Ot) of
NM is also observed (Fig. 6 and Table 3).

When the metal dopant is vanadium (V-C@O), the system is
magnetic with a magnetic moment for the V atom of 0.81 . The
formation of isolated impurity energy levels below the CBM can
be related to the charge transfer from the 3d orbital of V ions to
the conduction band of TiO,. Similar behavior has been reported
recently [30,31]. These kinds of impurity energy levels could act

! For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.
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Fig. 2. Partial geometry of the monodoping models N@O (a), Ni (b), Pt@Ti (c) and Vi (d) anatase. The white spheres represent O atoms, the light blue spheres represent the Ti
atoms, the green sphere represents the N impurity and the gray/yellow sphere represents the Pt/V atoms respectively. With light pink we represent the O atom in the NO~
complex (see text). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

E (eV)

—C@0 —N@0 —Ci —Ni —C@Ti —Pt@Ti — V@Ti —Vi

Fig. 3. Comparative density of states (DOS) of the different cases studied of
monodoped anatase. The VBM of pure anatase is set to zero. A horizontal line is
drawn on the conduction band bottom (CBM) of pure anatase as a guide for the
eyes. The redox potentials of water have been drawn up on in red broken line. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

as acceptor levels, which can reduce the recombination rate of
charge carriers and thus improve the photocatalytic activity of
titania.

Regarding the obtained values for Eg, and E,, we can appreciate
that this system has the most favorable structure (—3.52 eV) and is
the most stable codoping system (10.08 eV) in comparison with
the other structures analyzed. However, considering the location
of their bands, this structure does not have the appropriate values
for water splitting.

On the other hand, this system exhibits a considerable increase
in the interplanar spacing, resulting from codoped (Ad value). This
could translate into an enhancement in the surface area. We esti-
mate an increment of the specific surface area of about 33.5 m?/g
for the position dopants, distances M-NM and concentration con-
sidered. Experimentally, this value depends strongly on the condi-
tions of synthesis as shown in Ref. [32]; different V-TiO, series
gave specific surface area over 110 m?/g while others ranged from
37 to 47 m?/g.

We now turn to the results corresponding to Pt-C-codoped in
particular, Pt-C@Ti. We should note that a high Eg, value was
obtained for this system. On the other hand, the formation of an
internal structures type CO, in the case of C@Ti monodoping is
highlighted in Section 3.1, also observed by another group [1,33].
The most likely explanation is that the formation of this CO, struc-
ture could be responsible for the Eg, value obtained for Pt-C@Ti. If
we subtract to this energy, the necessary energy for the formation
of CO, (4.06 eV according to reference [34]), it would be obtained a
Efor value of —0.79 eV for Pt-C@Ti.

It is now useful to make a few remarks on the electronic struc-
ture. From the results of the analysis of the density of states sum-
marized in Table 2 and shown in Fig. 5, we can infer that from the
codoped studied systems, it is the one that presents the greatest
reduction of the Eg with respect to pure anatase (—0.18 eV), the
lower shift of the conduction band (—0.02 eV) and the most favor-
able adjustment of the position of valence band (0.28 eV). These
observations are in agreement with a greater reduction in the
energy required for electron excitation as well as the reduction
potential. All mentioned conditions are desirables to the redox
water splitting reaction because it would be the most efficient both
to oxidize water to produce O, as to reduce it generating H,.
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Fig. 4. Partial geometry of the models for V-C@O codoped (a) and Pt-N@O codoped anatase (b). The white spheres represent O atoms, the light blue spheres represent the Ti
atoms, the gray/yellow sphere represents the Pt/V atom and the red/green sphere represents the C/N impurity respectively. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

E (eV)

——undoped ==—=Pt/C@O === Pt/Ci ===P/N@O = V/C@O =——PYC@Ti

Fig. 5. Comparative density of states (DOS) of the different cases studied of co-
doped anatase. The VBM of pure anatase is set to zero. A horizontal line is drawn on
the conduction band bottom (CBM) of pure anatase as a guide for the eyes.

4. Conclusions

According to the first aim proposed, the results exhibit that the
symmetrical structures found in the codoped systems are formed
when the foreign nonmetal is located in anionic site, whatever
the nature of the elements studied. On the other hand, we under-
line that the systems that have the highest interplanar spacing in
the crystal structure are V-C@0 and Pt-C@O, unlike Pt-N@O that
has not shown significant modifications. In particular, the V-C@0
would be applied as a good candidate to increase the surface area
of the titania.

Finally, we point out that the most effective system to adjust
the band gap alignment to enhance the redox reaction of H,O to
produce H, and O, is Pt-C@Ti because it presents the greatest nar-
rowing of the band gap with respect to pure anatase, the lower
shift of the conduction band and is the only one that favorably
modifies the position of valence band, all are necessary conditions

(b)

Fig. 6. Partial geometry of the monodoped (a) and codoped systems (b). The green/gray spheres represent NM (C or N)/M (Pt or V) impurities. Representative distances O-NM
and Ot-NM which values are listed in Table 3 are also indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

Table 3

The separation between the plane containing the NM impurity and the plane above it is represented by the distance between the NM and the O located just on top (Ot); see Fig. 6
for more details. The monodoped cases with carbon and nitrogen are included to facilite the comparison. Ad is the difference between dOt for codoped and the respective

monodoped case.

C@0 N@O Pt-C@0 Pt-N@O V-C@O
dO-NM 2.95 3.16 3.14 3.19 3.20
dOt-NM 347 3.83 3.75 3.86 3.86

Ad - -

0.28 0.03 0.39
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for the mentioned reaction. For all other analyzed doped systems,
the conduction bands are shifted to lower energies, unfavorable
situation for the reduction reaction of H* and H, generation.

In summary, we have studied from first principles how different
pairs of metal-nonmetal dopants affect the positions of the edge of
the valence and conduction bands and consequently their redox
potential in the search for the best candidate for water splitting
into H, and O,.
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