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Abstract—Water contamination is one of the most critical environmental issues, necessitating the develop-
ment of effective wastewater treatment methods. The utilization of TiO, photocatalysts for pollutant removal
in wastewater has gained significant attention. This study aims to explore the photocatalytic properties of
TiO, modified through the introduction of different metal dopants, thus altering its electronic structure.
Using the density functional theory (DFT) method, we examined the photocatalytic properties of TiO, clus-
ters doped with metals carrying charges of +3, +4, and +5. Our findings indicate that the incorporation of
these metals led to reduced energy and increased stability for the majority of TiO, clusters. The calculated
UV-vis absorption results revealed that the wavelengths of Model B were extended further in the metal cation-
doped TiO, clusters compared to Model A. Our DFT calculations demonstrated that the photocatalytic activ-
ity of the TiO, structure was enhanced upon doping with metals of +3, +4, and +5 valence.
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INTRODUCTION

The world’s most valuable and important natural
resource, water, is at risk of contamination by organic
pollutants. As the world population increases, the
need for water resources is also increasing. Discharge
of organic pollutants or toxic substances that are
harmful to the environment and cannot be eliminated
naturally is the most important cause of water pollu-
tion. Therefore, effective methods are needed to
remove toxic compounds from water [1—5]. After the
discovery of the photocatalytic activity of titanium
dioxide (TiO,) by Honda and Fujishima in 1972, TiO,
photocatalysis has been used as an advanced oxidation
method, especially for the removal of pollutants from
wastewater [6, 7].

Thus, various experimental and theoretical studies
have been carried out to remove organic pollutants in
water by TiO, photocatalysis [§—20]. The first step in
photocatalysis is to form electron-hole (e~/h") pairs
by excitation with light with an energy equal to or
higher than the band gap of TiO,. In the presence of
oxygen, these pairs migrate to the interface to give oxi-
dizing species. In liquid suspension systems, electrons
are trapped in the cavities (Ti*") on the surface and
react with the adsorbed O, to form a superoxide anion

radical. The cavities react with surface OH™ groups or

water molecules to produce OH radicals. In this way,
they can reduce various organic compounds. In order
to increase the activity of TiO, under visible light, dop-
ing with metals, doping with nonmetals, and surface
modifications are made [21—23]. There are different
photocatalysts such as WO;, ZnO, ZnS, Fe,0,, CdS,
and SrTiO;. However, when compared to the stated
photocatalysts, TiO, is a preferred heterogeneous pho-
tocatalyst because it is inexpensive, non-toxic, chem-
ically inert, and photo-stable. TiO, has a wide band-
gap (~3.2 eV) and it is also ineffective by visible light
and can only be excited by UV light. Therefore, most
of the work done in recent years has focused on
extending the optical absorption of TiO, into the visi-
ble region of the spectrum by utilizing UV light. For
this, various impurities are added to the TiO, matrix to
reduce the band gap [15]. To modify TiO,, studies
have been carried out with impurities such as metal ion
doping, non-metal ion doping, surface modification,
and rare earth metals doping. There are many studies
in the literature on metal additives, and it has been
reported that in most of these studies metal-doped
TiO, narrows the band gap and increases the photo-
catalytic activity [24—32]. Also, doping TiO, with var-
ious non-metals such as C, N, S and N, S co-doping
or C, N, S tri-doping is becoming more popular and
thus the synergistic effect increases [24, 33—35].
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Fig. 1. Optimized structures of Model A, and Model B by DFT method.

In this study, the design and electronic properties
of visible light-sensitive new cation-doped nano TiO,
photocatalysts were investigated by quantum chemical
methods. It is aimed to help the designed photocata-
lyst models to be used in water purification by utilizing
the energy source from the sun. It is explained how
cations affect electronic properties in TiO, crystal
structure. Experimental UV-vis spectra were com-
pared with theoretical UV-vis spectra, and their rela-
tionship with electronic structure was explained.

CALCULATION METHOD

In order to determine the effects of different metals
on the structural and electronic properties of TiO,,
quantum chemical modeling calculations of TiO, and
metal-doped TiO, were performed. All the calcula-
tions were carried out with the DFT method within
the Gaussian-16 package [36]. The DFT calculations
performed by the hybrid B3LYP functional [37],
which combines Hartree—Fock and Becke exchange
terms with the Lee—Yang—Parr correlation functional
at 6-31G(d) level [38, 39]. Frequency analysis, calcu-
lated at the same level of theory, indicates that the
optimized structures are at the stationary points corre-
sponding to local minima without any imaginary fre-
quency. UV-vis absorption spectra of the doped and
undoped clusters with the lowest energy were calcu-
lated by Time-dependent DFT (TD-DFT) method
[40]. The 20 lowest energy excited states are calcu-
lated. By determining the lowest energy unoccupied
orbitals, wavelengths and intensities of possible elec-
tronic transitions are obtained. Theoretical UV-vis
spectra were obtained with a bandwidth of 200—
800 nm at each UV-vis absorbance frequency by fit-
ting a Gaussian curve.

The most widely used crystal form of TiO, in het-
erogeneous photocatalysis is anatase. The surface of
the anatase form consists of (10 1), (100),and (00 1)
crystal planes. In this study, the surface with the high-
est photocatalytic activity (0 0 1) was modeled with
neutral, stoichiometric, finite clusters [41]. The use of
neutral clusters in calculations eliminates the problem
of giving a specific electrical charge to the cluster. In
order to reduce the surface area, the unsaturated tita-
nium atoms on the surface of the models are saturated

HIGH ENERGY CHEMISTRY  Vol. 58

with hydroxyl and the oxygen atoms with hydrogen.
For the anatase model, the experimental parameters
of the crystal were used. The unit cell of anatase is
tetragonal and its network constants are a = b= 3.78 A
and ¢ = 9.51 A [15]. The modeled unit cell, TiOg, has
a slightly distorted octahedral structure with oxygens
located at the corners. Each octahedral has eight
neighbors. Four of them jointly use an edge, and the
other four jointly use a corner. Ti** cations are bound
to six O?~ anions and oxygens to three titanium atoms.
Doped models, were prepared by replacing the Ti**
ions on the surface of the clusters with metal cations.

Two separate cluster models have been developed
for the anatase structure. In models, atoms are system-
atically numbered. Model A is modeled as the unit cell
of anatase with the formula Ti;O H,, with 36 atoms
and is given in Fig. 1. In order to examine the effect of
metal doping in larger structures, Model B was devel-
oped by repeating Model A along the 4 X 1 X 1 mesh
axes. Model B with the formula Ti O4H,, with
75 atoms is given in Fig. 1. Thus, all free valences on
the surface are saturated, so that the coordination of Ti
atoms is brought to the same number as the atoms in
the crystal. Metal-doped models are also modeled by
replacing the Ti** ions on the surface of the clusters
with metal cations. While the metal contribution rate
is 14.28% in Model A, this rate decreases to 5.26% in
Model B. The main reason for working on two differ-
ent models is to observe the effect of metal doped at
different rates on the structure. While calculating the
optimum geometric structures of the models, metal
ion, H, and OH groups were relaxed by keeping the
cluster geometry frozen.

RESULTS AND DISCUSSION
FElectronic Structures

The electronic energy levels and band gap energies
of the undoped and +3, +4, and +5 value transition
metal ions doped TiO, clusters of models A and B were
calculated. For the developed clusters, the valence
band (VB) corresponds to the energy of the highest
occupied molecular orbital (Eygpe) and the conduc-
tion band (CB) corresponds to the energy of the lowest
unoccupied molecular orbitals (E; ;;p0)- By examining
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Fig. 2. Frontier molecular orbitals and energies of undoped TiO, models.
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Fig. 3. Electronic energy levels of Model A with +3 metal cation doped.

the band gap diagrams of the transitions in these fron-
tier orbitals, it was determined at which wavelengths
the TiO, models are active.

Undoped Models

The electronic energy levels of undoped anatase
models A and B are shown in Fig. 2 with their frontier
orbitals.

It can be seen in Fig. 2 that in undoped TiO,, the
high energy levels of the valence band are filled with 2p
orbitals of oxygen, while the low energy levels of the
conduction band contain the 3d orbitals of titanium.
The AE value obtained for Model A is very close to the
experimental band gap energy of anatase and was cal-
culated as 3.23 eV. For Model B, this value was calcu-
lated as 2.16 eV. The experimental band gap energy of
the anatase (0 0 1) surface is 3.2 eV, and the band gap
energy values found as a result of the calculations are
corrected by taking this value as a reference. The cal-
culated band gap values were corrected with the scissor
operator. The scissors operator shifts the band gap
energy of the occupied and vacant orbitals to the same
value as the experimental band gap energy of anatase
by shifting the minimum value of the band gap. With
the scissor operator, the minimum band gap of the
HOMO and LUMO orbitals is shifted to the same
value as the experimental band gap of anatase. The
wavelengths corresponding to the band gap energies
for the undoped models were found to be 383 nm for
Model A and 574 nm for Model B.
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Tri-Valent Cations Doped Models

The electronic energy levels of the +3 doped clus-
ters are given in Fig. 3 for model A in Fig. SI-1 for
model B. Frontier molecular orbital diagrams of +3
doped clusters (Model A and B) are given in supple-
mentary materials. The calculated wavelengths corre-
sponding to the electronic energy levels for all cations
doped are given in Table 1 for all doping cations.

Table 1. Band gap energies (eV) and wavelengths (nm) of
metal-doped models calculated by the DFT method

Metal AE Mmax AE Mmax
Model A Model B

Ru’* 2.19 566 1.95 635
Os>* 2.13 582 2.75 450
Co’** 1.84 674 3.67 337
7+t 3.31 374 3.30 375
Sn** 2.36 525 2.68 462
Pd** 1.51 821 1.00 1239
Cr*t 2.34 529 2.32 534
Ge*t 1.96 632 1.97 629
Nb>* 1.22 1016 1.56 794
Sb>* 2.4 516 2.62 473
Ta>* 1.50 826 1.94 639
A2 0.94 1318 1.42 873
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Fig. 4. Electronic energy levels of Model A with +4 metal cation doped.

The additional energy levels in the +3 valent metal
doping usually occur from the d orbitals of the metals
and they have divided the band gap into two distinct
parts. Thus, by absorbing very low-energy photons,
electrons can pass from the valence band to the addi-
tional half-filled energy levels and then also the con-
duction band. Additional energy levels contributed to
the valence band in Models A and B, resulting in a
reduction of the band gap.

Additional energy levels of Co®" are the d orbitals.
These additional levels divide the band gap into two
parts. Thus, very low-energy photons can be absorbed,
and electrons can pass from the valence band to this
half-filled additional energy level and pass from there
to the conduction band. The additional energy levels
for the Ru?* cation are close to the conduction band.
So, Ru* will be an electron scavenger (#-type) in pho-
tocatalytic reactions. On the other hand, Os*" is also a
space-retaining (p-type) in photocatalytic reactions
since the additional energy levels are close to the
valence band. It was observed that all +3 doped metals
increased the photocatalytic activity of TiO,. The
wavelength has increased by about 224 nm. The high-
est increase was in the Co3" cation with 291 nm, and
the least increase was Ru** with 183 nm.

Tetra-valent Cations Doped Models

The electronic energy levels of the +4 doped clus-
ters are given in Fig. 4, for Model A in Fig. SI-2 for
Model B. The frontier molecular orbital diagrams of
4+ clusters (Model A and B) are given in supplemen-
tary materials.

In the Sn*" doped models, it is observed that the d
orbitals of Sn** form additional energy levels close to
the conduction band. It has been determined that Sn**
does not have a great contribution to the optical and
photocatalytic activity of TiO,, but increases the activ-
ity by reducing the band gap by 0.85 eV compared to
the undoped TiO,. Since the energy values are close to
the conduction band, Sn** can increase the photocat-
alytic activity of TiO, by playing an electron-scaveng-
ing (n-type) role in photocatalytic reactions.

As can be seen, in Fig. 4 the Pd*" cation contrib-
uted to the conduction band of TiO,, causing the band
gap to decrease. Thus, light absorption shifts to the

HIGH ENERGY CHEMISTRY  Vol. 58

visible region when TiO, is doped with Pd*". Addi-
tional energy levels in the band gap are the d orbitals of
Pd**, which divide the band gap into two parts. By
absorbing low-energy photons, electrons can pass
from the valence band to the conduction band with
additional energy levels. As seen in Fig. 4, the energies
of the additional energy levels in Model A are close to
the conduction band, indicating that Pd*" will play a
role as an electron-scavenging (n-type) in photocata-
Iytic reactions. Conversely, in Model B, the additional
band is closer to the valence band.

The Ge*' cation contributed to the conduction
band of TiO,, causing the band gap to decrease. This
contribution is slightly higher for Model B than Model
A. There are additional energy levels of Ge** in the
band gap. For these levels, the contribution of the d
orbitals of Ge*" is the highest as seen in Table 1. The
fact that the levels are close to the conduction band
indicates that Ge*" will play a role as an electron scav-
enger in photocatalytic reactions. It shows that doping
TiO, with Ge** shifts the light absorption to the visible
region by extending it by 249 nm.

Cr*" cation reduced the band gap by contributing
to the valence band of TiO, in Model A, and the con-
duction band in Models B. This result shows that dop-
ing with Cr** shifts the light absorption of TiO, to the
visible region. The d orbitals of Cr** contribute the
most to the additional energy levels in the band gap
and also increase the photocatalytic activity of TiO,. It
was observed that Zr-doped Model A did not contrib-
ute to the valence band and conduction band, while
Model B contributed slightly to the conduction band.
This may be due to the diameter of the Zr** ion being
larger than the Ti*" ion. Compared to the undoped
model Zr has moved away from the model surface in
the doped models.

Penta-valent Cations Doped Models

The electronic energy levels of the +5 doped clus-
ters are given in Fig. 5 for Model A, and in Fig. SI-3
for Model B. The frontier molecular orbitals of
+5 clusters (Model A and B) are given in supplemen-
tary materials. The wavelengths obtained from these
energy values are also given in the Table 1. The band
gap energy was significantly 2 €V reduced in the Nb>*
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Fig. 5. Electronic energy levels of Model A with +5 metal cation doped.

1.0 Model A
8 — Co +3
g s Ru +3
2 05¢f
8 Os+3
:é / Ti (undoped)
0 - ../l \. 1 \l\A 1 )
200 300 400 500 600 700 800

Wavelenght, nm

Absorbance

1.0
Model B
s Co +3
0.5 s Ru +3
Os +3
e Ti (undoped)

0 /
200 300 400 500 600 700 800
Wavelenght, nm

Fig. 6. Calculated UV-vis spectra of doped 3+ cations.

cation doped models. The d orbitals of Nb>*" cations
contributed significantly to the conduction band of
the molecule in both models. Thus, Nb>* doped TiO,
is out of the visible region. It has been observed that
Sb>* contributes greatly to the valence band and acts as
a space-retaining (p-type) in Sb>* doped models.

As can be seen in Fig. 5, the Ta>" cation has greatly
reduced the band gap energy. There are additional
energy levels of Ta’" in the band gap. These levels are
the d orbitals of Ta’*. The fact that the additional
energy levels are close to the conduction band indi-
cates that Ta>* will be an electron scavenger in photo-
catalytic reactions. Ta’" cation increased the photo-
catalytic activity of TiO, by 503 nm for Model A and
651 nm for Model B.

As can be seen, the V>* cation contributed to the
conduction band of TiO,, causing the band gap to nar-
row. It shows that doping with V>* shifts the light
absorption of TiO, the out of the visible region. There
are additional energy levels of the d orbitals of V>* in
the band gap. Since the additional energy levels are
close to the conduction band, V>* acts as an electron
scavenger in photocatalytic reactions.

UV-Vis Spectra

UV-vis absorption spectra of the doped and
undoped clusters with the lowest energy were calcu-
lated by the TD-DFT method. By determining the
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lowest energy unoccupied orbitals, wavelengths and
intensities of possible electronic transitions are
obtained. As a result of the calculations, using the
wavelengths and intensity values of the electronic
transitions obtained UV-vis spectra graphics were
drawn with the Gaussian curve fitting technique.

The UV-vis spectra of the clusters obtained by
undoping and doping Models A and B are given in
Figs. 6, 7 and 8. In these spectra, the wavelength of the
first peak is shown by A1, the second peak A2, and the
third peak A3. But in some cation-doped models,
there is only one peak as seen from the UV-vis absor-
bance graphics, especially in model B. Maximum
wavelength values of Model A and B are given in
Table 2.

Model A

The UV-vis absorption wavelength of the undoped
model of Model A is 425 nm (Fig. 6). This value cor-
responds to an electron transition from the valence
band to the conduction band of anatase. When the d
orbitals of the doping cations pass the band gap, they
are divided into two parts, one is a low energy t,, (d,,,

d,,, d,;) level and the other is the high energy e, (dx27y2 ,

dzz) level. The e, level of the d orbitals of titanium is in
the upper levels of the conduction band, and the t,,
level is in the lower levels of the conduction band.
Other peaks in the spectrum belong to the electronic
transitions between the valence and conduction bands



532

SERAP KIRCI et al.

1.0 -
1.0 -
[(“ \l Model A n Model B
|
3 ‘I ll —Zr+4 3 —Zr+4
= [ | ——Sn +4 g ——Sn-+4
205 ‘l ll — Pd +4 '{63 0.5 = Cr +4
2 [1 1A ——Ge +4 8 Ge +4
2 (I/ "uﬁ ——Cr +4 < ‘ ‘ e Pd +4
/ '\ f "\ ‘,/i Ti (undoped) /[ &2 Ti (undoped)
O » / Vi i J 0 A L L b - l. |
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelenght, nm Wavelenght, nm
Fig. 7. Calculated UV-vis spectra of doped +4 cations.
1.0
J )
1.0 - | 5|
Model A © : 1 Model B
o % | | e Nb +5
E 4 I:::SS ‘g 0.5+ [ e Sb +5
- — \
5 0> —Tats B [ T Tats
ﬁ e Y +5 < ! l‘ —Y +5§
Ti (undoped) | \ Ti (undoped)
0 b= A 0 1 L L |
200 300 400 500 600 700 800 200 300 400 500 600 700 800

Wavelenght, nm

Wavelenght, nm

Fig. 8. Calculated UV-vis spectra of doped +5 cations.

of electrons and the e, and t,, levels in the band gap of
the doping metal ion.

The absorption wavelengths of the doped models
were given in Table 2. The first absorption wavelengths
of the clusters obtained after doping with +3 valent
Ru, Os, Co cations were calculated as 474, 480, and
519 nm, respectively. For model A with Ru®" additives,
Al is approximately the same as for the pure model.
On the other hand, A2 is consistent with the wave-
length value corresponding to the electronic transition
of the t,, levels of Ru?*. Thus, when model A is doped
with +3 value metal cations, the wavelength is shifted
towards the visible region.

In the UV-vis spectra of the +4 valence metal ion
doped clusters of Model A, the absorbance values of
the Zr, Sn, Pd, Cr, and Ge doped models are 545, 558,
793, 799, and 407 nm, respectively as seen in Fig. 7.
Thus, as a result of doping with +4 valence ions, the
wavelength of these structures shifted to the visible
region compared to the pure structure. When these
calculated average wavelengths are compared with the
wavelength values corresponding to the electronic
energy levels as seen in Table 1, it is seen that they are
compatible with each other.

HIGH ENERGY CHEMISTRY  Vol. 58

The absorbance values of the Nb, Sb, Ta, and V
doped models are 739, 745, 435, and 530nm, respec-
tively, for the +5 valent metal cation doped models
(Fig. 8). The absorbance wavelengths of the models
doped with +5 valence metal ions are also shifted to
the visible region. These wavelength values in the UV-
vis spectrum show that the electronic transitions are
between the valence band and the additional energy
levels, and they pass to the conduction band from
these levels.

Model B

The maximum wavelength of the UV-vis absor-
bance spectrum of the undoped Model B is 576 nm.
For the +3 valence metal ion doped models, the wave-
lengths for Ru, Os, and Co are 643, 420, and 371 nm,
respectively. Thus, we can say that doping with Ru?*
doped ions shifts the absorption wavelength of the
model to the visible region. However, the UV-vis
absorbance wavelength of the Co*" doped model is
lower than the undoped model. The UV-vis absor-
bance wavelengths of the +3 doped models and the
wavelengths corresponding to the transition energy
levels (Tablel) are compatible with each other.

No.5 2024
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Table 2. UV-vis absorbance wavelengths of doped Models
calculated by DFT method

Metal | M Ay Ay Ay Ay Ay
Model A Model B

Ru3* 342 474 800 384 643 —
0Os3* 384 480 785 420 — —
Co3t 519 - — 371 509 602
Zr+t 545 — — 414
Sn4t 306 558 — 658 - —
Pa4t 461 635 793 793 - —
cr+t - — 799 534 — -
Gett 407 - — 663 — —
Nb>* 664 739 — 286 582 —
Sb3+ 617 745 — 743 — —
Ta>t 435 - — 651 — -
Ao 530 - — 750 — —

The UV-vis spectra of the +4 valent metal ion
doped models of Model B are given in Fig. 7. The
wavelengths for Zr, Sn, Pd, Cr, and Ge are 414, 658,
793, 534, and 663 nm respectively. As can be seen from
the values, wavelengths increased when Model B was
doped with the +4 cation, except for the Zr**. Accord-
ing to these wavelengths, when Model B is doped with
+4 valence metal ions, the absorbance values increase
as the wavelength shifts toward the visible region.

As seen from the UV-vis spectra of the +5 valent
metal ion doped models of Model B in Fig. 8, the
wavelengths for Nb, Sb, Ta, and V are 582, 743, 651,
and 750 nm, respectively. As with the +5 valence metal
ions, the absorption wavelength increased and shifted
towards the visible area as a result of the doping, just
like the +4 valent metal doping.

The most striking results in the doping of Model B
are in the models with +5 valence ion doping. The
wavelengths corresponding to the energy values of the
model caused the band gap to narrow with the effect of
the doped metal ions and thus the wavelength values to
increase. The reason why the values in the UV-vis
graphs differ from the wavelength values correspond-
ing to the band gap energies is that the transitions are
between the conduction and valence bands and the
additional energy levels. Frontier molecular orbitals of
all molecules studied are given in Fig. SI-4- Fig SI-9.

CONCLUSIONS

In this study, the effect of tri-, tetra-, and penta-
metal cations on the electronic structure of TiO, was
investigated by quantum chemical methods. With
some exceptions, doping of TiO, with metal cations
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increased the wavelengths of the clusters by reducing
their energy. Zr*" does not contribute to photocata-
Iytic activity in models. Metal cations were found to
induce visible light absorption of TiO, and affect its
photoreactivity. Compared to Model A, doping cation
ions tend to stay in the middle of the structure in
Model B. When the electronic structures are exam-
ined, some of the +3 valence metals contributed to the
conduction band and some to the valence band. How-
ever, +4 and +5 valence metals contributed to the
conduction band (except for Zr**, Cr**, and Sb>*). It
can be concluded that the doping with +3, +4 and
+5valence cations increase the photocatalytic
activity for clusters. According to the calculated UV-
vis absorbance results, doping with metal cations
extended the wavelengths of TiO, clusters compared to
undoped TiO,.

SUPPLEMENTARY INFORMATION

The online version contains supplementary material
available at https://doi.org/10.1134/S0018143924700498.

The supporting information includes Electronic energy
levels of Model B with +3, +4 and +5 charges metal ion
doped and frontier molecular orbitals of the +3, +4 and +5
metals cation doped Model A and Model B.

Fig. SI-1. Electronic energy levels of Model B with +3
metal ion doped.

Fig. SI-2. Electronic energy levels of Model B with +4
metal ion doped.

Fig. SI-3. Electronic energy levels of Model B with +5
metal ion doped.

Fig. SI-4. Frontier molecular orbitals of the +3 metal
cation doped Model A.

Fig. SI-5. Frontier molecular orbitals of the +4 metal
cation doped Model A.

Fig. SI-6. Frontier molecular orbitals of the +4 metal
cation doped Model A.

Fig. SI-7. Frontier molecular orbitals of the +3 metal
cation doped Model B.

Fig. SI-8. Frontier molecular orbitals of the +4 metal
cation doped Model B.

Fig. SI-9. Frontier molecular orbitals of the +5 metal
cation doped Model B.
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