
����������
�������

Citation: Lin, Y.-P.; Bocharov, D.;

Kotomin, E.A.; Brik, M.G.; Piskunov,

S. Influence of Au, Ag, and Cu

Adatoms on Optical Properties of

TiO2 (110) Surface: Predictions from

RT-TDDFT Calculations. Crystals

2022, 12, 452. https://doi.org/

10.3390/cryst12040452

Academic Editor: Andreas Hermann

Received: 28 February 2022

Accepted: 17 March 2022

Published: 24 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Influence of Au, Ag, and Cu Adatoms on Optical Properties of
TiO2 (110) Surface: Predictions from RT-TDDFT Calculations
Yin-Pai Lin 1 , Dmitry Bocharov 1,2 , Eugene A. Kotomin 1 , Mikhail G. Brik 1,3,4,5,6,∗ and Sergei Piskunov 1

1 Institute of Solid State Physics, University of Latvia, Kengaraga Str. 8, LV-1063 Riga, Latvia;
in-bai.lin@cfi.lu.lv (Y.-P.L.); bocharov@cfi.lu.lv (D.B.); kotomin@cfi.lu.lv (E.A.K.); piskunov@cfi.lu.lv (S.P.)

2 Transport and Telecommunication Institute, Lomonosov Str. 1, LV-1019 Riga, Latvia
3 Institute of Physics, University of Tartu, W. Ostwald Str. 1, 50411 Tartu, Estonia
4 College of Sciences & CQUPT-BUL Innovation Institute, Chongqing University of Posts and

Telecommunications, Chongqing 400065, China
5 Faculty of Science and Technology, Jan Dlugosz University, Armii Krajowej 13/15,

PL-42200 Czestochowa, Poland
6 Academy of Romanian Scientists, Ilfov Str. 3, 050044 Bucharest, Romania
* Correspondence: mikhail.brik@ut.ee

Abstract: In this paper, real-time time-dependent density-functional theory (RT-TDDFT) calculations
are performed to analyze the optical property and charge transitions of a single noble metal atom
deposited on rutile TiO2 (110) surface. The model structures are built reflecting the equilibrium
positions of deposited adatoms atop the TiO2 surface. The absorption spectra are calculated for
all model structures under study. To provide deeper insight into photo-absorption processes, the
transition contribution maps are computed for the states of deposited adatoms involved in transitions.
Assuming the photon energy is enough to overcome the band gap of TiO2 (∼3 eV), the photogenerated
electrons of TiO2 seem to be partly accumulated around deposited Au atoms. In contrast, this is
rarely observed for deposited Ag and Cu atoms. Based on our calculations, we have identified the
transition state mechanism that is important for the design strategy of future photocatalytic materials.

Keywords: TiO2; photocatalyst; time-dependent density functional theory; absorption spectra; transi-
tion contribution maps

1. Introduction

The utilization of solar power to produce renewable energy is the actual challenge
for modern society. Therefore, people have high expectations from photocatalytic water
splitting for hydrogen generation, which has been intensely studied in the last decades.
Titanium dioxide (TiO2) was reported in 1972 as a prospective material for photocatalytic
water splitting [1]. TiO2 is one of the most studied and applied photocatalytic materials
with low cost, nontoxicity, stability, and diversity of applications [2–14]. The fundamental
mechanism of photocatalysis water splitting is dependent on the formation of photogener-
ated charge. It could be divided into photo-induced charge separation, bulk and surface
charge recombination, and surface charge reactions [15]. However, the wide band gap
of TiO2 (3.0–3.2 eV) is too large for effective absorption in the visible light region of the
solar spectrum. To optimize the absorption for spectra visible light range and sustain the
property of redox ability, one of the possible solutions is to incorporate the noble metal into
TiO2 surface layer and thus increase optical response in the visible region [2,3,15,16].

The state-of-the-art spectroscopy can analyze the electronic structure on the atomic
scale, such as binding energies [17,18], as well as imaging the reactions sites [19]. Nev-
ertheless, the technology of fabrication of catalysts still requires improvements. From
the experimental point of view, the measurements of the absorption spectra of the photo-
catalyst are one of the useful ways to understand the efficiency of the utilization of solar
power [17,18,20,21]. Due to the restrictions of fabrication, it is still difficult to experimentally
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investigate the reactions of photon-induced electron transition of a single atom or small
cluster on the semiconductor surfaces [3]. Thanks to the rapid development of computer
technology and the growth of computing power of supercomputers around the world,
theoretical calculations based on quantum chemistry and density functional theory (DFT)
have become a significant instrument to fulfill the research of charge transition and photo-
absorption at the atomic scale. Time-dependent DFT (TD-DFT) combined with the method
of a linear combination of atomic orbitals (LCAO) allows the simulations of structures con-
sisting of up to hundreds of noble metal atoms [22–24], providing reasonable equilibrium
between the accuracy and computational time. Time propagation within LCAO TD-DFT
enables the decomposition of Kohn–Sham wavefunctions to illustrate the transition states
at certain energies. This approach provides a convenient tool to present the transition
behavior from the occupied to unoccupied Kohn–Sham orbitals [22–25].

Recent reviews [17,18,20] show that the noble metal clusters on top of the rutile TiO2
(110) surface indeed enhance the absorption from the visible to ultraviolet light region.
The intense broad absorption lines are induced by an electron transition from the noble
metal clusters forming excited states in the system. Usually, the obtained ground states for
undergoing the TD-DFT are in accordance with the optimized structure or the minimal
interaction of the surface models [20,26]. However, there are still some geometric structures
close to the minimal energy of the equilibrium models which can still meet the converge
criteria of DFT calculations. Although it can be expected that the absorption spectrum can
be similar, the changed electronic orbitals due to the disparate geometry might result in the
discrepancy in the scheme of localized transitions.

In this work, the optical absorption and transition contribution of the single atoms
of noble metals (Au, Ag, and Cu) deposited on the rutile TiO2 (110) surface is analyzed
from first principles. As the localized surface plasmon resonances would let the noble
metal cluster respond to complex Kohn–Sham decomposition [17,18,20,22–25], the single
noble atom (Mes) is adopted to avoid the complicated plasmonic effects and distinguish
the unique characteristics of Au, Ag, and Cu.

This paper is arranged in the following way. In Section 2, the computational detail
and applied theoretical methods are briefly described. Section 3 presents the obtained data
of interaction energies of the metal atoms with the rutile TiO2 (110) surface, the density of
electronic states, and photo-absorption spectra, as well as a detailed analysis of transition
contribution maps (TCM). Finally, the conclusions are provided in Section 4 of the paper.

2. Computational Details

All the simulations in this work were performed using the GPAW package [27,28]
and the ASE library [29]. For electronic band structure calculations, the Gritsenko, van
Leeuwen, van Lenthe, and Baerends functional with the solid-state modification (GLLB-SC)
relying on Ref. [30] were used. This functional describes well the TiO2 band structure [31]
and the noble metals d-orbitals [22–24]. For the excited state simulation, LCAO real-
time propagation TD-DFT is utilized to calculate the absorption spectrum and analyze the
transition for the designed deposited adatom positions with different heights. The electronic
configuration of valence electrons per atom is as follows: O(2s22p4), Ti(3s23p63d24s2),
Cu(3d104s1), Ag(4d105s1), Au(5d106s1). The default GPAW dataset package 0.9.20000
was utilized for all the atoms. The double-zeta polarized (dzp) basis sets, the common
parameters of GPAW for all elements, were utilized for the oxygen atoms. Due to the bad
description of unoccupied p-orbitals, the dzp basis sets would cause the absorption peaks of
silver clusters at overestimated photon energy [32]. To reliably describe the photochemical
processes, the optimized double-zeta basis sets (p-valence) [32,33] were adopted for metal
atoms (Ti, Cu, Ag, and Au). In p-valence basis sets, the Gaussian polarization function of
dzp basis set is substituted for a bound unoccupied p-type orbital and split-valence wave.

Concerning the structural optimization of the rutile bulk TiO2, the calculated lattice
constants are a0 = b0 = 4.647 Å and c0 = 2.969 Å, in good agreement with experiment
(aexp = bexp = 4.587 Å and cexp = 2.954 Å) [34]. The rutile TiO2 (110) surface slab consisting
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of 96 atoms (32 Ti atoms and 64 O atoms) is cut from the bulk structure along the (110)
orientation having four Ti layers. The periodic boundary conditions are imposed in x–y
directions. Along the z-axis on each side of the surface slab, a vacuum space of 15 Å width is
set. For optimization of atomic coordinates, a grid-spacing parameter of 0.18 Å and Perdew–
Burke–Ernzerh (PBE) [35] exchange-correlation functional in the generalized gradient
approximation were chosen to obtain electronic densities and potentials. K-point meshes
were 9 × 6 × 1 for sampling the Brillouin zone based on the Monkhorst–Pack scheme. The
surface was relaxed until the maximum force of the atoms was below 0.05 eV/Å. The band
gap of optimized surface is 2.9 eV, as calculated using GLLB-SC functional.

To obtain the ground state for real-time propagation of LCAO-TDDFT [36], the elec-
tronic structures for the surface with and without single noble metal are calculated by using
GLLB-SC functional and coarser grid 0.25 Å. For the time-propagated wave functions, the
surface models are evoked by weak δ-kick of dipole electric field along each orientation of
three-dimensional space in the Cartesian coordinate system. The total propagated dura-
tion was set to 500 time-steps of 20 attoseconds within 10 femtoseconds summation. The
recorded time-dependent dipole moments were utilized to derive the absorption spectrum
using the Fourier transform. The spectra were calculated using the Lorentzian function
broadening of η = 0.07 eV.

The full absorption spectrum S(ω) consists of the spectral constituents calculated
from the Kohn–Sham decomposition of occupied states to the unoccupied states (holes)
Sunocc.

occ. (ω). The transition contribution map (TCM) is an illustration of electronic excitation
from the occupied to unoccupied Kohn–Sham orbitals. In TCM, the weight of Sunocc.

occ. (ω) and
S(ω) is expressed by scattering on Gaussian-broadened two-dimensional plots spanned by
the partial density of states (PDOS) drawn below and above the Fermi level at the vertical
and horizontal axes, respectively. With this presentation, the superposition of multiple
occupied and unoccupied transitions for optical absorption is visualized at the assigned
excitation energy. The transition areas are colored by red (positive) and blue (negative)
distributions. The positive (negative) transition contribution indicates the constructive
(destructive) transition contribution of the entire absorption at the corresponding photon
energy. More detailed descriptions about LCAO time propagation TD-DFT and TCM can be
found elsewhere [22–25]. VESTA [37] software is used to express the pseudo-wavefunction;
Python packages of NumPy [38] and Matplotlib [39] are adopted to analyze data and
produce figures.

3. Results and Discussion
3.1. Interaction Energies of the Mes with the Rutile TiO2 (110) Surface

As a first step, the geometry of the rutile TiO2 (110) surface was optimized using DFT
with the plane-wave basis set. Based on the obtained relaxed geometry, the electronic struc-
ture was calculated using LCAO method for the surface with and without deposited Mes.
The atomic structure of the surface with deposited Mes was re-optimized. Supplementary
Materials S1 show the difference between unrelaxed and optimized atomic structures. In
our calculations, we fix the surface structure and place the Mes, adjusting the distance
(h) between the surface and Mes. The outermost plane of the surface slab is positioned
on the surface bridging O atoms (Ob), which is also the highest position atop the surface.
The six positions of the atom location are shown in Figure 1a. Using this approach, the
gradient convergence of some positions cannot be reached employing LCAO self-consistent
calculations (Figure 1b,c, diagonal dashed line). The atomic structure has a large impact on
the electron-hole transition from the occupied to the unoccupied state. The approximated
method that we adopt in our calculations is to ensure that the predicted transitions are due
to the deposited Mes. To demonstrate the stability of each adatom position with different
heights atop the rutile TiO2 (110) surface, the interaction energies of the Mes on the surface
model were estimated as follows:

Eint = E(sur f ace+atom) − Esur f ace − Eatom,
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where E(sur f ace+atom) is the total energy of the surface with deposited Mes, Esur f ace repre-
sents the total energy of bare rutile TiO2 (110) surface, and Eatom is the total energy of Mes.
Figure 1 illustrates the interaction energy for each designed position of Mes located close to
the surface.

Figure 1. Schematic representation (a) of atomic structure of deposited Mes on optimized rutile
TiO2 (110) surface with various height (h) at designed positions (p1 to p6). Interaction energies
(Eint) of (b) Au, (c) Ag, and (d) Cu adatoms on TiO2 surface are shown with the red–blue color
pattern. The diagonal dashed-line is for the Mes adatoms on TiO2 surface with self-consistent
field non-convergence; the yellow lines mean that there is a bond between Mes and surrounding
surface atoms.

In general, the adsorption of the Mes atoms can be briefly separated into two types
with different heights of the deposited Mes atop the TiO2 surface. One is the Mes suspended
atop the surface, while the other is the Mes bonded to the surface. For the first type of
deposited Mes, as it is shown in Figure 1b,c, there is a minimum of the energy with the
height at 3 Å for Au, Ag, and Cu Mes adsorption. For this type of adsorption (h ≥ 3 Å), the
Ag and Cu surface models show larger stability at all six positions, compared to the Au
surface model at the same altitude. The suspended Mes is attracted by Ob atoms (p1, p2,
and p2 positions), which means that the Mes is tending to form the bond with Ob. On the
whole, the longer the distance between the suspended Mes and the surface, the larger the
interaction energy for all six analyzed positions of adsorption.

If the deposited Mes keeps approaching the surface (h < 3 Å), then interaction between
the deposited Mes and neighbor atoms on the surface increases. To simplify the analysis of
Ob and Mes, interaction oxygen atoms bonded with Mes locating in p1, p2, and p6 positions,
not in p3, p4, and p5 positions, are, respectively, considered. For the Mes bonded to Ob, the
first thing that needs to be noticed is the self-consistent field non-convergence. At the p1
and p2 positions, the non-optimized bond length between Mes and Ob leads to the failure
of self-consistency iterations for the Mes around the Ob position. The decrease in bond
length between deposited Mes and Ob at p6 position is small in comparison to p1 and p2
positions. Therefore, the criteria of convergence for self-consistent calculations are easier
to be fulfilled. For the Mes not bonded to Ob, the behavior of deposited Mes is similar to
the previously described suspended Mes. At p3, p4, and p5 positions, there is still another
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relative minimum energy, as with the height atop the surface that is equal to 2 or 2.25 Å.
The bond at this distance is obvious between Mes and neighbor atoms.

3.2. Electronic Density of States

To better understand the influence of Mes deposition atop the surface, the electronic
densities of states (DOS) are plotted for structures calculated by means of the LCAO method.
There are three types of the structures that include suspended Mes, both suspended and
bonded Mes, and bonded Mes. First, the DOSes of Au, Ag, and Cu adatoms on TiO2 surface
are presented at six selected positions (h = 3 Å) for the suspended Mes. As for the other two
types of structures, not all the six selected positions (h < 3 Å) are converged in the ground
state calculations. Therefore, the DOSes of surface structures are secondly considered at
p3, p4, and p5 positions (h = 2 Å), which present the circumstances of Mes bond between
suspended and bonded condition. Thirdly, the DOS projected onto atoms in the vicinity of
Ob are only shown at p6 position for Au, Ag, and Cu surface structures due to the energy
divergence at p1 and p2 positions in calculations of bonded Mes states. The heights are
1.5 Å, 2.25 Å, and 1.75 Å, respectively. All the DOSes are shown in Figure 2.

Figure 2. Density of states (DOS) of deposited Mes on the TiO2 surface for Au (a), Ag (b), and Cu
(c) surface structures. The zero at energy scale is set to the Fermi level for each surface structure.
Considering TiO2, DOSes are projected to the Ti (blue line) and O (pink line), respectively. The
sp-orbitals (purple area) and d-orbitals (yellow area) of Mes are elucidated. The background color for
each panel are as follows: suspended Mes (h = 3 Å; light blue space), between suspended and bonded
Mes (h = 2 Å; light green space), and bonded Mes (h = 1.5 Å for Au, 2.25 Å for Ag, and 1.75 Å for Cu;
light red space), respectively.

The DOSes of Au, Ag, and Cu surface structures were calculated at the height equal
to 3 Å at six designated positions. It can be seen that the DOSes of all Ti and O atoms
are shown to interpret the surface states; the partial DOSes projected on Mes sp and d
orbitals are presented as well. It is also revealed that the DOS of Ti and O are of the same
distributions as for Au, Ag, and Cu surface structures. The suspended Mes is not because
the TiO2 orbitals hybridized again, which only changes the Fermi level energy for the
whole system. Besides, the TiO2 bandgap of surface is almost the same as the pure TiO2
surface (∼2.894 eV). For sp-orbitals of Mes, the energy of the Ag atom is the closest to
the TiO2 conduction band minimum (CBM). For d-orbitals of Mes, the energy of the Au
atom is the closest to the TiO2 valence band maximum (VBM). The energy of Cu sp-orbitals
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and d-orbitals is between the VBM and CBM of TiO2. For the relative minimum energy
(h = 2 Å), the DOS of Au, Ag, and Cu surface structures at p3, p4, and p5 positions are
similar to the results of suspended Mes, except the d-orbitals shifting to the lower energy.

For the Mes bonded to surface, p6 position for Au (h = 1.5 Å), Ag (h = 2.25 Å), and Cu
(h = 1.75 Å) surface structures are considered. According to the closest energy state to VBM
of TiO2, the bonded Au atom triggers the orbital of TiO2 surface to be hybridized, causing
the Ob orbitals and Au Mes to form the band edge of the valence band. In contrast, there is
no new peak or reshape for the bonded Cu atom. In addition, there is apparently a new
formation peak for Ag Mes at around –3 eV, which is the sharp slope of Ti and O DOSes.

In short, the suspended atom would not be strongly bonded to the Ob or other neigh-
bor atoms, which reveals that the electronic structure of bare rutile TiO2 (110) surface is
similar to the surface with suspended adatom. In addition, the d-orbital of Mes brings
the hybridization of the surface states; the sp-orbitals of Mes provide the overlap of the
band edge of the surface conduction band. Based on the above mentioned, the process of
deposited Mes would trigger localized effects in the optical spectrum.

3.3. Photo-Absorption Spectrum

To gain more insight about the optical response, the photo-absorption spectrum and
electron transitions induced with the process of depositing Mes on the TiO2 surface were
analyzed. The absorption spectra are shown in Figure 3, which are based on ground state
calculated electronic structure shown in Figure 2, including the three types of the Mes bond
types. It can be expected that the absorption spectrum of all surface structures inherits
the characteristic peak of single Mes and pure surface. In our calculations, the absorption
peaks of single Au, Ag, and Cu adatoms are located at ∼5.9 eV, ∼4.2 eV, and ∼4.8 eV,
respectively (see Supplementary Materials S2). Compared to the research reported by
Lecoultre et al. [40–42], the peak of Au and Cu is slightly overestimated. In turn, the results
obtained for the Ag adatom are in good agreement.

3.4. Transition Contribution Maps (TCM)

For the analysis of electronic transitions, the TCM and pseudo-wavefunction are
adopted to visualize the localized transitions differences induced by the transitions from
an occupied state to an unoccupied state. Since there is no strong absorption such as
plasmonic resonance peak in structures under study, the energy 3.25 eV is chosen as this
photon-energy, just overcoming the band gap of TiO2, and a higher energy of 4.25 eV is
taken to simulate the resonance condition of noble metals. To investigate the contribution
of transitions induced by Mes, the detailed TCMs from 3.25 eV to 4.25 eV are shown
in Supplementary Materials S3, including all absorption lines of Mes deposited on the
TiO2 surface and pure TiO2 surface as well. In the case of suspended Mes (h = 3 Å), the
corresponding absorption lines of Au, Ag, and Cu are shown in Figure 3a–c. In detail,
the obtained results are described in the following subsections, including suspended Mes,
between suspended and bonded Mes, and bonded Mes, at low (3.25 eV) and high (4.25 eV)
excitation energy.
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Figure 3. Photo-absorption spectra of Au (first column (a,d,g)), Ag (second column (b,e,h)), and Cu
(third column (c,f,i)) surface structures for suspended Mes (first row (a–c)), between suspended &
bonded Mes (second row (d–f)), and bonded Mes (third row (g–i)). The gray area shows the absorption
of the bare TiO2 (110) surface. Blue, yellow, green, red, cyan, and purple indicate adsorption positions
from p1 to p6, respectively. The dashed lines represent Mes located around Ob; the dotted lines
represent the Mes located far from Ob.

3.4.1. TCM of Suspended Mes (h = 3 Å) at 3.25 eV

For the case of Au, there is no obvious enhancement at this height, except the region
around ∼3.25 eV, although the contribution at 3.25 eV of electron-hole transition is still
controlled by TiO2 electronic properties. Figure 4 shows the comparison of the major
transition between Au and Ag at 3.25 eV. Simultaneously, there is no distinct transition
for the structure with Cu surface adsorption in all positions. The transitions involving
Au adatoms in almost all cases conduce to positive contributions of absorption (red) from
the TiO2 occupied states to the Au sp-orbitals. However, the negative contributions in
absorption come not only from the occupied states of TiO2 and Ag d-orbitals but also by
transitions from occupied states of Ag sp-orbitals to the unoccupied state of TiO2 and Ag
sp-orbitals. The photon-induced transitions from occupied to unoccupied state contribute
to the accumulated charge near Au atom at p1 and p2 positions (see insets, Figure 4). In
contrast, the Ag atom becomes the supplier of charge after photon-induced transitions.
There is no apparent charge accumulated around the surface Ag atom at an excited state.
It indicates that the induced charge of TiO2 would be transferred through the Ob by a
suspended Au adatom. This phenomenon at 3.25 eV is the reason why the Au atom slightly
triggers the enhancement of absorption at p1 and p2 positions.
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Figure 4. TCM of deposited Au (a,c) and Ag (b,d) Mes for the suspended Mes at p1 (first row, (a,b))
and p2 (second row, (c,d)) positions. The diagonal solid lines are used to emphasize the constant
transition energy at 3.25 eV. DOS includes Ti, O, Mes sp-orbitals and Mes d-orbitals, which are the
same as in Figure 2. The insets present the orbitals contributing in Mes charge transition, which are
marked by circle (Au) and ellipse (Ag).

3.4.2. TCM of Suspended Mes (h = 3 Å) at 4.25 eV

As the photon energy moves closer to the resonance peak of the single Ag adatom
(4.2 eV, Supplementary Materials S2), the surface model of Ag shows the obvious enhance-
ment of the absorption in comparison with the model of Au and Cu. In addition, the Cu
atom vaguely activates at the increments of absorption due to similar reasons. The most ob-
vious feature is the difference at higher energy (∼4.2 eV) for the surface structure with Ag,
as there is a peak at p4 and p5 positions and a valley at p1 and p2 positions. The positions
of deposited Mes also have an influence on the absorption. Figure 5 exhibits the TCM of
Ag atom on the surface at all positions. The first column consists of p1, p2, and p6, which
the Ob is surrounded by; the second column is made up of p3, p4, and p5, which weakly
interact with Ob. Initially, the transitions can be divided into TiO2 contributions (square)
and Ag adatom contributions (circle). Concerning the TiO2 contributions, photon energy
shows the major absorption of TiO2 around 4.25 eV. Therefore, there are mostly positive
contributions of absorption from TiO2. For Ag atom contributions, Ag sp-orbitals would
result in positive and negative contributions of absorption. As the Ag atom becomes closer
to the Ob, the positive contributions are offset by the increasing negative contributions.
This mechanism brings about the disappearance of the optical signature of the Ag atom,
which causes a valley of absorption lines at p1 and p2 positions. Regarding the orbitals
of Figure 4b,d (insets), it can be expected that there are few accumulated charges near the
Ag adatom. For the TiO2 contributions (square), the unoccupied state is not associated
with Ag orbitals. For the Ag atom contributions (circle), the transition is based on the
occupied state of Ag orbitals. Consequently, the enhancement of absorption is because
of Ag atom-induced charge. The induced charge of TiO2 would be merely interacted or
transferred by the Ag adatom. The TCM calculated for the surface structures of between
suspended & bonded Mes and bonded Mes are presented in the next subsections.
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Figure 5. TCM of deposited Ag Mes for the suspended Mes at p1 (a), p2 (b), p3 (c), p4 (d), p5 (e),
and p6 (f) positions. The diagonal solid lines are used to emphasize the constant transition energy at
4.25 eV. Bare TiO2 contributions (square) can be found in the Supplementary Materials S3.

3.4.3. TCM of Mes between Suspended & Bonded States (h = 2 Å) at 3.25 eV and 4.25 eV

The spectra for the surface structures with Au and Cu Mes adatoms adsorbed with
equilibrium distance h = 2 Å over the surface show results similar to the models with
adsorption height equal to 3 Å. Nevertheless, the absorption peak at 4.25 eV seems to
disappear for the Ag adatoms at p4 and p5 positions. From TCMs for the models of
Ag and Cu surface adsorption (Supplementary materials, S3), it is identified that the
mechanisms are analogous to the transitions from the Mes occupied state (sp-orbitals) to
TiO2 unoccupied state at 3.25 eV. In addition, the accumulated charge near Au and Cu
adsorbed Mes at p3 position, which is induced by the transition from the TiO2 occupied
state to Au unoccupied state (d-orbitals), still exist at 3.25 eV (Supplementary Materials
S3). Then, the Au and Cu surface adsorption models demonstrate that the transition is
formed by the contribution of TiO2 states at 4.25 eV. For the higher energies, the strong
positive contributions of absorption are induced from the Ag occupied sp-orbitals to surface
unoccupied state. However, the enhanced absorption for the adsorption height equal to
2 Å decreases compared to the adsorption height equal to 3 Å.
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3.4.4. TCM of Bonded Mes (hAu, hAg, hCu = 1.5 Å, 2.25 Å, 1.75 Å, correspondingly) at
3.25 eV and 4.25 eV

In the case of Mes bonded to the surface, the optical property is still based on the TiO2
surface properties. Intriguingly, TCM of Mes bonded to the surface (Figure 6) shows the
intrinsic difference of transition behavior. First, the Au and Cu surface structures point
to similar new electronic transitions at the lower energies. The distance between Mes
(Au or Cu) and Ob is far enough (h ≥ 3 Å) that d-orbitals of Mes might not be the main
transition state no matter if it is in occupied or unoccupied state. On the contrary, the d-
orbitals of Mes for the case of Mes bonding become one of the occupied states for transition.
Figure 6e clearly shows this phenomenon, especially for the Cu surface adsorption model.
In addition, the effect of TiO2 occupied states on the Au sp-orbitals transition tends to
vanish. Since the length of the chemical bond is relatively short, the Mes became the part of
the formed surface. The individual Mes orbitals could be redistributed by the TiO2 orbitals.
Therefore, the d-orbitals of bonded Mes are involved with the TiO2 occupied state. This
circumstance can be viewed as the noble metal atom doped into the TiO2 material. Second,
the Ag surface structure also shows the influence of chemical bonding at 4.25 eV, although
there is no obvious reaction at 3.25 eV, owing to the bonded length not being short enough.
In Figure 6d, it can be seen that the positive contribution of absorption is not as strong
as the height equal to 3 Å at the p6 position. It means that the bonded Ag Mes affects
the interband transition. The evidence of hybrid orbitals is the two peaks of occupied Ag
d-orbitals at ∼−3 eV in Figure 6c,d (DOSes, the upper panel).

Summarizing the absorption properties, there are three types of transition arising
from deposited Mes. First, the strongest enhancement of absorption is the transition from
occupied sp-orbitals of Mes to system unoccupied state. This type of transition results
in the Ag-induced charge transferring to the TiO2 surface, close to the resonance peak
of single Ag optical signatures. All three cases of deposited Mes could be found in this
mechanism. Second, the transitions from occupied Mes d-orbitals to unoccupied state of
TiO2. The most obvious situation is the bonded Cu Mes at 3.25 eV in Figure 6e. As the
length between Mes and Ob is short enough, the optical characteristics of single Mes would
be indistinct, or even be dispelled. The bonded adatoms become the doped atom in the
TiO2 surface. The occupied Mes d-orbitals provide new transition state at relatively low
energy. Third, the transitions are formed from the TiO2 occupied state to the unoccupied
Mes sp-orbitals. Due to the odd number of electronic configurations for Mes, it provides a
single occupation at the sp-orbitals. This means that the photogenerated electrons of TiO2
could accumulate around the Mes. In our study, the most evident observed case is the Au
Mes at the 3.25 eV without bonding to the Ob in Figure 4a,c. Although the deposited Ag Mes
would cause the strongest absorption, the transition is focusing on the Ag-induced charge
to the unoccupied state which seems not to be the reason for harvesting the photogenerated
electrons of the TiO2 surface. On the other hand, deposited Au Mes could trigger the
photogenerated electrons of TiO2 gathering around the Au atom. For the dissociation by
photogenerated electrons, this study provides another strategy that considers not only
the improvements of light absorption but also the concerns about the electron transition
final state. Understanding the behavior of transition in different deposited elements on the
surface is especially essential to utilize the solar spectrum for future photocatalysts.
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Figure 6. TCM of deposited Au (first row (a,b)), Ag (second row (c,d)), and Cu (third row (e,f)) Mes

for the bonded Mes for 3.25 eV (a,c,e) and 4.25 eV (b,d,f) at p6 position. The diagonal solid lines are
used to emphasize the constant transition energy.

4. Conclusions

In this study, adjusting the positions of deposited Mes within the framework of struc-
ture optimization based on the DFT self-consistent calculations guarantees the variations
of optical response induced from deposited Mes. First of all, the interaction energies
of different positions are studied by DFT calculations. For the ground state results, the
formation of deposited Mes can be divided into suspended Mes, between suspended &
bonded Mes, and bonded Mes, respectively. When the height is larger than 3 Å, the Mes is
a suspended condition and tends to interact with Ob, which could form a relatively stable
geometry. As the height is smaller than 3 Å, the energy of deposited positions near to Ob
are apt to diverge. In contrast, the positions not approaching Ob would obtain the other
relative minimum of interaction energy. Following this, the optical absorption spectra of
deposited Mes on the TiO2 surface are evaluated for the abovementioned three cases. For
the height equal to 3 Å at 3.25 eV, the deposited Au Mes is the critical feature to harvest
the charges which are generated by the photon-induced electrons from TiO2 surface and
transferred to Au Mes. It reveals that the solar power would be efficiently applied to the
photogenerated electrons of TiO2 by Au Mes. In the case of the height equal to 3 Å at



Crystals 2022, 12, 452 12 of 14

4.25 eV, the absorption of deposited Ag Mes shows a tremendous valley at positions around
Ob. The close range between Ag Mes and Ob causes the strong negative contribution of
absorption which would decrease the total enhancement of absorption. Finally, the bonded
Cu Mes at 3.25 eV shows the phenomenon of the occupied Mes d-orbitals to unoccupied
state of TiO2. It indicates that obvious bonded cases would let the optical properties of Mes
disappear, and the bonded Mes can be regarded as part of the doped material of the TiO2
surface. Indeed, the absorption of all three cases is similar to the convolution of each Mes
and TiO2 surface spectrum. However, the TCMs present more detail about the transition
mechanism. Not all transitions involving noble metal provide positive contributions for
absorption. In some cases, the induced charges to the unoccupied state are destructive for
absorption, though the total absorption is still enhanced. For the water-splitting applica-
tion, the transition manners give another design consideration for both enhancement of
absorption and induced electron-hole distributions. These analyzing tools could be applied
to understand the transition mechanism of photogenerated electrons in designed future
catalysts and similar promising materials, e.g., SrTiO3 (see Ref. [43]).
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