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A first-principles study of the stability and optical response of subnanometer silver clusters Ag, (n < 5)
on a TiO,(110) surface is presented. First, the adequacy of the vdW-corrected DFT-D3 approach is
assessed using the domain-based pair natural orbital correlation DLPNO-CCSD(T) calculations along
with the Symmetry-Adapted Perturbation Theory [SAPT(DFT)] applied to a cluster model. Next, using the
DFT-D3 treatment with a periodic slab model, we analyze the interaction energies of the atomic silver
clusters with the TiO,(110) surface. Finally, the hybrid HSEO6 functional and a reduced density matrix
treatment are applied to obtain the projected electronic density of states and photo-absorption spectra
of the TiO,(110) surface, with and without adsorbed silver clusters. Our results show the stability of
the supported clusters, the enhanced light absorbance intensity of the material upon their deposition,
and the appearance of intense secondary broad peaks in the near-infrared and the visible regions of the
spectrum, with positions depending on the size and shape of the supported clusters. The secondary
peaks arise from the photo-induced transfer of electrons from intra-band valence 5s orbitals of the
noble-metal cluster to 3d Ti band states of the supporting material.
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1 Introduction

Due to their extraordinary stability and selectivity,' bare metal
clusters of subnanometer size composed of a few atoms have
recently emerged as a new generation of catalysts>* and
photocatalysts.>® The synthesis of such molecular-like species
has been achieved by kinetic control using an electro-chemical
technique without employing surfactants or capping agents.”
Appealing potential applications of these angstrom size objects
have been found in important areas such as the development of
cancer therapeutic drugs through intercalation of Ag; clusters,”®
efficient photocatalytic oxidation,” carbon monoxide oxidation by
deposited Ag, and Au,, clusters,”® and hydrogen photo-production
by means of Ag clusters adsorbed on gold nanostructures.®
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Realizing these atomic metal clusters as widely used functional
materials requires them being stable and accessible through,
for example, attachment to solid supports. Moreover, recently
developed experimental tools have allowed “soft-landing” con-
ditions in the deposition of metal clusters on solid surfaces to be
realized.’® ™ In this work, the stability of deposited Ag, clusters
(with n < 5) on the TiO,(110) rutile surface is analyzed.
Titanium dioxide, TiO,, has wide-ranging and well-known
applications in semiconductor photocatalysis (for recent reviews see,
e.g., ref. 15 and 16), making it one of the most frequently studied
support materials. However, TiO, can only be activated by UV
irradiation, ie., by about 5-8% of the solar spectrum. The photo-
catalytic activity of TiO, surfaces is also much influenced by the
dynamics of the photo-generated holes and electrons which need to
reach the surface to be catalytically active."’'® The hole-electron
recombination (about 90% of the photo-generated hole-electron
pairs) in particular, severely limits the photocatalyst efficiency. As a
result, the rate of formation of reaction products divided by the
incident photon flow is below 10% in TiO,-based photocatalysts.">*°
A successful alternative is to decorate the surface with adsorbed
metal nanoparticles."”"® They alter the electronic band structure
near the surface, increasing the photo-generation of electron-hole
pairs very close to the site where the photocatalysis happens.
Besides, at the metal-oxide interface a space charge or a depleted
region develops that hinders electron-hole recombination.
Furthermore, localized surface plasmon resonance (LSPR) at the
nanoparticles induces light absorption in the visible region."”
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Fig. 1 Figure illustrating a side view of the slab model of the TiO,(110)
surface used in this work. The positions of five-fold (Tisg) and bridging
oxygen (Op) atoms are also indicated.

Within this context, stable surface attachment of metal
atomic clusters opens a very promising new route to photocalytic
enhancement of solid surfaces such as those based on TiO,.
Given their atomic scale they are ideally suited for electronic
band modification at the very surface, possibly in a profitable
way for photocatalytic applications. Indeed, photocatalytic
quantum efficiencies increased by three orders of magnitude
have already been demonstrated using small Cu clusters.’ Here,
once we have analyzed their stability, we explore, using ab initio
modelling, such electronic band modification induced by
deposited Ag, clusters (with n < 5) on TiO,. Furthermore, with
this applicability in mind, we have also calculated the corres-
ponding light absorption spectra in search of prominent solar
light absorption, an experimentally verifiable fingerprint to
identify promising candidates for the development of photoca-
talytic and photovoltaic applications.

As far as the stability of the adsorbed atomic clusters is
concerned, we have chosen the DFT-D3 method®>*' among the
vdW-corrected DFT treatments after validation using both the
domain-based pair natural orbital correlation approach DLPNO-
CCSD(T)* and the Symmetry-Adapted Perturbation Theory
[SAPT(DFT)] method.**** Regarding the electronic band structure
calculations, we have relied on the hybrid HSE06 functional®>*®
since it has demonstrated renowned accuracy for TiO, band gap
calculations. Finally, to calculate the absorption spectra, we use
the reduced density matrix (RDM) theory within the Redfield
approximation®” combined with HSE06 calculations. This RDM
treatment has been successfully applied to Ag, clusters adsorbed
on semiconductor silicon surfaces.”* *° In the next section, we briefly
present the methods used in this study. Our results are reported in
Section 3. Finally, the main conclusions are provided in Section 4.

2 Method

2.1 Structural models

The calculations on the periodic slabs were carried out using
the 4 x 2 supercell (four TiO, trilayers giving a ca. 13 A width
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slab) model shown in Fig. 1 and reported in ref. 31. The
adsorption of the silver clusters has been modeled on one side
of the slab and the vacuum region above the slab was 38 A
thick. This large vacuum region allowed the description of long-
range tails of the cluster-surface interaction potentials while
avoiding unphysical overlaps of electronic densities. Periodic
calculations were carried out by freezing the positions of the
O and Ti atoms to those determined by Busayaporn et al.>?
using X-Ray Diffraction (XRD). Following ref. 33, the hydrogen-
saturated cluster of stoichiometry TigO,sH;, (see Fig. 2)
was used in our finite cluster calculations. The geometry of
the model cluster has also been frozen to the experimental
geometry of the TiO,(110)-(1 x 1) surface.** Both periodic and
cluster structural models have been previously used to study
the adsorption of noble gases on the same surface,** showing a
good agreement for calculated adsorption energies with experi-
mental measurements.>”

In periodic and cluster calculations, the Ag, internuclear dis-
tance was fixed to the experimentally determined value®® (2.531 A).
Complementary results on the optimization of supported and
unsupported Ag, structures are presented in the ESLf

2.2 Theoretical approaches using surface cluster models

Using the cluster shown in Fig. 2 to model the Ag,/Ti0,(110)
interaction, the DLPNO-CCSD(T) approach®® and the SAPT(DFT)
method have been applied to assess the performance of the chosen
vdW-corrected DFT treatment. The interaction energies were calcu-
lated as a function of the cluster-surface distance and included the
counterpoise correction®” to account for the basis set superposition
error. The frozen-core treatment was used for 140 chemical core
electrons. The SAPT(DFT) method was applied adopting the
Perdew-Burke-Ernzerhof (PBE) density functional.®® This
method>*?***>*® has allowed the interaction energy to be
decomposed as a sum of first- and second-order interaction
terms, namely first-order electrostatic Eqj.. and exchange Eexcp,
and second-order induction Ej,q and dispersion Egis, terms,
along with their respective exchange corrections (Eexch-ind
and Eexen-disp). The 6(HF) estimate’"*? of the higher-order
induction plus exchange-induction contributions was added
to the SAPT(DFT) interaction energies. Specifically, the J(HF)
correction is defined as,**

5(HF) = Eint(HF) — Eelec(HF) — Eexch(HF) — Eind(HF)

1)

where Ej is the supermolecular HF interaction energy and the
other terms are calculated using the HF density matrices. The
dispersion and exchange-dispersion SAPT(DFT) contributions
were summed to provide the total exchange-repulsion part, as
were the induction, exchange-induction and J(HF) contribu-
tions into the total induction term.

2.3 Theoretical approaches using periodic models

The periodic vdW-corrected PBE-D3 treatment has been applied
to calculate interaction energies and optimized geometries
after assessing its performance with the DLPNO-CCSD(T) and
SAPT(DFT) approaches. Due to the underestimation of the
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Fig. 2 Left-hand panel: Figure illustrating the hydrogen-saturated TigO,5H14 cluster modelling the Ag,/TiO,(110) system. Gray spheres represent silver
atoms while red and blue spheres stand for oxygen and titanium atoms. Hydrogen atoms saturating dangling bonds are also shown with small white
spheres. Right-hand panel: Scan of the interaction energies between the Ag, dimer and the TiO,(110) surface using different methods and both cluster

(TigO25H14) and periodic models of the surface.

band gap from the spurious electron self-interaction in the
semilocal PBE treatment, the projected density of states and
photo-adsorption spectra were instead calculated with the
hybrid HSE06 screened density functional.”>?® This functional
has been chosen because of its capability to provide accurate
band gaps of dielectric and semiconductor compounds.*’® It has
also been the preferred approach in previous studies of optical
and other electronic properties of Ti0,.**™*® In this work, the
HSEO06 treatment has provided a direct band gap of 3.26 eV for
the TiO,(110) surface, agreeing very well with experimental
measurements for bulk rutile (3.3 & 0.5 eV).*”

2.4 Reduced density matrix treatment

2.4.1 Steady state density matrix. In order to calculate light
absorption in the system, we model the involved relaxation
processes by means of the reduced density matrix (RDM)
approach in the Redfield approximation®” and using an electro-
nic basis set of orbitals generated from DFT calculations.*®*°
When a monochromatic electromagnetic field of frequency Q
is applied, the evolution equation for the RDM, p, in the
Schrédinger picture reads,

. i
Pje = 7%; (Fjlﬂzk - P,'/Flk) + Z RiktmpPim ()

I,m

F=FS—D.gt) (3)
&(t) = Eoe™ + e (4)

where £ is the effective Kohn-Sham Hamiltonian, the index
refers to the Kohn-Sham basis set, D is the electric dipole
moment operator and Ry, stand for Kohn-Sham components
of the relaxation tensor (Redfield coefficients). The Redfield
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coefficients are defined as in ref. 27 and are implemented as
described in ref. 48. This approximation is valid for medium
phenomena relaxing over times that are long compared
with transient energy exchange between the adsorbate and its
medium.

Within the Redfield approximation used here, the relaxation
tensor not only describes the effect of the fast electronic
dissipation due to electronic fluctuations in the medium at
long times but also the relatively slow relaxation owing to the
atomic lattice vibrations. It is convenient to change to a rotating
frame accounting for the electromagnetic field oscillation,

pi(t) = pyi(t) exp(i€2t), & > g ©)
Pit) = py(t) exp(—iQe), & < ¢ ©
pi(t) = pii(?) @)

where ¢; is the energy of the ith Kohn-Sham orbital. After
averaging out over time the fast terms in the equation of motion
for the RDM, its stationary-state solution for the diagonal
elements reads,*®*°

HOMO
py> =2r;! ;:0 gik(Q),

j > LUMO (8)

pf=2-2I7" > gu(Q), j<HOMO  (9)
k=LUMO

where LUMO stands for the lowest unoccupied molecular
orbital and HOMO denotes the highest occupied one. I is a
depopulation rate and

P

Q) = Gk
Q) =A@y

(10)
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Here y is a decoherence rate, Q;; are the Rabi frequencies given
by Qi = —Dj-&o/h and 4y (Q2) = Q — (¢; — &) are the detunings.
The diagonal elements provide the populations of the KS orbitals.
The population relaxation rate #I" and the decoherence rate 7y
were not computed but fixed to values of 0.15 meV and 150 meV
(27 ps and 27 fs) and have been chosen to be of the order
of rates for semiconductors following decay of phonon and
electronic density excitations (see, e.g., ref. 51 for values from
measurements of adsorbates on TiO,).

As far as the populations are concerned, an averaging over
many light periods, as happens to be the case in the usual
measurements, is equivalent to take the stationary solutions in
the rotating frame.*®

2.4.2 Absorption spectrum. In terms of the stationary

populations the absorbance is given by,>%3%°2
HOMO o
G S (i -5 1 fy/2
2(Q) = ful P =) —F—— (1)
A Tow e

Jj=0 k=LUMO

where f; is an oscillator strength per active electron. This is
the purely dissipative contribution to the absorbance. We
are assuming a thin slab neglecting dispersive effects, ie.,
assuming refraction index ca. 1. The solar flux absorption
spectrum is then given by,

F(h‘Q) = a((‘Q)Fsol.s\r(hg)h'Q (12)

where the solar flux is approximated by the black body flux

distribution, normalized to an incident photon flux of 1 kW m 2,

(hQ)3 Cr

F%oar hQ) =
sotar(2) = 2575 5 exp (0 ks T) — 1

(13)

with Cr the flux normalization constant and the temperature T
set to 5800 K.

2.5 Computational details

2.5.1 Surface cluster calculations. Surface cluster calcula-
tions were carried out employing correlation-consistent basis
sets such as the (augmented) polarized correlation-consistent
triple-{ (aug-cc-pVTZ) basis of Woon and Dunning, Jr.,>* as
reported in ref. 33 for oxygen and titanium atoms, while the
aug-cc-pVTZ-PP basis was used for silver,***® including a small-
core (19-valence-electron) relativistic pseudopotential.>® When
applying the DLPNO-CCSD(T) and PBE-D3 treatments, the
ORCA package of programs®” was employed (version 4.0.1.2).

The SAPT(PBE) calculations were performed with the MOLPRO
package®® using the density-fitting technique®® and adopting the
same computational setup as ref. 33. The exchange-correlation
PBE potential was asymptotically corrected® with the ionization
potential value reported in the NIST Chemistry Web Book for
the silver dimer (7.66 eV from ref. 60). For the cluster model of
the TiO,(110) surface, an ionization potential value of 5.0 eV
was chosen on the basis of work function values characterizing
Ti0,(110) surfaces® (in between 4.9 and 5.5 eV).

2.5.2 Periodic calculations. To perform the periodic calcu-
lations, the computational setup reported in a previous study of
the He/TiO,(110) interaction®' was applied. For this purpose,
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we used the Vienna Ab initio Simulation Package (VASP 5.4.4).°%%
To describe the electron-ion interaction, the projector augmented-
wave method was applied,®*®* using the PAW-PBE pseudo-
potentials supplied with the same code. The electrons from
O(2s, 2p), Ti(3s, 4s, 3p, 3d) and Ag(4d, 5s) orbitals were treated
explicitly as valence electrons. As in ref. 31, we used plane wave
basis sets with a kinetic energy cutoff of 700 eV and a Gaussian
smearing of 0.05 eV to account for partial occupancies, with the
Brillouin zone sampled at the I' point only. Test calculations
showed that interaction energies at the potential minimum
using a 5 x 5 x 1 Monkhorst-Pack® k-point mesh are within
ca. 0.005 eV of those calculated at the I' point (see ESIT).

All interaction energies were determined using the super-
molecular approach as follows,

Efﬁ; = EAgn/TiOZ(llo) - EAg" - ETioz(no) (14)

where Eug rmio,110) 1S the total energy of the system, Erio,110)
stands for the energy of the substrate, and E,g; denotes the
energy of the bare silver cluster.

3 Results and discussion

3.1 Assessment of the PBE-D3(BJ) approach at
DLPNO-CCSD(T) and SAPT(DFT) levels

Cost-efficient calculations accounting for the extended nature
of cluster-surface systems use vdW-corrected DFT methods.
When applying a vdW-corrected DFT approach, benchmarking
against accurate reference values is crucial. The coupled-cluster
single, doubles and non-iterative triples [CCSD(T)] approach is
ideally suited for this purpose. When applied to clusters
modelling the TiO,(110) surface, the incremental method®® has
allowed the CCSD(T) approach to be applied to adsorbate-TiO,(110)
systems (see e.g., ref. 12 and 33), with the employment of localized
orbitals making it very efficient. Using the domain-based local pair
natural orbital approximation, DLPNO-CCSD(T)** is another
ab initio option that, when applied to molecules adsorbed on
TiO,(110), has provided excellent (within 1 kcal mol™") agree-
ment with experimental data.®” In addition, previous work on
the He-TiO,(110) system using cluster models has shown that
the SAPT(DFT) approach provides interaction energies very close
to those obtained at the CCSD(T) level.'>** The incremental
approach has been also applied to describe the Ag,/graphene
interaction at the CCSD(T) level,*® with results showing overall
good performance with the PBE-D3 scheme including the Becke-
Johnson (BJ) damping of the D3 dispersion correction.>*' The
PBE-D3 approach has thus been chosen for our periodic calcula-
tions while the DLPNO-CCSD(T) and SAPT(DFT) methods are
used to validate its adequacy.

From Fig. 2 and Table 1 it can be observed that the PBE-D3(BJ)
approach closely reproduces the DLPNO-CCSD(T) and SAPT(DFT)
results, with the well-depth values agreeing to within 10%. As can be
also seen in Fig. 2, the PBE-D3(B]) potential energy curves obtained
using periodic and cluster models are rather close to each
other, confirming the adequacy of both the cluster model and the
electronic basis set to provide reference DLPNO-CCSD(T) values.

Phys. Chem. Chem. Phys., 2018, 20, 19110-19119 | 19113
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Table 1 Decomposition of the Ag,/(TigO2sH14) interaction energy using
the SAPT(PBE) method. Z, stands for the equilibrium distance between the
Ag atom closest to the surface and the five-fold coordinated Tis¢ atom (see
the left-hand panel of Fig. 2). Well-depths and Z. values of DLPNO-
CCSD(T) and PBE-D3(BJ) potential energy curves are also shown (see
the right-hand panel of Fig. 2)

SAPT(PBE) DLPNO-CCSD(T) PBE-D3(BJ)
Ze, A 2.86 2.90 2.92
Eior, meV —429 —414 —447
E¢lec, meV —358 — —
Eexch-repy MeV 1141 — —
Eing, meV —574 — -
Edisp) meV —648 — —

Table 1 also shows a SAPT-based decomposition of the total
energy to the electrostatic Eeje., €xchange-repulsion Eexch-rep,
induction Ej,g, and dispersion Egis, contributions. For the
perpendicular orientation of the silver dimer, the attractive
interaction is dominated by both dispersion and induction
contributions, as can be expected from the pronounced
polarization of the silver electronic density towards the titania
surface. The importance of including dispersion corrections is
also clear when comparing PBE and PBE-D3(B]) interaction
potentials, with the well-depth of the former being much
smaller (—447 vs. —124 meV). The crucial role of the dispersion
contribution has been also found for the interaction of silver
atomic clusters with a TiO, (anatase) surface.®’

3.2 Interaction potentials and optimized geometries of Ag,
clusters on the TiO,(110) surface

Once the PBE-D3(BJ) approach has been validated, we analyze
the Ag,~TiO,(110) interaction by focusing on the supported, not
yet explored, Ag; and Ags clusters. First, the geometries of the

1000
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0

S -500
g Ag(Op)/TiO,(110)
? -1000 Ags(Tig)/TiO(110)
i Agy(Oy)/TiOx(110)
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Table 2 Energies (in meV) at the potential minima for the Ag,—TiO,(110)
interaction, considering Tiss and Oy, adsorption sites (see Fig. 3). Values in
parenthesis stand for the vertical distance (in A) from the Ag atom closest
to the plane where the Tis atoms are located

Site Ag Ag, Ag; Ags
Tis;  —733(2.83)  —894(2.94)  —1811(2.59)  —1694 (2.61)
oy —939 (3.64)  —756 (3.68)  —2251(3.45)  —2016 (3.42)

free-standing clusters were optimized at the second-order
Moller-Plesset perturbation theory (MP2) level, resulting in
isosceles planar triangular (Ag;) and trapezoidal (Ags) structures
(see ESIT). These configurations were found as the most stable in
previous studies using coupled-cluster approaches.”””" A planar
trapezoidal structure for Ags was also revealed from experi-
mental observations.”> Keeping these geometries fixed, Fig. 3
shows scans of the interaction potentials as a function of the
adsorbate-surface distance. We have considered two representa-
tive adsorption sites in which the cluster center-of-mass is
located on top of either the fivefold coordination Ti atom (Tis¢
site from now on) or the bridging O atom (O, site). The energies
at the potential minima are presented in Table 2. As can be seen
in Fig. 3 (right-hand panel), we have chosen configurations in
which the planar structures are oriented perpendicular to
the surface plane while the internuclear Ag-Ag (in Ag,/Ag;)
and Ag-Ag-Ag (in Ags) axes lie parallel to the row of Tiss atoms
and O, atoms. These configurations are found to be more
stable for Ag; and one Ags isomers (see below). We have also
explored configurations for supported Ag; clusters which are
parallel to the surface plane, providing smaller adsorption
energies (by 0.6 eV) when considering the adsorption Oy, site.
However, the internuclear Ag-Ag axis for the most stable Ag,

Fig. 3 Left-hand panel: Radial scan of the interaction energies between atomic silver clusters Ag, and the TiO,(110) surface, as calculated with the
PBE-D3(BJ) method. The cluster center-of-mass is located on top of either the five-fold titanium atom Tis¢ (Tiss site, dashed lines) or the bridging oxygen
atom Oy, (O, site, full lines). Z stands for the distance between the silver atom closest to the surface and the Tiss atom along the surface normal direction.
Right-hand panel: Geometries of Ag, clusters on the Oy, site. For both adsorption sites, the internuclear Ag—Ag (in Ag,/Ags) and Ag—Ag—Ag (in Ags)
axes lie parallel to the direction of the row of Tis¢ and Oy, atoms. Gray spheres represent silver atoms while red and blue spheres stand for oxygen and

titanium atoms.
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isomer is oriented perpendicular to the Tis¢ row, and not shown
here. For brevity, complementary results on this structure have
been moved to ESL.{

From Fig. 3 it can be observed that the Oy site is clearly
favored over the Tis¢ position for all Ag, clusters composed of
an odd number of atoms n, with energies at the potential
minima differing by up to ca. 0.4 eV (see Table 2). The same
preferred adsorption site is found at the PBE level, with the
D3(BJ) dispersion correction making the energy differences
smaller. For instance, for the Ag; cluster, the energies of the
O}, and Tiss isomers are about —0.8 and —1.5 eV at the PBE
level, with an energy difference of 0.7 eV, reduced to ca. 0.4 eV
upon inclusion of the D3(BJ) dispersion (see Table 2).

As can be seen in Table 2, the order of stabilities is inverse
for the closed-shell Ag, case, as also found for the closed-shell
Xe adatom (see ESIT). As discussed in previous work on noble
gases on TiO,">?***”® and Ag, on graphene,®® the Ag,-TiO,
preferential adsorption is also significantly influenced by a
subtle balance between short-range exchange-repulsion and
long-range dispersion contributions: the exchange-repulsion is
smaller on top of the Tis; site, allowing the Ag atoms to benefit
from the attractive dispersion interaction with Oy, atoms at both
sides of the Tis; atom. The analysis of the projected density
of states (PDOS) for the silver dimer (see Fig. 5) indicates that
there is chemical mixing between Ag(4d) orbitals and O(2p)
states of the support but no net charge-transfer. This finding
is consistent with previous work on the Ag,-TiO, (anatase)
interaction.®

Obviously, the outer electrons of open-shell adsorbates
are more prone to participate in chemical bonding with the
support either by sharing or transferring them. Atomic charges
were estimated with the Bader decomposition scheme.”* The
Bader charge on open-shell silver clusters was positive, having a
value of about +0.8|e|, which is twice as large as found for the
closed-shell Ag, cluster (+0.4|e| only). The TiO, surface thus
attracts more electronic charge from open-shell silver clusters.

In going from a single Ag adatom to Ag; and Ags clusters,
it can be observed that the well-depth values increase steeply
(see Fig. 3 and Table 2), with the preferential adsorption along
the row of Oy, atoms being also very clear. From the PDOS of the
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supported open-shell species (see Fig. 5), the mixing between
Ag(4d) and O(2p) orbitals (valence band) and between Ag(5s) and
Ti(3d) orbitals (conduction band) can be observed, indicating the
partial covalent nature of the adsorbate-surface interaction.
However, the non-covalent vdW-type dispersion interaction is
essential, contributing to the increase of the binding energy by
40-45% for Ag; and Ags clusters.

As a second step, the geometries of supported Ag; and Ags
clusters were relaxed starting with those optimized for the free
clusters with the PBE-D3(BJ) approach. As can can be seen in
Fig. 4, both the (triangular) structure and the interaction energy
(—2.5 eV) of the most stable Ag; isomer remain rather similar to
those corresponding to the isolated cluster. Upon adsorption,
the triangular Ag; structure becomes just a little bit tilted
towards the Tis; site, signaling stability of the supported cluster.
Also, the structure of the trapezoidal Ags isomer is only slightly
modified from that of the isolated cluster (see the middle panel
of Fig. 4). The most pronounced change is in the stretching of
the Ag-Ag bonds so that three Ag atoms now lie almost aligned
with the O, atoms along the surface normal direction. As found
for the supported Ag; cluster, the diffusion of the Ags cluster
along the Oy, row is rather constrained due to high energy
barriers. For instance, when the cluster moves such that its
center-of-mass lies in between two Oy, atoms, the energy penalty
is above 0.8 eV, indicating constrained diffusion and subsequent
aggregation. Interestingly, we also found a more stable Ag;
isomer (by ca. 1.3 eV) for which the planar trapezoid isomer
transforms into a (slightly) pyramidal structure with four Ag
atoms lying at the corners of a rectangle centered by one Ag atom
atop a Tis¢ atom (see the right-hand panel of Fig. 4). Future work
will consider the minimum-energy pathway from the trapezoidal
to the pyramidal isomer.

3.3 Projected electronic density of states and absorption
spectra

Using the cluster structures optimized at the PBE-D3(BJ) level,
Fig. 5 shows the electronic density of states (EDOS) of the bare
TiO,(110) surface and the PDOS for the Ag,/TiO,(110) systems,
as calculated with the hybrid HSE06 density functional, while the
absorption spectra are presented in Fig. 6. As can be observed

Yy

pe

E=-38ev @™

;\d

Fig. 4 Optimized geometries and binding energies of Ag, clusters (n < 5) upon adsorption on the TiO,(110) surface. Gray spheres represent silver atoms

while red and blue spheres stand for oxygen and titanium atoms.
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Fig. 5 EDOS of the TiO,(110) surface and PDOS of the most stable
Ag,—TiO,(110) systems obtained with the hybrid HSEO6 functional, with
Ags(1) and Ags(2) standing for the trapezoidal and pyramidal isomers (see
Fig. 4). The zero of energy corresponds to the Fermi level, defined here as
the highest occupied level. The arrows indicate the energies of the most
responsible orbitals for the intense secondary peaks in the photo-
absorption spectra (see Fig. 6).

in Fig. 5 (upper panel), our computational set-up provides an
estimation of the band gap (3.3 eV) that agrees well with the
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Fig. 6 Photo-absorption spectra of the TiO,(110) surface, without adsor-
bates (shown in blue color) and with adsorbed Ag, clusters. The most
stable supported Ag, clusters were considered, with Ags(l) and Ags(2)
standing for the trapezoidal and pyramidal isomers (see Fig. 4). The arrows
indicate the positions of the most intense secondary peaks across the
near-infrared and visible regions of the solar spectrum.

experimental value (3.3 &+ 0.5 eV from ref. 47). From Fig. 5, it
can be seen that the supported Ag, clusters add one or two
sharp peaks in the band-gap region of TiO,. These sharp peaks
correspond to localized states in the Ag atomic clusters, as
attested by the PDOS onto the Ag orbitals shown in Fig. 5. More
specifically, these peaks arise from frontier orbitals mainly
made of Ag(5s) orbitals but involving also hybridization with
Ag(4p) orbitals. Notice also, that the Ag, atomic clusters add
intra-gap states closer to the bottom of the TiO, conduction
band with increasing n. In fact, for n = 3 and 5, the conduction
band begins to be populated giving an incipient metallic
character to the system.

The intra-gap localized states have deep consequences for the
light absorption behaviour. As shown in Fig. 6, the photo-
absorption spectra develop broad absorption peaks in the visible
(n = 5) and near-infrared (n = 2) spectra owing to photo-induced
electronic transitions from the highest-energy localized orbitals
to the conduction Ti(3d) states. The energy position of the
frontier and the Ti(3d) orbitals involved in the transition with
the largest oscillation strength are indicated by arrows in Fig. 5.
In the case of the Ag; cluster, its only intra-gap state is far
enough from the conduction band edge to contribute mainly to
the absorption in the UV region. In this respect, notice also that
the Ag, and Ags clusters also enhance UV absorption in part
owing to the contribution coming from the second lower energy
intra-gap states present in these clusters. However, the observed
enhancement of UV absorption comes not only because of the
intra-gap peaks but also from the the energy band changes that
the atomic clusters produce in the system.

The same electron transfer mechanisms found here for
visible/near-infrared absorption have been proposed as being
responsible for the photocatalytic hydrogen production
enhancement observed after deposition of gold clusters onto
TiO,,” but instead of photo-transfer from localized orbitals of
the adsorbate, the gold clusters are large enough to develop
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their own conduction band as corroborated by the observation of
a localized surface plasmon resonance band in the reflectivity.
Notice also, that the localized nature of the Ag, intra-gap states
probably implies long lived hole excitations. Long lived photo-
excitations are relevant to extract charge from photovoltaic
devices. In this respect, the reduced density matrix treatment
provides a pathway to calculate the hole lifetime, as previously
shown for the Ag; cluster deposited on a Si(111) surface.*® By the
same token, the atomic clusters lack a properly developed
populated conduction band so that they cannot sustain localized
surface plasmons by themselves. However, since the Ag,, clusters
give an incipient metal character to the system, probably already
at room temperature, properly nanostructured Ag,-TiO, may
sustain localized surface plasmons, which have a well demon-
strated beneficial effect in photovoltaic devices.”®

Before concluding this section, we note that an interesting
future direction of research would be to study the influence
of the dispersion on single energy levels and the EDOS. For
this purpose, it would be necessary to apply dispersion correc-
tions depending on the electronic density such as the non-local
vdW-DF’” and vdW-DF2”® approaches. Work along this line is
currently in progress.

4 Conclusions

Motivated by the extraordinary properties of sub-nanometer
silver clusters, we have presented a first-principles study of the
stability and light absorption response of Ag, clusters (n < 5)
upon deposition on a TiO, surface. The vdW-corrected DFT-D3
scheme applied to analyze their stability has been first validated
using a local version of the CCSD(T) method as well as the
SAPT(DFT) approach, demonstrating excellent agreement (to
within 10%). The DFT-D3 results show that the silver clusters
are strongly bound to the support, with binding energies ranging
from —0.9 eV for a single adatom to —3.8 eV for one Ag; isomer.
The adsorbate-surface interaction is of polar-covalent nature, with
the support attracting electronic charge from the cluster. The vdW
dispersion also plays a crucial role, increasing very significantly
the binding energies. The optimized structures of supported
clusters differ slightly from those of their bare counterparts with
the exception of one Ags isomer. High energy penalties are found
for the diffusion of the supported clusters so that high tempera-
tures are predicted for their aggregation.

Using hybrid DFT calculations we have studied the influence
of the Ag atomic clusters on the electronic density of states. One
or two (depending on the number of Ag atoms) localized intra-
gap states develop while at the same time the highest occupied
level (at zero temperature) strongly shifts towards the system
conduction band so that for n = 3 and 5 the initial conduction
band state becomes populated.

Applying a scheme combining the hybrid DFT calculations
with a reduced density matrix treatment, we have analyzed the
light absorption response of the Ag,-TiO, system. Besides
increasing the intensity of the TiO, absorption spectra in the
UV region, intense broad absorption peaks are also found in

This journal is © the Owner Societies 2018
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the infrared (the Ag,-TiO, system) and the visible (the Ags-TiO,
system) regions: an electron “jumps” from the Ag, atomic
cluster to the system conduction band leaving a hole in the
cluster, when a photon is absorbed. The Ags-induced separation
of photo-generated electrons and holes is expected to have a
pronounced influence on the visible light photocatalytic activity
of the modified TiO, material since hole-electron recombination
is a key factor limiting the photocatalyst efficiency of unmodified
TiO,. Other surface locations for the atomic silver clusters are
possible, with similar binding energies, and can be studied with
the same methods. It is expected that the general features of
light absorbance described here will remain the same for related
structures. Also, as a “reporter” of the photocatalytic activity of
the modified TiO, material, the photoreactivity of molecular
oxygen adsorbed on the supported clusters will be addressed
in future studies, following pioneering first-principles studies of
0, photodesorption from bare TiO, surfaces,””® including
cluster-based embedding techniques.®
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