Theor Chem Acc (2010) 126:265-273
DOI 10.1007/s00214-009-0703-0

REGULAR ARTICLE

Charge state of metal atoms on oxide supports: a systematic
study based on simulated infrared spectroscopy

and density functional theory

Antonio M. Marquez - Jesus Graciani -
Javier Fdez Sanz

Received: 27 July 2009/ Accepted: 18 November 2009/ Published online: 11 December 2009

© Springer-Verlag 2009

Abstract A long standing question in the study of sup-
ported clusters of metal atoms in the properties of metal—
oxide interfaces is the extent of metal-oxide charge
transfer. However, the determination of this charge transfer
is far from straight forward and a combination of different
methods (both experimental and theoretical) is required. In
this paper, we systematically study the charging of some
adsorbed transition metal atoms on two widely used metal
oxides surfaces [a-Al,O3 (0001) and rutile TiO, (110)].
Two procedures are combined to this end: the computed
vibrational shift of the CO molecule, that is used as a
probe, and the calculation of the atoms charges from a
Bader analysis of the electron density of the systems under
study. At difference from previous studies that directly
compared the vibrational vawenumber of adsorbed CO
with that of the gas phase molecule, we have validated the
procedure by comparison of the computed CO stretching
wavenumbers in isolated monocarbonyls (MCO) and their
singly charged ions with experimental data for these spe-
cies in rare gas matrices. It is found that the computational
results correctly reproduce the experimental trend for the
observed shift on the CO stretching mode but that care
must be taken for negatively charged complexes as in this
case there is a significative difference between the total
charge of the MCO complex and the charge of the M atom.
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For the supported adatoms, our results show that while Cu
and Ag atoms show a partial charge transfer to the Al,O3
surface, this is not the case for Au adatoms, that are basi-
cally neutral on the most stable adsorption site. Pd and Pt
adatoms also show a significative amount of charge
transfer to this surface. On the TiO, surface our results
allow an interpretation of previous contradictory data by
showing that the adsorption of the probe molecule may
repolarize the Au adatoms, that are basically neutral when
isolated, and show the presence of highly charged Au’t-
CO complexes. The other two coinage metal atoms are
found to significatively reduce the TiO, surface. The
combined use of the shift on the vibrational frequency of
the CO molecule and the computation of the Bader charges
shows to be an useful tool for the study the charge state of
adsorbed transition metal atoms and allow to rationalize the
information coming from complementary tools.
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1 Introduction

Deposition of metal atoms and clusters on the surface of
oxide materials is a topic that has been extensively studied
for a long time. The several technological applications of
metal-oxide interfaces, ranging from microelectronics to
catalysis, make the field one of the most active in surface
science and technology research [1-16]. In recent years,
very accurate ultrahigh vacuum (UHV) experimental
techniques have been developed to gain insight into the
properties and structure of small metal aggregates on oxide
surfaces. Samples may be characterized by, e.g. scanning
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tunneling microscopy (STM), atomic force microscopy
(AFM), transmission electron microscopy (TEM), and
infrared reflection absorption spectroscopy (IRAS),
between other techniques [17]. However, while an atomic
level understanding of the surface structure and electronic
properties is desirable, it is far from straightforward.
Analysis of experimental data alone is not, in general,
sufficient to provide a well grounded hypothesis about the
microscopic structure of the adsorption site. In this regard,
the combination of experiment with well calibrated first
principles theoretical calculations is proving to be a useful
strategy to understand the chemistry and physics of these
complex systems.

A long standing question in the study of supported
clusters of metal atoms in the properties of metal-oxide
interfaces is the extent of metal-oxide charge transfer.
This question is of the maximum relevance as the
amount of metal-support interaction and catalytic activity
are highly related to the amount and direction of metal—
support charge transfer (see, for example [2-11] and
references in these papers). Adsorption of small mole-
cules on deposited metal atoms, clusters, or nanoparticles,
provides very useful, although indirect, information about
the metal adsorption site, electronic structure, and modi-
fications of the metal-oxide interface. IRAS of small
probe molecules has shown to be a valuable means to
identify particular binding sites on the surface of the
supported metal particle. Although the data from these
experiments may not directly define the properties of the
surface, they can differentiate the behavior of different
surface sites. The position and intensities of vibrational
band of adsorbed CO can give useful information about
the interaction energy of the CO molecule with the pro-
bed site [17, 18]. The magnitude of this shift can, in
principle, be used to measure the electrostatic field
strength surrounding the TM atom and, thus, as an
indirect measure of the charge of the adsorbed TM atom.
DFT calculations can provide the vibrational frequencies
of CO adsorbed to metal atoms deposed on oxide sur-
faces but to be used as a quantitative tool to determine
the metal charge the procedure must be validated against
systems of known charge and/or other means of compu-
tation of the metal charge [6, 12-14]. In a recent paper,
Frank et al. [6] using CO as a probe molecule, have
shown that IR spectroscopy may provide valuable data
both on structure and charge of small aggregates
and single metal atoms supported on oxides surfaces. In
particular, the relation between the charge state of Au
particles and the shift on the CO stretching frequency has
been the subject of different works with conflicting
results. Initial studies on free and MgO supported AuCO
complexes [15, 16] claimed, both from experimental and
theoretical view points, that the probe molecule may
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change the oxidation state reported for the adsorbed
adtoms. However, more recent work by Bagus and
Pacchioni [19], that have analyzed the different contri-
butions to the bonding and vibrational frequency shifts
for CO adsorbed on neutral, cationic, and anionic gold
clusters, concluded that computational results correctly
reproduce the trends observed experimentally.

Unsaturated transition metal (TM) carbonyls have
been the subject of a large number of theoretical works,
most of which are centered on monocarbonyls with a
variety of methods being used. Generally, these calcu-
lations have focused on equilibrium geometries, har-
monic frequencies, and binding energies (see [20] and
references therein). While these studies have provided
important insight into the bonding mechanism, only the
more recent density functional (DFT) calculations have
provided a consistent set of vibrational frequencies for
these systems.

Aluminum oxide (Al,O3) is an important substrate for
catalysis due to its thermal and mechanical resistance.
Many experimental studies in the literature have been
dedicated to study the growth and binding of metal
particles on on various alumina surfaces (see [2, 5] and
references therein). In addition to these experimental
efforts, many theoretical studies have examined metal
adsorption on o-Al,O3 surfaces [8—11, 21-27]. Analysis
of the metal-surface bond shows different behavior
depending on the electronic structure of the TM atom.
For instance, periodic DFT calculations at low coverage
(0 = 1/3 ML, the smallest one can reach with a 1 x 1
cell) show that Pd atoms bind the surface on top of the
oxygen atoms. Further analysis of the interaction, based
on cluster models calculations and constrained space
orbital variation (CSOV) analysis [28-30] of the inter-
action energy, indicate that the main contribution to the
bonding comes from metal polarization and surface
relaxation, with little charge transfer. [8] Similar results
where obtained in a different study by Rivanenkov et al.
[23] for the bonding mechanism of Pd and Pt atoms to
the «-Al,Oz (0001) surface. The authors found that a
significant amount of the adsorption energy is due to
substrate relaxation and no indication was found of the
oxidation of Pd or Pt. A lot of research has been dedi-
cated to the coinage metal atoms/TM oxide systems due
to the high activity catalytic properties of dispersed gold
nanoparticles. In the case of the a-Al,O3 (0001) surface,
DFT calculations, reveal that the interaction is relatively
weak, with binding energies ranging between —0.6 and
—1.1 eV, following the order Cu > Au > Ag. Analysis
of density of states and of the different contributions to
the bonding, based again in cluster models and CSOV
decomposition of the interaction energy, indicates that
there is a change in bonding mechanism going down the
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group [10]. Cu atoms clearly reduce the surface, more
specifically the outermost Al atoms, being this charge
transfer to the surface the main contribution to the
bonding, with some contribution from TM atom polari-
zation. In the case of Ag, and Au atoms, while the
charge transfer contribution is similar, but smaller than in
the case of Cu, there is an increasing contribution from
the TM atom polarization, being dominated the bonding
energy by this mechanism in the case of Au. The
TM/TiO, have received special attention as the activity
of these catalysts is exceptionally high when the TM is
supported on reducible oxides. DFT calculations have
been extensively used to provide information on the
adsorption site, geometric and electronic structure of
small TM aggregates on the rutile TiO, (110) surface.
Earliest DFT calculations concentrated on the adsorption
of single coinage metal atoms trying to identify the
nature of the bonding between these metal atoms and the
rutile surface [31, 32]. It was found that Cu and Ag give
rise to strong adsorption with nearly full electron transfer
from the metal to the surface. However, the picture of
the bonding is quite different for Au, with only minor
charge transfer and a polarization of the metal to the
surface O atoms. The number of theoretical studies
devoted to the Pd/TiO, and Pt/TiO, systems is relatively
scarce [33, 34]. For Pd/TiO, picture of the bonding in
this system corresponds to the interaction of the Pd atom
with two in-plane oxygens, a fivefold Ti atom and a
protruding oxygen, with predominance of the TM
polarization in the bonding mechanism [33]. Details of
the bonding mechanism in the Pt/TiO, system have not
been unveiled yet.

In this work, we present a systematic theoretical study
by means of first principles density functional theory cal-
culation of the shift in the vibrational frequency of one
usual probe molecule (CO) when interacting with different
transition metal atoms or their ions. First, we will validate
the method by examining the existing correlation between
the CO stretching frequency in mononuclear MCO com-
plexes M = Cu, Ag, Au, Pd, and Pt) and the charge of the
complex. The results obtained show that there is a linear
correlation between the computed shift in the vibrational
frequency of the probe molecule and the charge of the
probed metal atom. Later, we will compute the vibrational
frequency of CO adsorbed to single TM atoms supported
on two commonly used oxide materials: a-Al,O3, and rutile
TiO,. The computed CO stretching frequency will be used
to determine, by using the above mentioned correlation
with the charge in MCO complexes, the charge of the
adsorbed TM atom. The results will be compared to atomic
charges obtained from a Bader analysis [35] of the charge
density, before and after CO adsorption to the supported
TM atom.

2 Computational details

In this work, the periodic slab approach has been used
through. For the computations on the probe molecule, CO,
and the isolated MCO reference systems and their cations
and anions, a 15 x 15 x 15 A unit cell has been employed.
In all cases, the calculations have been performed in the
lower spin state of the system to correlate them with the
expected low spin state usually found for adsorbed adatoms
on oxide surfaces.

The unreconstructed 1 x 1 «-Al,O53 (0001) surface was
represented by a 12-layer thick unit cell consisting of a
rhombic prism belonging to the hexagonal system to
which periodic 3D conditions where imposed, allowing a
vacuum width of 10 A between the slabs. The model was
obtained by truncating the bulk «-Al,Os3 structure, leaving
one Al layer exposed with an oxygen layer right beneath
it; this is the generally known as Al-terminated surface.
The thickness of the slab is determined by examining the
convergence of the surface relaxation against the number
of layers [10].

The rutile TiO, (110) surface has been modeled with a
three-layer slab (nine atomic layers), allowing a vacuum
width of 17 A between the slabs. This vacuum width
is considered enough to prevent layer-to-layer interac-
tions. The TM adsorption was computed using a 2 x 1
supercell obtained by doubling the lattice vector along
the [001] direction; this supercell contained 12 Ti and 24
O atoms [31].

DFT calculations under periodic conditions were carried
out using the VASP code [36-38] with the projector aug-
mented wave (PAW) method [39, 40]. In these calcula-
tions, the energy was obtained using the generalized
gradient approximation (GGA) implementation of DFT
proposed by Perdew. et al. [41] and a plane with a cutoff of
496 eV for all the calculations. Spin polarization calcula-
tions were performed on the open—shell systems. The cal-
culations of the oxide surfaces employed Monkhorst—Pack
sets of 6 x 6 x 1 k-points for the «-Al,O3 (0001) surface
and 4 x 4 x 1 k-points for the TiO, rutile (110) surfaces
while for the isolated CO molecule and MCO complexes
only the I'-point was included. In all cases, structural
minimizations were performed using a conjugated-gradient
technique with the residual forces on the atoms being less
than 0.05 eV/A. Vibrational frequencies for adsorbed
MCO complexes have been determined freezing all atoms
of the oxide support, this is the normal modes of the MCO
complex have been uncoupled from the surface phonons.
Under this approximation all tested adsorption geometries
correspond to minima on their respective potential energy
surfaces (PES).

In order to analyze the charge transfer upon adsorption,
we have determined the net charge of the adsorbed metals
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using the algorithm introduced by Henkelman et al. [42,
43] for the evaluation of the Bader charges [35].

3 Results and discussion
3.1 Isolated monocarbonyls

Infrared spectroscopy of small probe molecules has been
used for some time as a experimental tool to study the
extent of metal-oxide charge transfer. CO as a probe
molecule is of special interest, as its gas phase vibrational
frequency may be compared to vibrational frequencies of
MCO species and their singly charged ions MCO™ and
MCO™ in rare gas matrices. In those weakly interacting
media, the C-O stretching frequencies are found to be
deeply sensitive to the charge of the species, which have
been related to variations on the extent of CO to metal
o-donation and metal-CO =-back donation [6, 7, 12, 13,
14, 20, 32].

To translate this experimental tool as a computational
tool, first we have to validate the procedure by computing
the C-O stretching frequencies for the isolated MCO spe-
cies and their singly charged ions and compare the results
obtained with the experimental values for the same species
in rare gas matrices. In Table 1, we present the computed
geometries, ground state spin multiplicity, C-O stretch
vibrational frequencies and shift with respect to the isolated
gas phase molecule, for the MCO species and their singly
charged ions for the TM atoms M being Cu, Ag, Au, Pd
and Pt. Also in this Table 1, we present the experimental
frequencies in solid Ne matrix (see [20] and references
therein) and the ratio between the experimental CO
stretching frequency and the theoretical value, as a measure
of the effectiveness of the computational procedure. The
average ratios between the experimental and computed
C-O0 vibrational frequencies in metal carbonyls is 1.024 +
0.016. This value is better than average ratios obtained for
different theoretical procedures [44] that, in general, show
that DFT method can provide reasonable predictions for
transition—metal—containing compounds.

In order to rationalize the observed trends in the CO
vibrational frequencies it is convenient to understand the
main components of the metal to CO bonding. The clas-
sical Blyholder mechanism [45] usually explains the CO
bonding to metal surfaces and atoms in terms of a
g-donation from the CO 50 orbital to the unoccupied metal
orbitals followed by a charge tranfer or back-donation from
the d,, to the CO 27" unoccupied level. Application of the
already mentioned CSOV analysis to study the bonding
mechanism and to the CO frequency shifts [19, 46—49]
shows that there are two important physical contributions
not included in the above scheme. They arise from the
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charge superposition of CO and metal orbitals and they
lead to large blue shifts. The first one is the Pauli repulsion
of the CO lone pair and the metal charge density. The
second one is the contribution from the interaction of the
CO dipole moment and the metal electric field. This last
contribution is small for neutral MCO systems, but signi-
ficative for charged ones. The remaining contributions to
the bonding have a negative contribution to the CO
vibrational frequency shift. Of these, the most important is
the charge back-donation from the metal d, to CO 7. The
importance of this effect depends on the metal ionization
potential and clearly, the anion will donate more electrons
than a neutral metal atom, which in turn will donate more
than a cation. This donation will reduce the C—O bonding
and, thus, will be the main responsible for the reduction of
the C-O stretching frequency.

Following these ideas, in Table 1 it can be observed that
the shift in the vco stretching frequency is always positive
when CO is bonded to a cation (the blue shift resulting
from the charge superposition and the Stark effect clearly
dominates and there is probably no n-backdonation), while
for neutrals and anions the net result is a red-shift of the CO
stretching frequency that is larger for anions than for
neutrals (the back-donation dominates the bonding mech-
anism and there is increased back-donation in the anions).
Due to its high sensitivity to the electric field of the metal,
the vco frequency shift is generally large, between
+91.2 cm™! for AgCO™ and —365.8 cm™! for CuCO™. In
the case of Pd and Pt, the computed and observed shift for
either the cations or the anions are sensibly smaller than
those of the coinage metal atoms. However, while this
implies that the detailed electronic configuration of the
metal affects the voo frequency shift, its influence is clearly
smaller than the dependence on the charge on the metal.

Some particular cases in MCO complexes presented in
Table 1 deserve a special comment. The AgCO™ and
AuCO™ negative ions have positive binding energies
towards dissociation into their constitutive fragments, that
is, they are unstable species. These species have never been
experimentally observed. This is due to the closed shell
(n — 1)d"’ns? configuration of the TM negative atom that
reduces the interaction energy on the monocarbonyl anions
of the Cu group. In the case of Cu, the interaction energy,
although negative with respect to to dissociation, is very
weak. It may also be possible that these species are Van der
Waals minimum on their PES, but the DFT functional does
not correctly account for these weak interactions. For sil-
ver, the neutral monocarbonyl, AgCO has already a very
weak bonding as the d orbitals are very stable relatively to
those of Cu and Au, making the n-back donation less
efficient. In fact, the neutral AgCO monocarbonyl has not
been observed experimentally. Finally, the relativistic
effects on Au contract strongly the 6s shell and makes these
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Table 1 Structural data for CO and the isolated monocarbonyls M-CO (M=Cu, Ag, Au, Pd, and Pt)

M q qm S r-c/A re_o/A <MCO AE/eV veolem™! Shift/cm ™!
Calc. Exp. Scale Calc. Exp.
Cco 0 - s 1.145 2,113.6 2,140.8 1.013
Cu 1 0.86 s 1.830 1.135 178.3 —1.56 2,201.9 2,234.4 1.015 88.3 93.6
0 0.18 d 1.861 1.164 1429 —0.98 1,950.4 2,029.7 1.041 —163.2 —111.1
Ag 1 0.85 s 2.102 1.133 177.5 —0.69 2,204.8 2,233.1 1.013 91.2 92.3
0 0.12 d 2.191 1.161 133.4 —0.37 1,940.5 —173.1
-1 —0.68 s 2.388 1.179 114.7 0.26 1,807.6 —306.0
Au 1 0.75 s 1.920 1.135 177.4 —1.86 2,192.3 2,236.8 1.020 78.7 96.0
0 0.05 d 2.002 1.162 140.0 —0.92 1,960.3 2,053.2 1.047 —1534 —87.6
—1 —0.65 s 2.233 1.187 118.6 0.02 1,780.0 —333.6
Pd 1 0.89 d 1.916 1.140 178.5 —1.60 2,1349 213
0 0.16 s 1.861 1.162 179.0 —2.30 2,005.1 2,056.4 1.026 —108.5 —84.4
-1 —0.66 d 1.870 1.187 143.6 —1.60 1,811.7 1,909.0 1.054 —301.9 —231.8
Pt 1 091 d 1.829 1.144 180.0 —2.90 2,136.0 224
0 0.21 s 1.774 1.165 180.0 —3.54 2,023.2 2,065.5 1.021 —-90.4 —753
—1 —0.54 d 1.812 1.188 164.7 —2.19 1,867.4 1,896.3 1.015 —246.2 —244.5

Average scale for vco on monocarbonyls: 1.024 £ 0.016

g, Total charge of the MCO systems; g,,, charge of M according to a Bader charge analysis; S, spin state of the systems, s singlet, d doublet; AE,

binding energy with respect to isolated M and CO fragments

leves very stable, reducing the strength of the Au—-CO
interaction. In any case, as these complexes are local
minima on their PES, we can obtain the desired parameters
(equilibrium geometry and CO vibrational frequency) from
our theoretical calculations. A final comment on the data
on Table 1 is that the differences found between the
computed and the experimental shifts cannot only be
assigned to imprecisions on the theoretical calculations.
The solid inert gas matrix may have an effect on the
experimental shifts of the order of magnitude of these
errors.

Figure 1 shows the computed and experimental vco
frequencies on monocarbonyl systems, correlated to the
charge of the MCO complexes. While in almost all cases
there is an excellent correlation, to establish a correct
relationship, it has to be noted that the charge on the metal
center is not necessarily identical to the total charge on the
MCO species. According to a Bader charge analysis (see
Table 1) the metal atom in neutral MCO complexes is
essentially neutral, bearing a positive charge of +0.05 to
+0.21 only. The charge of the metal center in MCO™
complexes is indeed close to the total charge, with values
between +0.75 to +0.91. However, for negatively charged
MCO™ species the situation is quite different. The total
charge of the complex is almost equally shared by the
metal center and the carbonyl, with charges on the metal
center ranging from —0.54 to —0.68. This means that for
neutral or positively charges species, the frequency—charge
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Fig. 1 Linear fitting of the vco stretching wavenumber in MCO
complexes to the complex charge. Left Cu, Ag and Au. Right Pd and
Pt. ¢ is the complex charge

relationship can be used to trace the charge on the metal
center, although we can place a error bar of +0.1 to 0.2
elementary units on the charge estimated by the use of CO
as a probe of the metal center charge. For negatively
charged MCO™ systems, however, the error bar that has to
be placed on the charge obtained from the frequency shift
of the CO stretching mode is larger, between +0.4 and 0.5
units of charge. These findings can be rationalized on the
basis of the main chemical contributions to the M-CO
bonding and the charge displacements that result. On
MCO™ complexes, the g-donation from the CO 5S¢ orbital
to the M™ cation will reduce its positive charge, while the
n-back donation from the metal d, orbitals will be limited
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by the strong electric field generated by the metal cation.
On neutral MCO complexes, the n-back donation from the
electron rich d, orbitals will be a very effective bonding
mechanism, resulting in a M atom bearing a slight positive
charge. Finally, in MCO™ complexes the m-back donation
should be the dominant contribution to the bonding,
resulting in an almost equitative distribution of the excess
electron density between the M center and the CO
molecule.

We can conclude that the computational results repro-
duce the experimental trend for the observed shift of the
frequency of the CO stretching mode in the isolated
monocarbonyls and their ions. Moreover, the agreement
between the charge that could be assigned to the metal on
the basis of the proposed correlation and that resulting from
a Bader charge analysis is quantitative for neutral and
positively charged M centers. For negatively charged
MCO™ complexes the agreement is only semiquantitative,
and results should be analyzed with care. A final word of
caution is that the presence of an oxide sustrate may alter
the strength of the Pauli repulsion and the Stark effect,
resulting in altered frequency shifts with respect to those of
isolated monocarbonyl complexes, even in the absence of a
metal-oxide charge transfer.

3.2 Supported metals

Table 2 presents the structural data (bonding distances and
MCO angle) as well as the computed CO stretching
wavenumber, its shift with respect to free CO, and the
metal charge obtained from this shift by interpolating in the
straight lines defined by the data for the isolated

monocarbonyls discussed in the previous section of this
paper. Metal charges obtained using the Bader approxi-
mation are also shown in this Table for comparison and to
establish trends.

On the a-Al,O3 (0001) surface, the different adsorption
sites are denoted by the symbol of the atom that is below
the TM atom and a subindex that indicates the layer to
which this atom belongs. The most stable adsorption site
for Cu and Ag is the Al site, where the TM atom is
coordinated to three O anions of the second layer. This is
not the case for Au, Pd, and Pt, for which the strongest
metal atom-surface interaction is found at the O, site. In
the case of Au atom, the data for the metastable Al, site
are also shown, to rationalize the trend down the coinage
metal group. All computed shift are negative, but smaller
in absolute value than those found on neutral MCO
complexes (see Table 1). This indicates that the charge
probed by the CO molecule corresponds to slightly posi-
tive metal cations. Effectively, the charge computed for
the TM atoms from the vco shift is always clearly posi-
tive, except for the Au atom adsorbed at the O, site that is
found to be essentially neutral. For the coinage metal
atoms, this is in agreement of previous interpretations of
the bonding mechanism for these atoms [9]. In the case of
Cu and Ag, the metal adlayer was found to partially
reduce the oxide surface, while the main contribution to
the bonding in the Au case (at the O, adsorption site) was
found to be the polarization of the electron cloud of the
TM atom towards the surface. Au adsorption at the Aly
site also results in a partial charge transfer from the TM
adlayer to the surface. This is not surprising as any TM
atom adsorbed at this site will interact with three low

Table 2 Structural data for CO adsorbed on the supported metals M=Cu, Ag, Au, Pd, and Pt, on the selected surfaces: a-Al,05 (0001), and TiO,

(110)

1

Surface M Site rve/A reo/A <MCO Veolem™ Avco Gy am am(co)

a-Al,O5 (0001) Cu Aly 1.781 1.157 180.0 2,073.1 —40.5 0.49 0.34 0.58
Ag Aly 2.002 1.158 180.0 2,036.5 —77.1 0.36 0.21 0.52
Au Aly 1.900 1.161 180.0 2,038.7 —74.9 0.34 0.10 0.48
Au 0, 1.975 1.170 146.2 1,989.6 —124.0 0.06 0.05 0.29
Pd 0, 1.862 1.159 180.0 2,049.4 —64.2 0.41 0.24 0.59
Pt O, 1.817 1.162 180.0 2,071.2 —42.4 0.41 0.21 0.52

TiO, (110) Cu Bridge 1.783 1.154 180.0 2,077.4 —36.2 0.51 0.65 0.70
Ag Bridge-ang 1.982 1.147 177.5 2,100.1 —13.5 0.58 0.59 0.73
Au O 1.873 1.152 180.0 2,112.2 —1.4 0.60 0.27 0.65
Pd Bridge-ang 1.867 1.160 180.0 2,018.5 —-95.1 0.21 0.34 0.54
Pt (0] 1.817 1.162 180.0 2,040.2 —73.4 0.23 0.34 0.68

q,, Charge obtained from the vco shift; gv, charge from Bader analysis before CO adsorption; gmco), charge from Bader analysis after CO

adsorption
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coordinated O anions that try to recover its bulk state by
completing their coordination and by taking some charge
density from the adsorbed TM atom. Data for Pd and Pt
show a significant charge transfer from the TM adlayer to
the oxide surface, similar to that found in the Cu/a-Al,O3
system. In the Pd case, this is in agreement with previous
studies [8] that, based on cluster models and periodic DFT
calculations showed an interaction dominated by the Pd
polarization but with a noticeable contribution from the
charge transfer from Pd to surface. Similarly, LDA slab
calculations on Pt adatoms on the Al,O5; (0001) surface
[11] show an important amount of charge transfer from
the TM atoms to the oxide surface, mainly from the 6s Pt
band. Bader charges, computed before and after CO
adsorption to the TM/Al,O5; system agree substantially
with those obtained from the shift in the CO stretching
frequency. However, there are details that require some
additional comments. The Bader charges computed in
absence of adsorbed CO are, in general, ~0.15-0.20 e~
less than those computed from the CO stretching vibra-
tional shift, while the Bader charges computed after CO
adsorption are higher in a similar amount. This behavior
can be rationalized by taking into account the numerical
errors inherent to the fitting method: the vibrational shift
does not strictly follow a linear dependency MCO com-
plexes charge and the charge probed is not strictly the
charge of the MCO complex and it has been shown pre-
viously. Also, we have to remember that the measure of
the charge by using the CO molecule is an indirect
method in which the probe modifies the system. Finally,
the presence of an oxide sustrate will alter the strength of
the Pauli repulsion, altering the frequency shift and, thus,
the charge obtained for the M center from the fitting
procedure.

The amount and direction of the charge transfer at the
interface in the Au/TiO, catalyst system is still subject of
controversy despite the considerable amount of work
dedicated to the study of this system. Different papers that
have reported on the electronic structure of Au adatoms on
the TiO, (110) surface [31, 50, 51], have found an almost
neutral situation for Au atoms. However, a different work
by Worz et al. [32] dealing with Au atoms supported on
TiO, films found, on a non defective surface, a strongly
bound Au5+—CO, while Au’~—CO complexes are formed
on bridging oxygen vacancies. The number of works
dealing with the other two member of the group is quite
limited. In the work by Giordano et al. [31] the interaction
of Cu and Ag with the TiO, (110) surface is pictured as
strong, with nearly full charge transfer from the TM ad-
atom to the surface based on a Mulliken population anal-
ysis and analysis of the atom projected density of
states (PDOS). More recent periodic DFT calculations by
Rodriguez et al. [52] indicate that Cu adatoms substantially

reduce the TiO, surface and bear a significant positive
charge (0.5 e™). Our results for the coinage metal atoms
show negative shifts and moderately high atomic charges
(0.51-0.60 e™) obtained from the linear fitting of the
vibrational frequencies of the MCO complexes. The Bader
charges are also high for Cu and Ag, confirming that these
two TM partially reduce the support. As it did happen,
when the support was Al,Os, the adsorption of CO
increases the charge reported for the TM adatom. For Au,
our results can help to rationalize the different finding
previously discussed. The Bader charge analysis shows an
Au adatom bearing only a small positive charge before CO
adsorption, while both the charge reported by the shift of
the CO stretching frequency and the Bader analysis after
CO adsorption show a highly charged Au’t-CO complex.
It may be possible that the bonding mechanism for isolated
Au adatoms is mainly based on the polarization of the TM
atom, resulting in a nearly neutral Au atoms. This will be
consistent with the small charge transfer reported by the
Bader analysis here and in previous works [52], and with
the low migration barrier found for these adatoms. [34]
Later, the coordination by the CO molecule will repolarize
the electronic cloud of the Au atom, resulting in significant
charge transfer to the surface and the formation of the
Au’t—CO complex. Our results for Pd and Pt adatoms
indicate a moderately weak charge transfer from the TM to
the surface enhanced, again, upon CO coordination to the
metal. For Pd, this confirms previous estimations based on
the analysis of the PDOS and CSOV analysis of the
bonding mechanism [33]. These tools reveal that Pd
deposition is accompanied by a strong polarization of the
adatoms that eventually would transfer some electron
density towards the surface. The adsorption of Pt atoms has
been studied theoretically by Iddir et al. [34], but they
offered no clues about the magnitude of the bonding
mechanism or the charge transfer that take place upon Pt
adsorption. In any case, the stronger adsorption energy
found for Pt atoms when compared with Pd atoms will
point out to a stronger charge transfer, but their results
correspond to a high coverage (0 = 0.5 ML) and an
interaction between neighboring Pt atoms cannot be
discarded.

In any case, the semiconductor nature of the TiO, sur-
face, may result in a sensible modification of the Pauli
repulsion, most important in this case than in the «-Al,O3
(0001) surface, may explain the larger differences found
between the metal charges reported by the CO frequency
shift and by the Bader charge analysis. The sensibility of
the computed properties of TiO, (110) to details details of
the model (i.e. number of TiO, layers and size of the
supercell model), and to the surface coverage allow
for further investigation of the electronic properties of the
TM/TiO, interface.
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4 Conclusions

In this paper, we systematically studied the charging of
some adsorbed transition metal atoms on two widely used
metal oxides surfaces [a-Al,O5; (0001) and rutile TiO,
(110)]. Two procedures are combined to this end: the
computed vibrational shift of the CO molecule, that is used
as a probe, and the calculation of the atoms charges from a
Bader analysis of the electron density of the systems under
study. At difference from previous studies that directly
compared the vibrational vawenumber of adsorbed CO
with that of the gas-phase molecule, we have validated the
procedure by comparison of the computed CO stretching
wavenumbers in isolated monocarbonyls (MCO) and their
singly charged ions with experimental data for these spe-
cies in rare gas matrices. The agreement found between the
computed frequencies and the experimental ones is better
than average ratios obtained for different theoretical pro-
cedures. Small deviations are observed that can be related
to effects of the electronic configuration of the metal, to the
fact that the CO molecule is an indirect method of probing
the TM charge, and to the influence of the inert gas matrix
in the experimental shift. It should be also noted that the
charge on the metal center is not necessarily that of the
MCO complex. Although the TM atom in neutral and
cationic and in MCO complexes the charge of the TM atom
is indeed close to the total charge, in MCO™ anions the
excess electron density is distributed between the TM atom
and the CO molecule. Thus, although the computational
results correctly reproduce the experimental trend for the
observed shift on the CO stretching mode care must be
taken for negatively charged complexes as in this case the
agreement is only semiquantitative. The transposition of
this interpolation scheme to study the extent of metal—
oxide charge transfer requires a final caveat: the presence
of an oxide sustrate may alter the extent of the Pauli
repulsion, leading to frequency shift no directly related to a
metal-oxide charge transfer. Our results show that while
Cu and Ag atoms show a partial charge transfer to the
Al,Oj5 surface, this is not the case for Au adatoms, that are
basically neutral on the most stable adsorption site. Pd and
Pt adatoms also show a significative amount of charge
transfer to this surface. On the TiO, surface, our results
allow an interpretation of previous contradictory data by
showing that the adsorption of the probe molecule may
repolarize the Au adatoms, that are basically neutral when
isolated, and show the presence of highly charged Au’t-
CO complexes. The other two coinage metal atoms are
found to significantly reduce the TiO, surface. The com-
bined use of the shift on the vibrational frequency of the
CO molecule and the computation of the Bader charges
shows to be an useful tool for the study the charge state of
adsorbed transition metal atoms and allow to rationalize the

@ Springer

information coming from experimental sources and other
complementary tools. In the TiO, case the semiconductor
nature of the support and the known sensibility of the
surface electronic properties to details of the computational
model like the number of TiO, layers, the degree of surface
coverage, and the presence of point defects such as
bridging oxygen vacancies allow further investigation of
the effects of these parameters on the charge state of
adsorbed TM atoms on TiO, surfaces.
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