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Adsorption of Au and Pd Atoms on Thin SiO; Films: the Role of Atomic Structure
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The low-temperature deposition of Au and Pd atoms on thin, 8i@s grown on Mo(112) has been studied

by scanning tunneling microscopy (STM), infrared reflection absorption spectroscopy, and CO adsorption.
On the monolayer films, gold forms three-dimensional nanoparticles at temperatures as low as 10 K and does
not affect the phonon spectra of the silica films. On the other hand, palladium exhibits structure-dependent
behavior. Pd deposition leads to a red-shift of the phonon frequency of the monolayer and not of the multilayer
films. The amount of CO that may adsorb on the Pd particles formed on the “O-poor” monolayer films is
much smaller than that on the “O-rich” films (with an additional O-layer on the Mo surface) and multilayer
films. These experimental findings have been rationalized on the basis of density functional theory calculations
showing that the Pd atoms penetrate into the hexagonal rings of the silica network and bind attlke® SiO
interface, which in turn depends on the atomic structure of the film. This bonding is very strong on the
O-poor films so that Pd is unable to bind CO, while on the O-rich films CO may even pull out the Pd atoms
from the interface thus promoting aggregation and particle formation. The Pd migration into the film has
been directly supported by low-temperature STM images.

1. Introduction films grow amorphous on Mo(110) and Mo(100) substrétes,
but well-ordered crystalline silica flms can be prepared on a
Mo(112) substraté®11The SiQ/Mo(112) films have been used
%o study the deposition of small metal clusters with the aim to

In the past few years the study of ultrathin oxide films grown
on metal substrates has attracted the interest of the surfac

chemistry community because of the discovery that these design accurate models of supported metal catalyst but

systems, unde_r particular circumstances, can behave in 8the atomic structure of the film has been the subject of an intense
different way with respect to the corresponding surfaces of bulk debatel-27

oxides!~7 When the thickness of the oxide film is in the range

of a few atomic layers, the interaction with the metal substrate,
together with structural and morphological changes, can lead . A ) )
to completely different chemistry with respect to the thicker three Si-O—Si linkages, with the fourth oxygen directly bound

films and to new and unprecedented phenomena. Example d‘? the Mo sluft;strat_@r.{% Ehis structgrﬁkcorresponds to da d_tv_vo-
pointing in this direction have been reported for films of dimensional film with a honeycomb-like structure. In addition,

MgO26 FeO7 and alumind. For instance, gold atoms or the SiG/Mo(112) surface prepared under oxygen-rich conditions
clusters deposited on-38 layers thick MgO/Ag(100) films results in a new phase where a layer of oxygen atoms is adsorbed

become negatively charged. This effect has dramatic conse-o_nly on th_e_ Mo_surface, i.e., below the silica lagéfhus, two
quences on the structure and shape of the supported clusterdinds of silica films can be prepared on the Mo(112) substrate:
which form two-dimensional structures, while on thicker films qneﬂwnh additional O atoms at tr“‘e |nterf?c9, referred to as *O-
they form three-dimensional particlé&Modulation of the work rich” to discriminate it from the "O-poor” film without these
function of a FeO/Pt(111) film provides the basis for using these 2{0Ms- The two phases exhibit slightly different values of the

supports to induce spatial ordering and self-assembling of Phonon frequency, which is basically related to the-Gi
supported nanoparticlésinusual one-dimensional gold nano- stretching mode. The experimental and theoretical arguments

structures can be formed and stabilized on ultrathin alumina N favor of the continuous hexagonal film have been summarized
layers grown on NiAl substratéstc. These few examples well

Our data show that the Sid0o(112) film consists of a single
layer of SiQ tetrahedra which share three oxygen atoms forming

in a recent comprehensive pager.

illustrate the potential of ultrathin films in the design of new  The possibility of preparing well-defined, crystalline $I0

materials with largely unexplored properties in catalysis but also Mo(112) films opened new perspectives for the study, inter-

in fields such as molecular electronics and sensors. pretation, and theoretical modeling of the deposition of metal
While several oxides in the form of thin films have been atoms and clusters. In a recent theoretical study we have

studied for more than a decade, intense efforts have only recentlyconsidered the adsorptioleOf Pd and Au isolated atoms on the
been directed toward silica. It has been shown that thin silica ©-Poor SiQ/Mo(112) films.®We found that Au atoms interact
very weakly with the silica surface, and a high mobility on the

* Corresponding authors. E-mail: gianfranco.pacchioni@unimib.it (G.P.), Surface is therefore expected even at very low temperatures. In
shamil@fhi-berlin.mpg.de (S.S.). the minimum energy configuration, the Au atom is sitting above
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the center of a six-membered ring, but the binding energy (ca.
0.1 eV) is extremely low. In principle, the Au atoms could bind “

e 1
i y
1

Monolayer SiO,/Mo(112)
g2 S

much more strongly (by about 2 eV) at the interface between
the silica film and the Mo(112) substrate. The calculations
showed, however, that this kind of interstitial gold is quite
difficult to form since the barrier for migration into the film
amounts to about 0.9 e¥?.This means that when the temper-
ature of the substrate is raised, the Au atoms will either desorb
from the surface or aggregate to form small particles before
diffusion into the film sets in. Of course, the scenario may be
different in the presence of surface defects. On the,/86-
(112) films there are domain boundaries running in th&10]
direction where alternating eight- and four-membered rings are
present, and the Au atoms can penetrate into these defects.
Furthermore, it has been shown theoretically that point defects
at the surface of silica films bind gold quite strongfy.

The calculations predicted a completely different behavior 1300 1200 1100 1000 900 800 700
for Pd. First, a Pd single atom interacts much stronger than Au Wavenumber, cm’
with the Si and O atoms of the film, with binding energies of Figyre 1. Phonon region of the IRA spectra obtained on an O-poor
about 0.3-0.4 eV. However, more interesting is that the Pd monolayer Si@Mo(112) film and on a multilayer silica film, exposed
atom can easily penetrate into the film (the barrier is very small, to small amounts of Au and Pd as indicated (see the text). The spectra
if any) and become bound to the Mo atoms, with a binding for the clean silica surfaces are shown for comparison (dotted lines).
energy of 3.30 e\¥? On the basis of these results, quite different The spectra are offset for clarity.
behavior is expected for the Pd and Au atoms deposited onto
the SiQ/Mo(112) films.

In order to verify this hypothesis, here we report on the
comparative study of the Pd and Au atom deposition on the

O_-_poor_ and O-rich monolayer films as well as on a_multilayer 2.2. Calculations.The calculations are based on DFT at the
silica film, used as a reference support. Concomitantly, the \, 0 of the generalized gradient approximation (using the PW91

density functional theory (DFT) calculations are extended to exchan : : L
o ; : ge-correlation function&ls The method is implemented
the O-rich films and also to the adsorption of CO on both films. ;"o VASP progrand?3 which uses a plane-wave basis set

The experimental results provide compelling evidence for the (with a kinetic energy cutoff at 400 eV). The electreion
structural models proposed by DFT. This represents an intereSt'interactions are described by the projector augmented wave
ing example for the close interplay between structural and method (PAW) The Mo(112) substrate has been modeled by
adsorption properties, where a small change in the structure ofsaven Mo layers which well reproduce the band structure of
the oxide—metal inter_face may result in quite substantial bulk Mo.2! The O atom linking the Si@tetrahedra to the Mo
differences in adsorption phenomena. surface is in a bridge position over two protruding Mo atéfs.
During geometry optimization, the three Mo bottom layers were
frozen at bulk positions while the top four layers were optimized.
The atoms within the slab are relaxed until the atomic forces

0.1 A Au

IRAS intensity, %

11268

of ca. 0.2 A/min. For each Pd/silica sample, a new silica film
was prepared. The Pd coverage is presented in the text as the
nominal thickness (in A); approximately 2.3 A corresponds to

a monolayer coverage.

2. Experimental and Computational Details

2.1. Experiments. The experiments were performed in an
ultrahigh vacuum (UHV) chamber (base pressure below 1 are less than 0.01 eV/A.
1010 mbar) equipped with scanning tunneling microscopy The surface stoichiometry of the slab that gives a Mo(112)-
(STM), X-ray photoelectron spectroscopy, an infrared reflection ¢(2 x 2) structure is M@Si,Os, as observed by low-energy
absorption Spectroscopy (|RAS), and standard facilities for electron diffraction. For mOdeling the adSOfption of Au or Pd
sample preparation. The IRAS spectra were measured withatoms, the cell size has been increased te (2) in order to
p-polarized light at 8% grazing angle of incidence (resolution ~represent a low concentration of adsorbed species. The calcula-
~4 cnl). The STM images were obtained in a separate UHV tions have been done in a2 2 x 1 grid of k points. The
chamber equipped with a home-built microscope operated atSurface slabs are separated by a vacuum gap of 10 A.
liquid helium temperatures.

The preparation of the monolayer silica films has been 3- Results and Discussion

described in details elsewhei®? Briefly, the clean Mo(112)
surface was exposed to:6 10~ mbar of G at 900 K for 5
min, followed by the deposition of ca. 1.2 monolayer (ML) of

Figure 1 shows the IRA spectrum of an O-poor silica film
with the main feature at 1063 crhassigned to the SiO—Mo
asymmetric stretching vibratio$2335t has been previously

Si at the same oxygen pressure and temperature. Subsequerhown that for the O-rich films this mode shifts to the lower

annealing at 1200 K in UHV or 16 mbar Q leads to the
formation of O-poor and O-rich silica films, respectivéfy.

Multilayer silica films were grown by deposition ¢f3 ML
of Si in UHV onto clean Mo(112) at 300 K followed by
oxidation at 400 K in 5x 1077 mbar of Q. The sample was
then slowly heated to 900 K in & 10~7 mbar of Q and finally
annealed at 1150 K in UHW?

frequencies by-10 cn11.28 All these features, i.e., at 1063 cfn
for O-poor and at 1049 cni for O-rich phases as well as the
weak bands at-775 and 675 cm!, were reproduced by DFT
calculations®

Infrared spectroscopy serves to study the impact of the
admetals on the oxide phono#sThe deposition of 0.1 A of
Pd causes a 14 crhred-shift of the Si-O—Mo stretching band

Pd and Au (both 99.99%, Goodfellow) were vapor deposited and signal broadening as shown in Figure 1. For comparison,

at ~90 K (and~10 K for the STM measurements) using a

incorporation of Al into the film to produce aluminosilicate films

commercial evaporator (Focus EFM 3) with a deposition rate results in a~30 cnt? red-shift3” The red-shift is Pd-coverage-
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n E u ' - u
d/ﬁ‘\. m Pd +
8i0/Mo{112)
:
; -330eV Figure 3. Low-temperature STM images (14 14 nn¥) of Pd (left)
and Au (right) deposited onto the O-poor $i0(112) monolayer
films at ~10 K. The arrows mark antiphase domain boundaries. The
tunneling parameters are (a) sample bias 1.75 V, current 0.05 nA; (b)
1.25V, 0.05 nA.
cases, however, the presence of the Pd atom at the interface
A slightly perturbs the structure of the silica film and affects the
phonon spectrum. In particular, the calculations show that the
S$i0,/Mo(112) “O-rich” main phonon frequency is red-shifted by 11rfor the O-poor
(from 1058 to 1047 cml) and by 23 cm? for the O-rich
3 W structures (from 1043 to 1020 cr), respectively, which is
—_ Q a > - consistent with the experimental findings.
E ;ﬁ'ﬁﬂ' h’i :'", Pd + The gdsorption of Au is_predicted to be completely differgnt.
w | -0.44 ev# 0.68 &V Si0Mo(112) According to the calculations, Au atoms do not migrate into
ooy v TUeee the rings because of very weak interaction with the O-poor film
’ — and the large atomic size, giving rise to a higher barrier than

Figure 2. Energy profile of the interaction of a single Pd atom with  that for Pd. On the O-rich phase, subsurface Au is even unbound.
an O-poor (top) and O-rich (bottom) SiMo(112) film. The central Given the low binding energy of Au with the silica surface of
panel indicates the energy of the transition state. The side view of the about 0.1 eV, a very low diffusion barrier is expected, so that
silica film and the position of the Pd adatom in the structure are shown. syrface diffusion and subsequent aggregation of Au adatoms
Corllor keyé_.large gr:ay sprcl)eres, Mo; white spheres, Pd; small blue likely occurs at low temperatures.
Spheres, S, red spheres, ©. This hypothesis on Pd and not Au migration into the film is
dependent, as observed for alumina films, and various mech-fully supported by a low-temperature STM study. Figure 3
anisms have been proposed to explain this beh&%idhe shows STM images of the O-poor silica films possessing small
adsorption of Pd on the O-rich films showed a similar effect amounts of Pd and Au as deposited at 10 K. The honeycomb-
(not shown here). In contrast, the deposition of the same amountlike structure of the silica surface and also antiphase domain
of Au only decreases the intensity but does not induce any peakboundaries are clearly resolved in these images. The Au
shift on both O-poor and O-rich films. deposition results in the formation of small Au clusters in the
To study the effect of the film thickness on the interaction vicinity of the line defects. In line with theoretical predictions,
with metal atoms, we also deposited Pd onto the atomically the Au atoms impinging on the surface have sufficient kinetic
flat, amorphous Si@films of approximately three monolayers energy to diffuse across the surface and find the defect sites

in thickness (henceforth referred to as “multilayer” filf)Even where they bind strongly. The interaction of Au adatoms with
for subnanometer thickness, these films show phonon vibrationsthe regular surface is so weak that even-d0 K no isolated
at 1258 cm? characteristic of the bulk Sisystems8 Figure Au atoms were observed on the terraces.

1 shows that the silica phonon in the multilayer film is not In contrast, STM images of Pd deposits revealed some

affected by the adsorption of even larger amounts of Pd. The randomly located spots, such as six-fold stars, which appear
observation of the spectral shift for the Pd and not for the Au much brighter than the surrounding areas. No features are
deposition is a first indication of the different interaction of these present in these images, which could be associated with the Pd
two metals with the monolayer silica films. Furthermore, the atoms located on top of the silica surface. Therefore, the STM

fact that Pd adsorption on a thicker silica film does not modify study provides strong evidence for the diffusion of the Pd atoms

the phonon spectrum implies a specific adsorption behavior of through the silica film to the SigdMo(112) interface. These

Pd on the monolayer films. Pd atoms perturb the electronic structure of the silica film, thus
Figure 2 shows the interaction energy profile obtained from leading to a different image contrast.
DFT calculations for a Pd atom bound to monolayer Biu®- Concomitantly, one can expect that the different interaction

(112) films. On the O-rich phase, the Pd atom sits above the of Pd with the silica films will manifest itself in the adsorption
center of the ring and is bound by 0.44 eV. A small energy of CO as a probe molecule, since CO adsorption on the Pd
barrier (0.08 eV) separates this local minimum from a deeper surfaces is well understood and a large database exists for IR
minimum where the Pd atom is adsorbed below the silica layer spectra®

with a binding energy of 0.68 eV. The effect of penetration of  Two bands in the CO stretching region were observed at 90
the Pd atom below the silica layer is much more dramatic on K at saturation CO coverage. One is around 2105'assigned

the O-poor phase: the estimated barrier for diffusion is toterminal CO, and another broad feature is centeredl@60
negligible, and the binding at the interface is very large, ca. 3.3 cm™1, which is assigned to multicoordinated CO molecules (e.g.,
eV.19In this case, the Pd atom interacts directly with the Mo see inset in Figure 4).

metal surface, while on the O-rich phase this is hampered by Figure 4 plots the integral peak area as a function of the
the presence of the adsorbed O atom (see Figure 2). In bothamount of Pd deposited. (Note that the same trend is found
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Figure 4. Integral area of CO IRAS signal (226800 cm?) as a Co+

function of Pd coverage measured on different silica films, as indicated. Pd-Si0,/Mo(112)
The inset shows the IR spectra observed for the samples, marked by
the arrows, after exposure to 20 L of CO at 90 K. -239eV

_:' 0.23 eV
L
separately for either terminal or multicoordinated CO bands.) +089eV PUCO

Although the intensity of the IR lines of adsorbed CO is not otoey  SOMA(112)
linearly proportional to the site population, it provides a \, e
qualitative measure of the total CO uptake and hence the Pd

i igure 5. Energy profile of the interaction of CO with a Pd atom
surface area. Data show that Pd atoms on the O-rich monolayerj‘;dsorbed on O-poor (top) and O-rich (bottom) phases ob/SIG

and the mult_llayer fllr_n_s behave similarly, while F_)d atoms 0N (112). The central panel indicates the transition state between initial
the O-poor films exhibit much lower CO adsorption capacity and final configurations. The insets show the structure of the silica
than those on the O-rich films. In principle, there may have fiim (side view) and the position of the PdCO complex in the subsurface
two reasons for this. It can be due to different Pd dispersions state (left) and above the surface (right). Color key: large gray spheres,
(particle size and density) that result in different metal surface Mo; white spheres, Pd; small blue spheres, Si; red spheres, O.
areas on these two silica surfaces. Alternatively, some portion . ]
of Pd is not accessible to CO as a result of migration into the itself in a change of the phonon frequency and the bright
film. appearance of the six-membered silica rings in the STM images
To better understand the microscopic aspects of the observediue to the presence of subsurface Pd atoms, confirming previous
behavior, we have performed DFT calculations on the CO theoretical predictions that Pd can migrate into the six-membered
adsorption. On the O-poor phase, where Pd is strongly boundfings?® It was also found that the CO uptake for Pd deposited
to the substrate, CO is unbound to Pd (by 0.11 eV). Even if we On O-poor films is much smaller than that on the O-rich phase
assume that a PeCO complex is formed under elevated CO and multilayer silica. .
pressures, the barrier to pull the PAO species out from the DFT calculations showed that on the O-poor films the Pd
hexagonal ring would be very large, approximately 1.7 eV (see atoms strongly bind at the silieeMo interface and do not
Figure 5). This means that on the O-poor surface, CO is unableinteract with CO, so that the total amount of adsorbed CO
to bind to the Pd atoms, which are trapped at the interface. ThemMolecules remains small. On the O-rich monolayer film, the
situation changes on the O-rich film. Here CO binds strongly Pd atoms are also adsorbed subsurface, but the CO is able to
(by 1.04 eV) to Pd atoms located in the “cavity”. The formation form stable PACO complexes which can escape from the cavity
of a strong Pe-CO bond weakens the interaction of Pd with and aggregate to form Pd nanoparticles. In contrast, Au does
the substrate so that the PEO complex becomes unbound Not show any of these effects because the size of the rings is
by 0.69 eV and can easily escape from the cavities by 00 small for penetration to occur. The adatoms bind only
overcoming a barrier of 0.23 eV only. On the surface, the Pd  Weakly on the surface and can easily diffuse and aggregate on
CO complex is bound to the silica layer by 0.66 eV and can the silica surfaces. The continuous silica monolayer can therefore
diffuse and eventually aggregate with other Pd atoms or clusters.be viewed as the first example of a two-dimensional sieve, which
Thus, CO adsorption has a completely different effect on Pd could be used to selectively permit diffusion of metal atoms or
atoms deposited on O-poor or O-rich silica monolayers. This Small molecules to a metal substrate.
may explain recent observation of CO-induced sintering effect
on the low-temperature Pd depositith.

Pd

-1.04 eV

E (eV)
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