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ABSTRACT

Surfaces of regularly stepped single crystals can be decorated with
foreign metals in order to change their physicochemical properties.
Step decoration of vicinally stepped platinum single crystals was
achieved for many metals and can be easily monitored by cyclic
voltammetry due to the suppression of the corresponding hydrogen
adsorption at step sites. By using the system Pd/Au(hkl) reactive
bonding sites are introduced at regular spacings. Here step decoration
is more difficult to prove. Au(111) and Au(332) were used as the
substrate for palladium deposition in the UPD-regime. Preparation and
Pd deposition were checked by STM. Cyclic voltammetry shows two
Pd-oxidation peaks, the firs one being amost independent of
coverage; it is therefore ascribed to Pd decorating steps. Hydrogen
adsorption on the modified stepped surfaces, but not on Pd/Au(111),
takes place only when more than a critical amount of Pd has been
deposited. A voltammetric peak at ca. 0.3 V vs. RHE is related to the
adsorption of hydrogen at palladium terraces, at this potential the
adsorption of hydrogen on steps is negligible. A quantitative
evaluation supports the assumption of step decoration by Pd. Using
differential electrochemical mass spectrometry (DEMS), CO and
benzene adsorbing at step sites was distinguished from that adsorbing
at terraces.

INTRODUCTION

When studying bimetallic catalysts it is advantageous to use surfaces with an ordered
arrangement of the two elementsin order to get a fundamental insight into the manner
of action of such systems. While for studies of the metal/gas interface often ordered
bimetalic alloys are used, for studies at the metal/electrolyte interface such alloy
systems require a UHV-transfer system in order to control the surface composition
and order (1, 2). An dternative is the use of vicinaly stepped single crysta
electrodes, after step decoration with a second metal. In this way bimetallic metal
surfaces are obtained, on which striped domains of the substrate alternate with
monoatomic rows of the second component. In the case of stepped Pt single crystal
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electrodes with (111) terraces, step decoration can be easily controlled by monitoring
the suppression of the corresponding peaks in the cyclic voltammogramm for
hydrogen adsorption (3).

Decorating the steps of a Pt(332) electrode with Sn thus leads to a surface which is
much more catalytically active for CO oxidation than a Pt(111) electrode modified by
submonolayer amounts of Sn, because in the latter case Sn forms 2D idands after
adsorption of CO, whereas on the (332) surface, due to step decoration, the Sn atoms
are better and more homogeneously distributed (4-6). Up to 50% of the adsorbed CO
is oxidizable at 0.3 V, the oxidation potential of the residual adsorbate is hardly
shifted with respect to the pure Pt surface. Assuming that surface diffusion of CO is
fast, a bifunctional effect of Sn on the CO oxidation on this surface can thus be
excluded, because then all adsorbed CO should be oxidized at a lower potential.
Instead, Sn exerts an electronic effect on CO and forces part of it into a weakly
adsorbed state, which is more easily oxidized.

We have aso demonstrated that decoration of steps with Ru is possible as well (7, 8).
The oxidation of adsorbed CO at such a surface proceeds in only one oxidation peak
(around 0.5 V as compared to 0.7 VV on pure Pt), when the steps, and thus the rows of
Ru, are not more separated than by a5 atom wide terrace. When the distance between
the rows of Ru is larger (e.g. 10 Pt atoms) a further oxidation peak is observed at 0.6
V. We concluded that thisis due to CO adsorbed at some distance from the Ru, which
iS not subject to an electronic effect of Ru. The first oxidation peak, however,
corresponds to CO adsorbed in close vicinity of Ru where it is subject to such an
electronic effect (decreased adsorption enthalpy). The more positive oxidation peak is
still located at a much lower potentia than at pure Pt due to a bifunctional effect of
Ru; assuming again fast diffusion of adsorbed CO to Ru sites, the activation barrier is
decreased for both. In this way, also ternary surfaces can be prepared; further
decoration of the Ru/Pt(332) system, e.g. with Mo, led to a surface which is
catalytically more active than Ru/Pt(332) or Pt(332) (9).

Step decoration by catalytically inactive metals confirmed the importance of steps for
hydrogenation reactions, as in the case of Cu/Pt(332) for hydrogenation of benzene
(10). On the other hand, such a surface should also help in understanding geometric
effects. Since the diameter of a benzene molecule corresponds to approx. 3 Pt atoms,
its adsorption on a Pt(331) surface, with its only 2 atoms wide terraces might be
largely suppressed after step decoration by Cu or Ag. However, the benzene coverage
of ca 0.2 nmol cm? as determined by DEMS in pure supporting electrolyte after
adsorption at 0.3 V and electrolyte exchange, is similar to that of Pt(332) after step
decoration by Cu or Ag, and only reduced by 50% with respect to the undecorated
surface. Obvioudly, binding to only one row of accessible Pt atoms after step
decoration is sufficient for strong, irreversible binding (11).

As an dternative to obtaining a bimetallic surface with alternating atoms of a
catalytically active and inactive metal, Pd UPD-deposition on Au (332) isused in this
work. Underpotential deposition of Pd on smooth Au(111) surfaces has been
described by a number of authors (12-15).

EXPERIMENTAL

Disc-shaped gold single crystals (Metal Crystals and Oxides LTD, 10 mm diam.)
were prepared by flame annealing. After 2 minutes of annealing, they were
transferred to the electrochemical cell and cooled down for 4 minutes over deaerated



Millipore water in a controlled atmosphere of either ultra pure argon (99.999%, Air
Products) or in a reductive atmosphere of Ar:H, (2:1 vol.). After cooling, the quality
of the surface was checked by cyclic voltammetry in 0.1 M H,SO4 (Merck supra pur).
All measurements were made at room temperature. In some experiments the surface
quality was also controlled taking STM images. Examples are shown in fig. 1. It is
clear from these images that cooling in Ar leads to faceting of stepped surfaces
(smilar to P, see (16)), whereas after cooling in the hydrogen containing atmosphere
the step width is close to the nomina width. If the crystal is cooled in air, faceting is
even more pronounced and the terrace width gets larger, an effect that is evident in
older STM images (17).

0.45
L

2930nm

g, xw M MWMWM'MA
W

Ovvwwrwww«l

.45
L

T T
0 25.0 30.0
[l

nM

0.50

1.381 nm

o LA TN TTNY
AR AR AR A

-0.50

Fig. 1: STM-images of flame annealed Au(332). Top: 53 x 53 nm?, after cooling
down in Ar. Bottom: 28 x 28 nn’, after cooling in Ar:H, atmosphere.

Millipore water was used to prepare all the solutions. A reversible hydrogen electrode
(RHE) in 0.1 M H,SO, served as reference electrode for al the voltammetric
experiments, while a Pt wire was used in the STM-cell as quasi reference electrode.
The cyclic voltammograms were recorded in a glass cell in the hanging meniscus
arrangement. Solutions were deaerated with ultra pure argon.

Two kinds of solutions were employed for the Pd deposition in the UPD-regime,
namely one with chloride (0.1 mM PdCl, + 0.6 mM HCI + 0.1 M H,SO,) and one
chloride-free (0.1 mM PdSO, + 0.1 M H,S0,). PdSO,4-2H,0 and PdCl, were obtained
from Merck. The electrode was immersed at a potential of 1.16 V vs. RHE, where no
Pd deposition takes place, and the potential was cycled slowly (v = 1 mV/s) in the



cathodic direction until the UPD peak appeared. The charge under the UPD curve was
used as a measure of the amount of Pd deposited, taking Q = 440 uC cm? as the
equivalent charge for a full monolayer on the Au(111) surface. The integration was
performed with the trapezoidal rule. To attain fractional coverage, the potential was
stopped at a given value before the UPD peak was complete, breaking immediately
the contact with the electrolyte and rinsing the electrode with water. This method was
found to give more reproducible results than the selective dissolution of a previously
deposited full Pd monolayer.

At the end of any experiment involving Pd deposition, the electrode was cycled in a
solution containing 0.1 M H,SO,4 and 0.6 mM HCI at 50 mV/s between 0 and 1.7 V
until a steady response was attained, changing the electrolyte several times if
necessary. This procedure proved to be enough to dissolve all the deposited Pd,
leaving a clean gold single crystal that can be annealed and used again. Details of
differential electrochemical mass spectrometry (DEMS) are described elsewhere (18).

CO adsorption was performed for 3 min under potential control (0.35 V) using a CO-
saturated 0.1 M H,SO, solution. After adsorption, the cell was rinsed with supporting
electrolyte at the same adsorption potential. Scan was started cathodically to check
the suppression of the H ads/des signals between 0.30 V and 0.10 V. After that, the
positive switching potential was extended to 1.30 V.

RESULTS AND DISCUSSION

Fig. 2 summarises the cyclic voltammetry for Au(332) covered by varying amounts
of Pd. The pair of peaks at around 0.3 V corresponds to hydrogen adsorption and to
some extent to anion desorption. The anodic peak at 0.9 V is independent of the Pd
coverage whereas that above 1.0 V strongly depends on the Pd coverage. We,
therefore, conclude that the latter is due to oxygen adsorption on Pd (UPD) terraces
(and subsequent Pd dissolution) whereas the former is due to oxygen adsorption at
steps. Its independence on the Pd coverage signifies that Pd decorates the steps
indeed. If Pd islands on the Au terraces would form, their total edge length certainly
would vary with Pd coverage. The Pd/Au(111) surface only shows the second peak.
A further hint for step decoration is the height of the peak at 0.3V: at a coverage of
47% its height is only 1/3 of that of full Pd coverage. A plot of the peak current vs.
coverage and extrapolation to zero peak height shows that hydrogen adsorption
becomes appreciable only above a coverage of around 20%, which just corresponds
to a decoration of the step edges with one row of Pd atoms.

Hydrogen adsorption on Au electrodes is usualy not believed to occur. Recent
theoretical calculations have shown that the adsorption energy of hydrogen on Au is
much lower that that of Pd (19). On the other hand, hydrogen evolution observed
during formaldehyde oxidation in akaline solution on Au, Ag and Cu electrodes is
known to occur via adsorbed hydrogen (20). Adsorbed hydrogen on Ag is formed
during the injection of hot electronsin MIM structures (21). Recently, Stimming and
co-workers interpreted their results on hydrogen evolution at Pd clusters generated
from an STM tip by a spillover of hydrogen atoms onto the Au surface and their
subsequent recombination on Au (22). Therefore, we have also studied the hydrogen
evolution at the Pd decorating the steps of Au(332). The results are summarised in
fig. 3, which gives the current - voltage curves in a hydrogen-saturated sulphuric acid
solution at small overpotentials. Whereas at pure Au the exchange current density is
negligible, at surfaces covered by submonolayers of Pd it is more than twice that of



the exchange current measured at a surface covered by nearly 2 monolayers.
Interestingly, the current density hardly depends on the Pd coverage as long as it is
below one monolayer. At all surfaces, the scan rate had no influence.
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Fig. 2: First voltammetric cycle for Pd/Au(332) in 0.1 M H»SO,4 with different Pd
coverage. Starting potential 0.5V, scan rate of 5 mV/s. Pd was deposited from PdSO.
solution.

A higher catalytic activity of UPD Pd as compared to that of bulk Pd has already been
found by Kibler et al. and has been explained by the shift of the d-band centre. For
submonolayers of Pd on Au(111l) Stimming and co-workers have found that the
exchange current density is not proportional to the coverage of Pd on Au(111); when
normalised to the Pd coverage it decreases. This was interpreted by the spillover of
hydrogen atoms from Pd to the uncovered Au surface, where formation of H, takes
place more efficiently. This spillover of hydrogen atoms had already been suggested
to explain the large catalytic activity of Pd nanoclusters on Au (22).
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Fig. 3: Hp-evolution on Pd/Au(332) as a function of Pd-coverage. Current-voltage
curvesin 0.1 M H,SO, saturated with Hz, 25 mV/s (no effect of scan rate was found).

The independence of the reaction rate on coverage suggests that the rate of hydrogen
evolution is proportional to the total step length. Assuming step decoration, this
length does not vary with increasing Pd coverage on a stepped Au surface, whereas it
does vary with coverage on Au(111) surfaces due to a changing number and size of
Pd islands. Note that the step length isidentical to the length of the boundary between
Pd and Au as long as the coverage is below one monolayer. Therefore, this effect may
be due to a particular catalytic activity of Pd steps, or to the importance of the Pd-Au
boundary, which, assuming the hydrogen spillover to Au to be true, would limit the
overal rate.

The decrease of the catalytic activity after deposition of a second monolayer probably
has to be explained by an electronic effect. However, a change of the morphology
also has to be considered. In fig. 4, the STM images during deposition of a second
monolayer are shown. The result is a facetted surface; terraces become broader, but
they are not continuous in step direction. This has to be compared to overpotential
deposition of Pd on Au(111) which occursin alayer-by-layer growth mode, however,
the thicker the Pd layer, the less continuous the Pd layers are (12, 13, 15, 23, 24).

Oxidation of adsorbed carbon monoxide also demonstrates step decoration by Pd (fig
5). Differentia electrochemical mass spectrometry (DEMS) was used here in order to
distinguish the oxidation currents from (pseudo-) capacitive currents. On a surface
covered by 0.78 monolayer of Pd, a peak at 0.93 V and a shoulder at 1.1 V are
visible. When essentially only the steps are decorated by Pd (approx. 0.34
monolayers) only an oxidation peak at 1.1 V is visible, coinciding with the shoulder
observed for the higher Pd coverage. This latter peak corresponds, therefore, to CO
adsorbed either at Pd step sites or to sites in the direct vicinity of Au (steps of the



substrate). Since it is improbable that the neighbourhood to Au increases the
adsorption strength, we favour the interpretation that the more anodic peak
corresponds to CO adsorbed at step sites. Nevertheless, the oxidation may proceed at
step sites also from molecules adsorbed at terrace sites, i.e. oxidation may well gart at
steps. But CO molecules diffuse from terrace sites to the steps and quickly refill those
Sites.
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Fig. 4: Sequence of STM-images for Pd deposition from PdSO, solution on Au(332).
Top left: original surface; Top right: 1%. Pd layer is complete. Bottom: Growth of
subsequent layer. All potentials vs. Pt QRE. Areais 50 x 50 nm?.

Desorption of irreversibly adsorbed benzene on a Pd-modified Au(332) surface is
monitored by the DEMS experiment shown in fig 6. From a surface fully covered by
Pd, part of the adsorbate is desorbed during a potential sweep in the negative
direction without hydrogenation. Some residual benzene is displaced by adsorbing
oxygen in the subsequent anodic potential sweep. Qualitatively, a similar behaviour
had been observed for benzene adsorbed on polycrystalline Pd (25). When only the
steps are decorated by Pd, no benzene is desorbed at low potentials, but only in the
oxygen adsorption region. Oxidation to CO; is negligible in both cases. The obvious
interpretation is that benzene adsorbed at step sites is strongly adsorbed and is only
displaced by oxygen, whereas benzene at terraces is desorbable at low potentials.
Table 1 summarizes the results including the Au(111l) face. Note that from an



Au(111) electrode largely covered by Pd, nearly all of the benzene desorbs at low
potentials.
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Fig. 5: CO oxidation on Pd/Au(332) surfaces. a) Cyclic voltammogram (CV) after
CO adsorption, b) mass spectrometric cyclic voltammogram (MSCV) for m/z = 44,
corresponding to CO;,. Exg = 0.35V, v = 10mV/s, 0.10 M H,SO,. Left: 0.78 ML Pd,
right: 0.34 ML Pd.

Table 1.
Summary of DEMS results for benzene desorption on Pd/Au(332) and Pd/Au(111).
Surface G penzene / NMol cm
Hydrogen region Oxideregion
0.94 ML Pd/Au(332) 113.4 74.1
0.16 ML Pd/Au(332) 15.6 79.5

0.60 ML Pd/Au(111) 161.8 12.7
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