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The Role of Atomic Ensembles
in the Reactivity of Bimetallic
Electrocatalysts

F. Maroun,* F. Ozanam,} O. M. Magnussen, R. J. Behm

Bimetallic electrodes are used in a number of electrochemical processes, but the
role of particular arrangements of surface metal atoms (ensembles) has not
been studied directly. We have evaluated the electrochemical/catalytic prop-
erties of defined atomic ensembles in atomically flat PdAu(111) electrodes with
variable surface stoichiometry that were prepared by controlled electrodepo-
sition on Au(111). These properties are derived from infrared spectroscopic and
voltammetric data obtained for electrode surfaces for which the concentration
and distribution of the respective metal atoms are determined in situ by atomic
resolution scanning tunneling microscopy with chemical contrast. Palladium
monomers are identified as the smallest ensemble (“critical ensemble”) for
carbon monoxide adsorption and oxidation, whereas hydrogen adsorption re-

quires at least palladium dimers.

Electrocatalytic reactions are of central im-
portance in electrochemistry and play a vital
role in emerging technologies related to en-
vironmental and energy-related applications,
such as fuel cells. The efficiency and selec-
tivity of electrocatalytic processes can be
substantially improved by replacing mono-
metallic with bimetallic catalysts. For exam-
ple, the standard Pt electrocatalysts in poly-
mer electrolyte membrane fuel cells are now
being replaced by PtRu and PtMo alloys. The
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development of these bimetallic catalysts has
been based primarily on empirical grounds.
However, a detailed knowledge of the phys-
ical origins underlying the improvements in
catalytic performance has been lacking so far.

Three explanations have been put forward
for the higher activity of bimetallic catalysts:
(i) Each metal component could promote dif-
ferent elementary reaction steps, leading to a
“bifunctional mechanism” (7). (ii) Electronic
effects resulting from interactions between
the two metals could improve reactivity (2).
(iii) The concept of geometric ensemble ef-
fects (specific groupings of surface atoms are
required to serve as active sites), developed in
heterogeneous gas-phase catalysis (3), has
also been suggested for electrocatalysis (4).
However, the direct experimental verification
or quantitative assessment of the relative con-
tributions of these effects has not been pos-
sible up to now. The lack of data on the local
atomic arrangement at the surface, both for
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real supported electrocatalysts and for model
systems, prevented an unambiguous interpre-
tation of electrochemical and spectroscopic
data (5).

To clarify these effects, we have devel-
oped a simple and robust method for the
controlled preparation of surface alloys with
well-defined surface composition and flat to-
pography under in situ conditions and identi-
fied two different species in a mixed, disor-
dered metal surface by in situ scanning tun-
neling microscopy (STM) (“chemical resolu-
tion”). This allowed us to determine critical
ensembles for H adsorption and CO adsorp-
tion and oxidation on PdAu(111) electrode
surfaces, which show distinct differences in
their chemical properties as compared with
bulk Pd or Pd monolayer—covered Au(111)
electrodes.

In previous electrochemical studies of
(surface) alloys, the electrodes were prepared
ex situ under ultrahigh-vacuum (UHV) con-
ditions or in a controlled atmosphere and then
transferred into the electrochemical environ-
ment (6, 7). A much simpler preparation
method is to electrodeposit the two (or more)
alloy components simultaneously (codeposi-
tion). Unfortunately, the deposit in this case
sensitively depends on a rather large number

Fig. 1. (A to D) In situ STM images
of PdAu alloys electrodeposited on
Au(111). (A) The morphology of a
one-ML Pdj,Aug; alloy film. (B)
The same surface as in (A) after
10-min selective dissolution of Pd
at 0.75 Vag/agar in solution con-
taining 10~2 M CI". [(C) and (D)]
Atomic resolution images with
chemical contrast of (C) Pd,,Aug,
and (D) Pd,cAug.. Pd atoms ap-
pear larger and gepending on tun-
neling conditions, brighter or dark-
er than Au atoms. (E) Surface cov-
erages of Pd monomers, dimers,
and trimers, as obtained from
atomically resolved STM images
(4000 alloy surface atoms were
analyzed for each Pd content), the
values expected for a random dis-
tribution (thin black bars) (27), as
well as corresponding H and CO
coverages, derived from the elec-
trochemical data. The error bars
correspond to the statistical errors
for 8,4 ensempler TO the uncertain-
ties in 6,, due to double-layer cor-
rection and sulfate coadsorption
(29), and to the errors in deter-
mining the CO oxidation charge
for 6, respectively.

Coverage %
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of parameters, such as metal-ion concentra-
tions, deposition potential or current, and
mass transport, which makes the reproducible
and precise control of alloy composition and
morphology difficult. For a more robust prep-
aration procedure, we therefore codeposit
the alloy components in a potential regime
where the deposition rate is determined
solely by the mass transport of the metal
ions toward the electrode surface, i.e.,
where metal-ion reduction at the electrode
surface occurs much faster than ion trans-
port in the solution. This deposition proce-
dure allows an accurate control of the com-
position and the amount of deposited ma-
terial by simply adjusting metal-ion con-
centrations and deposition time.

The resulting bimetallic films exhibit a flat
morphology with large, flat terraces separated
by monoatomic steps, as shown for a one-
monolayer (ML)-thick Pd,,;Au,;, alloy film de-
posited on a Au(111) single crystal (8) (Fig.
1A). The Au substrate is almost completely
covered by such flat deposits. Thicker deposits
(up to three MLs) exhibit a similar morphology.
This flat morphology of the PdAu deposits on
Au(111) is not surprising because the first two
MLs of pure Pd (9-11), as well as homoepi-
taxial Au films (12), both follow a layer-by-

Pd;Aug;

Pd,5Augg

layer growth on Au(111). The Pd content of
these films can be determined in a simple
way by selective dissolution of the less
noble alloy component (Pd) at an adequate
electrode potential. Stepping the electrode
potential to 0.75 Vs, in the presence
of CI” in the solution resulted in the forma-
tion of monoatomically deep holes in the
terraces (Fig. 1B). These holes result from
the formation of vacancies caused by Pd
dissolution and subsequent vacancy coales-
cence. The vacancy coverage yields a Pd
concentration in the alloy of ~8 * 2%,
very close to the value (7.5%) expected
from Pd and Au concentrations and diffu-
sion coefficients in the solution. The uni-
form distribution of the vacancy islands
indicates a homogeneous alloy stoichiome-
try on the submicrometer scale.

Although STM has been used under UHV
conditions to resolve atomic arrangements of
alloy surfaces (/3-16), atomic-scale data on
the local composition of alloy surfaces have
not been reported so far in an electrochemical
environment. Alloy formation during metal
electrodeposition was concluded from mor-
phological changes in the substrate after dis-
solution of the overlayer (/7, 18) or after
selective dissolution of one alloy component
as in Fig. 1B (6), but not resolved on the
atomic scale (19).

The atomic resolution images shown in
Fig. 1, C and D, resolve two types of atoms
with different apparent heights and shapes.
They are arranged in a hexagonal lattice with
a lattice spacing equal to that of Au(111).
These different features are attributed to Pd
and Au atoms, with the majority species cor-
responding to Au, because the amount of
minority species increases with increasing
Pd-ion concentration in the solution. From
the density of these features, we calculate
surface compositions of Pdy,Au,; and
Pd, ;Aug,, respectively, in excellent agree-
ment with the expected values.

These STM images allow us to distinguish
the surface atomic arrangement in the elec-
trochemical environment. The chemical con-
trast STM images show that a single, uniform
PdAu alloy phase with a disordered metal-
atom arrangement is deposited under these
conditions. No phase separation in Pd and Au
domains occurs, in good agreement with ther-
modynamic data [mixing enthalpy for Pd in
bulk Au, —0.36 eV/atom (20)]. More impor-
tant, the density of Pd atom ensembles in the
surface, such as monomers, dimers, and tri-
mers, can be assessed from a detailed statis-
tical analysis of the images. The coverages of
the most frequently observed surface ensem-
bles for Pd,,Au,, and Pd, ;Aug are plotted in
Fig. 1E. The plots show higher concentra-
tions of Pd monomers as compared with ran-
dom distributions (Fig. 1E, thin bars) (21),
equally reflecting the energetic preference for
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Pd-Au bonds. Likewise, the density of dimers
and trimers appears to be lower than expected
(22).

We combined this microscopic informa-
tion with macroscopic measurements of
electrochemical adsorption and desorption
of H and of CO monolayer oxidation on
these mixed-electrode surfaces. H adsorbs
on Pd electrodes in the range between —0.2
Vagage and 0.15 V., positive to the
onset of H, evolution, whereas no H adsorption
is observed on Au. Current-potential curves of
PdAu surface alloys (Fig. 2B) indicate a H
adsorption behavior in between that of bare
Au(111) and ultrathin Pd films on Au(111)
(Fig. 2A). With increasing Pd surface concen-
tration, two pairs of adsorption/desorption
peaks gradually emerge—a rather sharp peak
around 0 V., (a-peak) and a broader one
around —0.1 V, . (B-peak}—which are
similarly observed on Pd(111) (23-25) or Pd
deposits on Au(111) (9) and Pt(111) (26, 27),
although with different current ratios. The po-
sitions of these peaks shift toward positive po-
tentials with increasing Pd concentration, which
may result from different adsorption sites or
from differences in the electronic structure of
the binding surface atoms caused, for exam-
ple, by increasing Pd coordination [the so-
called ligand effect (28)]. The coverage 6, of
adsorbed H can be derived by the integration
of the current peaks. However, the resulting
values should be regarded as an upper limit
because of contributions of other electro-
chemical processes (29). Comparison of 0
with the coverages of Pd ensembles (Fig.
1E) shows that Pd monomers in a PdAu
alloy are not able to adsorb H. In addition,
H adsorption on Pd dimers and larger en-
sembles is required in order to account for
the measured 0.

In a similar way, we investigated the ox-
idation of adsorbed CO, which also adsorbs
on bulk Pd, but not on Au(111) electrodes.
Current-voltage curves of CO-presaturated
PdAu alloy electrodes (Fig. 2C) show a
distinct CO oxidation peak around 0.85
A\ Ag/AgCD whose charge increases almost
linearly with Pd surface content. The peak
potential is positively shifted as compared
with both Pd monolayer deposits on
Au(111) and bulk Pd(111), where it is cen-
tered around 0.78 V.., (Fig. 2A) and
0.64 V .,/ qcr> Tespectively (23). This shift
already indicates that the Pd surface atoms
in the alloy are chemically different from
those in a Pd film or bulk Pd.

Further information on CO adsorption and
oxidation can be obtained from in situ Fourier
transform infrared (FTIR) spectroscopy (Fig.
2D). Spectra of CO-covered alloys with dif-
ferent Pd contents show characteristic peaks
at about 2055 and 1910 cm™!, which are
typical for linearly and bridge/threefold
bound CO adsorbed on metal surfaces. The
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peak with opposite sign at 2345 cm™! corre-
sponds to CO, in the electrolyte, produced by
CO oxidation. The CO high-wavenumber
peak first increases in intensity up to 22% Pd
surface content, then decreases, and reaches
essentially zero intensity for a pure Pd deposit
(three-ML Pd film), whereas the low-wave-
number peak emerges at 22% Pd surface con-
tent only, and increases substantially at higher
Pd content, reaching its maximum intensity for
pure Pd films. The CO, peak increases linearly
with Pd content in the alloy. To account for the
CO, IR intensities and CO oxidation charges at
low Pd contents (7 or 15%), CO must adsorb on
the majority of the Pd atoms. Because the den-
sity of larger Pd ensembles is too low at these
Pd contents, Pd monomers in a Au matrix
represent the smallest (“critical”’) ensemble size
for CO adsorption. The single, high-wavenum-
ber CO IR peak indicates an on-top geometry
for CO adsorption on these monomers. The

ratio of the CO IR absorption intensity at 7% Pd
content to that at 15% (7:10) suggests that only
CO adsorbed on monomers contributes to this
peak. On larger ensembles, CO adsorbs in mul-
tifold sites, as shown by the data at Pd contents
larger than 15%, where the emergence of a
substantial surface concentration of larger Pd
ensembles coincides with the appearance of the
low-wavenumber IR peak, which resembles
that observed on Pd(111) at CO saturation cov-
erage (23).

Our studies show that (i) the critical
ensemble for CO adsorption on PdAu(111)
surface-alloy electrodes is a Pd monomer,
(ii) H adsorption from H™* is not possible
on Pd monomers but requires Pd dimers
and larger ensembles, and (iii) the chemical
properties of small Pd ensembles can differ
distinctly from those of ML films or, even
more pronounced, of bulk Pd. The ap-
proach used in the present work is applica-
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Fig. 2. (A) Dynamic current-voltage curves (10 mV/s) of bare Au(111) and ~three-ML Pd films on
Au(111) in 0.1 M H,SO, before and directly after CO preadsorption. (B and C) Current-voltage
curves of ~three-ML PdAu alloy films on Au(111), obtained under the same conditions as in (A).
Solid and dashed curves in (C) correspond to the first and second cycle after CO adsorption. (D)
FTIR absorbance spectra of PdAu alloys. Spectra (~2-min integration time), recorded at O Vag/agct
on a CO-presaturated surface, are subtractively normalized to those recorded at 0.9 Vag/agc after
CO oxidation. IR measurements were made in an external reflection geometry with a CaF, prism,
a Hg Cd,_,Te detector, and a FTS6000 Bio-Rad spectrometer.
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ble for a wide number of bimetallic sys-
tems, opening up new perspectives for
studying and understanding electrochemi-
cal reactions on bimetallic surfaces on a
microscopic scale and establishing an
atomic-scale mechanism of electrocatalytic
reactions.
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Mantle Flow Beneath a Continental
Strike-Slip Fault: Postseismic
Deformation After the 1999

Hector Mine Earthquake

Fred F. Pollitz,* Chuck Wicks, Wayne Thatcher

Two recent large earthquakes in the Mojave Desert, California—the magnitude
7.3 1992 Landers and magnitude 7.1 1999 Hector Mine earthquakes—have
each been followed by elevated crustal strain rates over periods of months and
years. Geodetic data collected after the Hector Mine earthquake exhibit a
temporally decaying horizontal velocity field and a quadrant uplift pattern
opposite to that expected for localized shear beneath the earthquake rupture.
We interpret the origin of this accelerated crustal deformation to be vigorous
flow in the upper mantle in response to the stress changes generated by the
earthquake. Our results suggest that transient flow in the upper mantle is a
fundamental component of the earthquake cycle and that the lower crust is a
coherent stress guide coupling the upper crust with the upper mantle.

Mineral physics dictates that beneath the con-
tinental upper crust, the temperature of rocks
is sufficiently high that the underlying lower
crust and mantle flow through various solid
state creep mechanisms (/—4). The mechan-
ics of stress evolution in Earth’s continental
crust remain to be resolved. Central issues are
whether strain accumulation in continental
shear zones is driven by thick bounding
blocks or by localized shear beneath the
faults, whether the lower crust flows more or
less readily than the upper mantle, and wheth-
er faults penetrate to depths substantially
greater than seismogenic depths (~15 km in
the western United States). Postseismic read-
justment of the crust after the 16 October
1999 Hector Mine earthquake (Fig. 1A) car-
ries large signals from potentially deep flow
processes, and observations of this readjust-
ment can characterize its mechanism, as well
as yield clues to the rheology of the lower
crust and upper mantle.

We analyzed synthetic aperture radar (In-
SAR) and Global Positioning System (GPS)
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data collected during the first 9 months after
the Hector Mine earthquake (Figs. 1, B, C.
and E, and 2, A and B) to determine the
postseismic surface velocity field. The Hec-
tor Mine earthquake involved about 2 m of
right-lateral slip along a 40- to 50-km-long
fault (3, 6), and the event altered the rate and
pattern of regional aseismic crustal deforma-
tion. The InSAR data recorded range change,
the change in distance between Earth’s sur-
face and an orbiting satellite (7, 8), during the
9-month postseismic epoch. The measured
range change is attributed primarily to verti-
cal movement of Earth’s surface but is also
affected by horizontal movements. A total of
three image pairs, covering three different
time periods over the first 9 months of the
postseismic epoch, were used to construct the
interferograms (Fig. 1, B, C, and E) (9). GPS
data carry independent information about
horizontal and vertical movements, but we
restrict our analysis to the horizontal velocity
field changes because of their relatively small
errors.

Postseismic InSAR deformation exhibits lo-
cal, near-fault motions, but here we focus on the
long-wavelength signal (>~30 km), which ex-
hibits a quadrant pattern. This pattern is similar
for the three depicted time periods, as shown by
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