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ABSTRACT: We have studied the effect of nanostructuring in Pt monolayer model electrocatalysts on a Rh(111) single-crystal
substrate on the adsorption strength of chemisorbed species. In situ high energy resolution fluorescence detection x-ray absorption
spectroscopy (HERFD XAS) at the Pt L; edge reveals characteristic changes of the shape and intensity of the “white-line” due to
chemisorption of atomic hydrogen (H,4) at low potentials and oxygen-containing species (O/OH,4) at high potentials. On a uniform,
two-dimensional Pt monolayer grown by Pt evaporation in ultrahigh vacuum (UHV), we observe a significant destabilization of
both H,4y and O/OH,4 due to strain and ligand effects induced by the underlying Rh(111) substrate. When Pt is deposited via a wet-
chemical route, by contrast, three-dimensional Pt islands are formed. In this case, strain and Rh ligand effects are balanced with
higher local thickness of the Pt islands as well as higher defect density, shifting H and OH adsorption energies back towards pure
Pt. Using density functional theory (DFT) we calculate O adsorption energies and corresponding local ORR activities for fcc three-

fold hollow sites with various local geometries that are present in the three-dimensional Pt islands.

1. INTRODUCTION

Bimetallic catalyst materials are of great interest due to their
wide variability of the electronic structure that allows for “tun-
ing” of the catalyst affinity to various reaction intermediates.
Such a tuning is needed in particular for the oxygen reduction
reaction (ORR) in fuel cells, where a significant reduction of
Pt loading is essential for economic viability. For transition
metal catalysts, the effect of bimetallic interactions can be
rationalized with a shift of the d-band center' that is induced
by the lattice expansion or compression (strain effect)* and by
orbital interactions between the two different metals (ligand
effect).*® The d-band shift corresponds to a change of the d
occupancy and therefore directly affects the metal-adsorbate
bond strength via the population of antibonding states.* Due
to linear relationships between the d-band shift and adsorption
strength of various intermediates, the ORR activity can be
simply modeled by considering only one intermediate, e.g.
O,4, as “descriptor”, and a volcano-type relation between ad-
sorption strength and electrocatalytic activity has been estab-
lished using density functional theory (DFT).”* Nevertheless it
remains challenging to confirm the underlying assumptions
regarding structure and bonding at the catalyst surface with in
situ experiments in a condensed electrolyte.

Pt—O interactions can be probed via O ls core-level spec-
troscopies,” but the low x-ray energies used in these tech-
niques restrict the sample environment to ultrahigh vacuum
(UHV) or low-pressure (~5 torr) gas. By contrast, high-energy
x-rays used in absorption spectroscopy at the Pt L edges can

readily penetrate liquid electrolytes.'” ' Recently, we demon-

strated that high energy resolution fluorescence detection x-
ray absorption spectroscopy (HERFD XAS) at the Pt L; edge,
applied to a well-defined Pt monolayer on a Rh(111) substrate,
is a surface sensitive probe of Pt—O surface interactions that
can unambiguously differentiate between the chemisorption of
oxygen-containing species and surface oxide formation.”
Moreover, the nature of Pt oxides and their formation mecha-
nism at high potentials was found to be strongly influenced by
the underlying metal substrate.”

By systematically studying Pt monolayers on a variety of
M(111) substrates with HERFD XAS, we can directly probe
the oxygen affinity of Pt “skin” layers under different strain
and ligand effects; this is an important experimental comple-
ment on adsorption enthalpy calculations used in the volcano
plot. In comparison of the latter with experimentally deter-
mined ORR activities for a number of bimetallic systems in-
cluding Pt monolayer catalysts,® we note two important char-
acteristics: first, with the exception of the more recent devel-
opment of Pt;Sc and Pt;Y catalysts, the materials near the top
of the volcano are alloys of Pt with late 3d transition metals,
which can be unstable under fuel cell operating conditions due
to dissolution of the non-noble component. Second, it is re-
markable that some model -catalysts, i.e. Pt/Au(111),
Pt/Ir(111), Pt/Rh(111) and Pt/Ru(0001),>* appear much more
active than predicted theoretically. This raises the question
whether an additional catalyst design criterion besides ligand
and strain effects can alter the oxygen adsorption energy, en-
hancing the ORR activity for these systems.
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Here, we show that such an enhancement can be due to
three-dimensional nanostructuring of the Pt monolayer, which
has not been accounted for in the previous studies, thus vali-
dating the theoretical predictions. Using the example of
Pt/Rh(111), we compare electrochemical and in situ HERFD
XAS measurements in 0.01 M HCIO, electrolyte of two sam-
ples obtained with different Pt deposition techniques resulting
in a uniform two-dimensional (2D) Pt layer and three-
dimensional (3D) Pt islands, respectively. Most remarkably,
we find almost complete absence of electrochemical and spec-
tral signatures of O/OH,4 and H,y on 2D Pt/Rh(111), which
directly confirms the significant down-shift of the Pt 54 band
that leads to 0.6 eV weaker O adsorption. The same vertical
ligand and strain effects also weaken O and H adsorption on
3D Pt/Rh(111) but are partially compensated in a large num-
ber of adsorption sites with locally higher Pt thickness and
under-coordinated Pt atoms at island edges and corners. We
establish a linear scaling relationship for the oxygen adsorp-
tion energy where local Pt thickness and under-coordination
effects can be described in a single parameter. For 3D Pt mod-
el islands whose structural parameters are compatible with the
extended x-ray absorption fine structure (EXAFS) measured
on 3D Pt/Rh(111), we find a wide-spread range of site-specific
contributions to the ORR activity whose average is in reason-
able agreement with an RDE measurement on Pt/Rh(111).**
We predict that tailored 3D Pt/Rh(111) nanostructures with
increased occurrence of the most active sites could exhibit
strongly enhanced ORR activity.

2. EXPERIMENTAL DETAILS

2.1. Sample preparation. An 8 mm diameter commer-
cial Rh(111) single-crystal (Surface Preparation Laboratory,
Zaandam, The Netherlands) was cleaned under ultrahigh vac-
uum by repeated sputtering and annealing cycles. A home-
built evaporator with resistive heating was used to deposit the
Pt film while the sample temperature was held at ~600 K. The
Pt coverage was monitored using changes in the CO thermal
desorption spectra from the Pt/Rh(111) surface. During the
deposition, Pt atoms are incorporated into the topmost Rh lay-
er to form a surface alloy with increasing Pt content and, even-
tually, a pure two-dimensional Pt overlayer. In a previous
study by Duisberg et al., it was confirmed with ion scattering
spectroscopy (ISS), which strictly probes only the first atomic
layer, that the surface Pt content reaches 100% before Pt at-
oms nucleate in a second layer.”

For the redox displacement of a Cu monolayer with Pt, the
Rh(111) single crystal was prepared by flame annealing and
subsequent cooling in a H,/N, (5:95) atmosphere. The crystal
was then transferred into a nitrogen-filled glovebag where it
was mounted in a hanging meniscus flow cell which allows for
a rapid exchange of the electrolyte under potential control. A
single linear potential sweep was then started from +0.4 V
(Ag/AgCl) in 1 mM CuSO, + 0.05 M H,SO, solution at a scan
rate of 10 mV/s in the cathodic direction, and the current peak
arising from Cu underpotential deposition®**’ (upd) was moni-
tored. Immediately after the completion of the Cu upd peak,
i.e., deposition of 1 ML Cu, the cell was flushed with the Cu-
free supporting electrolyte (0.05 M H,SO,). Meanwhile, the
cathodic potential sweep was continued to a final value of -0.4
V in order to prevent any dissolution of the Cu monolayer. In
analogy to previous experiments”*’ which used the stabiliza-
tion of a Cu upd layer on Au(111) in Cu-free electrolyte, we
are able to verify with cyclic voltammetry that the Cu layer

remains stable and has the desired coverage of 1 ML. After the
deposition of 1 ML Cu and its stabilization in Cu-free support-
ing electrolyte, the Rh(111) sample was quickly transferred to
a glass beaker where the polished surface was exposed to the
Pt deposition solution (1 mM K,PtCl, + 0.05 M H,SO,) for ca.
30s.

2.2. In situ x-ray electrochemical cell. Subsequent to
the Pt deposition, the sample was mounted into an in situ x-ray
electrochemical cell. Two different setups have been used in
this study. A “thin layer” cell similar to setups which have
been used earlier for electrochemical surface x-ray diffraction
studies” was used with 6 pm mylar foil (Goodfellow) as x-ray
window. The cell can be deflated to minimize the x-ray path
length through the electrolyte solution. A disadvantage of this
setup is the limitation of mass transport due to the thin electro-
Iyte layer. We circumvented this problem by limiting the po-
tential window to a range where the electrochemical currents
under potentiostatic conditions are low. Furthermore, for every
change of the potential the cell was inflated in order to provide
a thick electrolyte layer above the sample. At each new poten-
tial value, the cell was kept inflated for at least 15 min in order
to allow for potential-induced phase transitions to complete
under thick-layer conditions before returning to the thin-layer
mode for the next XAS measurement. Faster potential changes
and higher electrochemical currents can be achieved in our
“droplet” hanging meniscus cell,” where a thick electrolyte
layer is provided throughout the x-ray measurement. Both
cells provide a three-electrode configuration with Pt wire as
the counter electrode and a leak-free Ag/AgCl reference elec-
trode. All electrode potentials were converted to the scale of
the reversible hydrogen electrode (RHE).

All electrolytes were made from high-purity chemicals
(70% HCIO,, Trace Select Ultra, Sigma-Aldrich and 95%
H,SO,, Trace Select, Sigma-Aldrich; 99.999% CuSO,-5 H,0,
Sigma-Aldrich) and ultrapure water from a Millipore Gradient
system.

2.3. X-ray absorption spectroscopy. All in situ x-ray
absorption spectra were measured at the Stanford Synchrotron
Radiation Lightsource (SSRL). At Beam Line 11-2, EXAFS
measurements were carried out with conventional fluorescence
detection using a large 30-element Ge solid state detector.
HERFD-XANES measurements were performed at SSRL
Beam Line 6-2 using a Si(111) monochromator in combina-
tion with a Rowland circle analyzer’' consisting of three
spherically bent Ge perfect crystals (R=1 m). The crystals
were aligned in a backscattering geometry using the (660)
Bragg reflection at 80.0° to select the Pt Lo, fluorescence line
(9442 eV). The combined resolution of the monochromator
and analyzer as determined by measuring the elastic scattering
was 1.6 eV. Assuming an intrinsic monochromator resolution
of ~1.3 eV the analyzer resolution is estimated to be ~1 eV.

For all XAS measurements, the incidence angle of the x-ray
beam to the Pt/Rh(111) surface was adjusted to the critical
angle for total external reflection, thereby enhancing the fluo-
rescence intensity up to fourfold.”” The orientation of the elec-
tric field vector of the incident beam was perpendicular to the
surface normal.

For the EXAFS data analysis, SIXPack™ was used for back-
ground subtraction, spline fitting and least-square fitting of the
Fourier-transformed EXAFS signal. Backscattering phase and
amplitude functions required for fitting of spectra were ob-
tained from FEFF 6.**
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2.4. Computational methods. All HERFD XAS calcu-
lations were carried out using the FEFF 8.4 program, which
employs a full multiple-scattering formalism.” By using the
"NOHOLE" card, potentials and phase shifts were calculated
assuming complete screening of the core-hole, resulting in
better agreement with experimental white-line intensities. This
is fully consistent with previously reported FEFF results on
transition metal L, and L, edges.'*” The line-sharpening
effect observed in HERFD was modeled by reducing the theo-
retical lifetime broadening by 1.75 eV using the
"EXCHANGE" card. This value was determined by compar-
ing the computed XANES spectrum of a clean Pt/Rh(111)
surface with an experimental spectrum at a potential corre-
sponding to the double-layer region, namely £=+0.4 V. More
detailed information about the model structures and input pa-
rameters for the FEFFS8 calculations are provided in the Sup-
porting Information.

2.5 DFT calculations. All DFT calculations were per-
formed using GPAW***" within the ASE environment* using
the RPBE functional for exchange and correlation.” The
standard PAW setups and double-zeta polarized basis set pro-
vided with GPAW were used.* We used a grid spacing of
0.18A, and a Brillouin zone sampling of 2x2 k-points along
the periodic directions. O adsorption energies were calculated
on small Pt clusters supported on the (111) fcc surface of Rh.
The cluster adheres to the surface such that the Pt atoms all
coincide with substrate lattice sites. The lattice constant was
optimized with the Rh substrate using a separate DFT calcula-
tion. O binding energies were calculated on each fcc hollow
site on the (111) plane of the Pt cluster. No geometry optimi-
zation has been used. The O atom was always kept at a dis-
tance of 2.07 A from the neighboring Pt atoms. The unit cell
for the fcc surface of Rh contains 8 by 8 atoms in an ortho-
rhombic cell and has 5 layers. SA of vacuum is added be-
tween the non-periodic cell boundary and the atom closest to
that boundary.

3. RESULTS AND DISCUSSION

It is well-known that the fabrication of well-defined metal
monolayers can be challenging, especially in the case of Pt
which in general, due to its high surface energy,45 is likely to
tend towards a Volmer-Weber growth mode rather than the
desired fully two-dimensional growth of one monolayer.
However, on substrates with higher surface energies than Pt,
such as Rh, Ru or Ir,45 one would expect a growth mode of
either the Frank-van der Merwe or Stranski-Krastanov type to
be favored, i.e. at least up to a coverage of 1 ML, Pt would
grow in a single 2D layer. The latter has been confirmed for
the growth of Pt under UHV conditions on Rh(lll)25 and
Ru(0001).* While a well-defined 2D Pt monolayer was suc-
cessfully prepared in ultrahigh vacuum (UHV) by Pt vapor
deposition, we discovered that 3D island growth occurs when
an electrochemical preparation is chosen, which consists of the
redox displacement of an underpotential deposited (upd) Cu
monolayer.”*"’

The morphology of the deposited Pt layers on Rh(111) was
determined for both UHV and electrochemically prepared
samples using in situ Pt Ly extended x-ray absorption fine
structure (EXAFS), recorded at potentials close to hydrogen
evolution. The Fourier transformed EXAFS magnitudes for
both samples are shown in Figure 1a and b. Least-square fit-
ting with Pt-Pt and Pt-Rh nearest-neighbor coordination
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shells gives coordination numbers (Table 1) that can be used
to determine the film morphology. For the vapor deposited
sample, we found very good agreement with a pseudomorphic
Pt layer of 1 ML thickness which uniformly covers the Rh
surface. In contrast, the significantly smaller Pt-Rh coordina-
tion number in the redox-displacement sample indicates the
three-dimensional nature of the deposit where only ~50% of
the Pt atoms are in direct contact with the Rh substrate. Since
the Pt—Pt coordination number, at the same time, is also signif-
icantly below values that would be expected for a uniform
bilayer or multilayers, there must be a large number of under-
coordinated Pt atoms. The observed coordination numbers can
be explained with a model structure consisting of three-
dimensional islands. After a detailed consideration of various
island model structures (Supporting Information) we find
agreement with the EXAFS results for 3D Pt/Rh(111) within
experimental error bars for islands of which the most range
from two to four layers thickness and ~1 to ~4 nm lateral
width. This range of island widths is in very good agreement
with the sizes of Pt islands that can be seen in an in situ STM
measurement’  of Pt/Rh(111), where the same redox-
displacement technique was employed.

Table 1: In situ EXAFS fitting results

Pt-Pt Pt-Rh R factor
2D Pt/Rh(111)* 0.0282
N 6.5+0.8 3.240.7
R(A) 2.72+0.02 2.72+0.02
o*(A? 0.005 0.005
3D Pt/Rh(111)° 0.0238
N 7.3+0.7 1.4+0.5
R(A) 2.74+0.02 2.68+0.05
o*(A? 0.005 0.005

“Data range: k&=3.0-9.8 A™".
®Data range: k=3.0-9.5 A,

The near-edge region (XANES) of Pt L; spectra shows a
characteristic absorption maximum (“white-line”) due to
2p—>5d transitions and thus provides a probe of the unoccu-
pied part of the Pt 54 band.**** The information about the en-
ergy distribution of unoccupied d states is limited by the Pt 2p
core hole lifetime broadening, but significantly sharpened
spectral features can be obtained in the High Energy Resolu-
tion Fluorescence Detection (HERFD) mode’® which we
used in our experiment. The HERFD technique, together with
the use of well-defined single-crystal samples and sufficiently
large model structures in the multiple-scattering computations,
eliminates uncertainties in the interpretation of in situ XAS, in
particular at high electrochemical potentials where contradic-
tory models of Pt-O interactions have been proposed.'' >’
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Figure 1. Morphology determination for Pt/Rh(111) using
EXAFS. Fourier transforms of measured in situ EXAFS, fitting
results for (a) UHV evaporated Pt/Rh(111), (b) Pt/Rh(111) pre-
pared by redox displacement of a Cu upd layer. Bottom of (a) and
(b): schematic structure models.

HERFD XAS spectra of both samples in N,-saturated 0.01
M HCIO, (Figure 2) were recorded in sifu in order of increas-
ing potential with respect to the reversible hydrogen electrode
(RHE). After increasing the potential to 1.1 V and higher val-
ues, both samples consistently show a strong broadening and
intensity increase of the white-line and intensity decrease at
energies just above the white-line region, which we identified
earlier as unambiguous signature of Pt oxide formation.”” Be-
sides, the two samples show significant differences, both in
the overall white-line intensities that are generally larger for
the 2D Pt layer (Figure 2a), as well as in the potential-
dependent changes of white-line shape and intensity. Addi-
tional changes can be seen for the 3D Pt islands (Figure 2b) in
two potential regions. At potentials close to hydrogen evolu-
tion, a reduction of the peak intensity together with a signifi-
cant shoulder on the high energy side (~11570 eV) of the
white-line is caused by chemisorbed H. A subtle increase of
the peak intensity at 11566 eV occurs at potentials just below
1.1 V, which is due to O or OH adsorption. As shown in Fig-
ure 3a, this interpretation of the spectral changes can be quali-
tatively confirmed with ab initio multiple-scattering calcula-
tions on model structures of H/Pt/Rh(111) and O/Pt/Rh(111)
using the FEFF8 code.” It is important to note that O chemi-
sorption causes only an increase of the peak at 11566 eV with
no significant broadening. This is in strong contrast to the
spectral signatures of Pt oxides (Figure 3b), where the white
line has much higher integrated intensity and is shifted to-
wards higher energy.

The assignment of the Pt—H signature is also in agreement
with previous studies where Pt nanoparticles were used in the
measurements, although the corresponding FEFF calculations
were employing a very small Pt cluster.”’

(a)
3

Normalized absorption

0

11564 11568 11572 11564 11568 11572
Energy (eV) Energy (eV)

Figure 2. In situ Pt L; HERFD XAS for 1 ML Pt/Rh(111) in 0.01
M HCIOy: (a) 2D Pt film, (b) 3D Pt islands. Spectra were record-
ed in the order of increasing electrochemical potentials.
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Figure 3. Calculated HERFD XAS, using the FEFF8 code, for
clean, H,4- and O,¢-covered Pt/Rh(111).

In order to represent the measured spectral changes quanti-
tatively, we performed a deconvolution using an arctangent
function to model the absorption edge and two Gaussian pro-
files to represent the white-line peak, respectively. We kept
the energy position of each component and the width and step
height of the arctangent function at fixed values and allowed
only the widths and intensities of the Gaussian functions to
vary with the potential. For all spectra, good fitting results
with reduced »° values better than 0.0006 could thus be ob-
tained. The results for both samples including their uncertain-
ties are shown in Figure 4. The white line for both samples at
potentials below 1.1 V can be fitted with a sharp “main” peak
at ~11566 eV and a broad peak at 11568.4 eV representing the
high-energy shoulder. At 1.1 V, Pt oxide formation causes the
higher energy component to become significantly sharper and
more intense, and upon further potential increase it eventually
exceeds the intensity of the component at lower energy.
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Figure 4. Deconvolution of in situ HERFD XAS of Pt/Rh(111) in
0.01 M HCIO,. While only the Pt metal-to-oxide transition can be
identified for the 2D Pt layer (a), the 3D deposit (b) shows addi-
tional spectral signatures due to H,y and O/OH,. Three
representative fitting results for 3D Pt/Rh(111) are shown in (c)
using the same colors as in (b) for the peak areas, and a gray line
for the arctangent function.

Two additional phase transitions with more subtle spectral
features appear on the 3D Pt islands: at low potentials, the
signature of chemisorbed hydrogen can be clearly seen in the
depressed peak at 11566 eV and stronger peak at 11568 eV,
and a subtle increase of the component at 11566 eV as the
potential is raised from 0.8 V to 1.13 V indicates O/OH chem-
isorption. Both these changes are virtually absent for the 2D Pt
sample. The suppression of features induced by Pt—H and Pt—
O can only be explained when we assume significantly lower
adsorbate coverages on the 2D Pt layer.

This interpretation is further supported by the comparison of
cyclic voltammetry (CV) curves for 2D Pt/Rh(111) and 3D
Pt/Rh(111) (Figure 5). In the CV of 2D Pt/Rh(111), we ob-
serve that both onsets of H,y and O/OH,4 formation are signifi-
cantly shifted outwards with respect to the potential window
between 0 and 1.0 V, resulting in strongly reduced adsorbate
coverages as compared to Pt(111). By contrast, the CV of 3D

Journal of the American Chemical Society

Pt/Rh(111) has much more pronounced features towards both
ends of the potential window. The broad shape of the anodic
current increase due to O/OH,4 formation indicates the pres-
ence of (100) or (110) facets, further supporting the proposed
3D island model. The large width of the potential range of
O/OH adsorption can also explain why the corresponding
changes in HERFD XAS are more difficult to detect than the
spectral signature of H,g.

In order to further elucidate the effect of nanostructure and
local coverage on the shape of the CVs, we prepared an addi-
tional Pt/Rh(111) sample in UHV with a coverage of 3 ML Pt.
In this case, also shown in Figure 5, the inward shift of both
H,q and O/OH,4 features at the cost of the double layer range
can be clearly seen, without significant additional features
from the contribution of (100) or (110) facets. Even for 3 ML
Pt/Rh(111), however, the double layer range with an adsorb-
ate-free or H,O-covered Pt surface is wider than for pure
Pt(111);”" this can be attributed to the strain effect.

I T I T I T I T 1 T T T
10 -
™ -
'
< _
2 101 — G, =1M, .
— evaporated in UHV
— 0, =3 ML,
evaporated in UHY
20 — Redox exchange: 1 ML ggs n
Cu displaced with Pt
| 1 | ! | ! | \ | L 1 L

0.0 02 04 06 08 1.0
Potential (V) vs. RHE

Figure 5. Cyclic voltammograms of UHV-evaporated Pt/Rh(111)
samples with two different thicknesses (2D Pt/Rh(111), ®p=1
ML, and ®p=3 ML), and 3D Pt/Rh(111).

Our voltammetry results for UHV-prepared Pt/Rh(111)
samples with different Pt layer thickness show exactly the
same trend as a combined UHV-STM and voltammetry study
of similar Pt layers where a Ru(0001) substrate was used.®
Both these experimental findings confirm the DFT-based pre-
diction that 1 ML Pt on Rh(111) and Ru(0001) adsorb O ~0.6
and ~0.7 eV more weakly than Pt(111), respectively.8 These
adsorption energy changes correspond to positive shifts of the
equilibrium potential for O,y of ~0.3 V and ~0.35 V for 1 ML
Pt on Rh(111) and Ru(0001), respectively. Approximately the
same potential shifts can be expected for OH,4 due to the scal-
ing relationship between O and OH adsorption energies.*

In order to estimate O adsorption energies on 3D
Pt/Rh(111), extensive DFT calculations were carried out using
12 model structures (Figure 6) representing different local Pt
coverage, as well as different proximity of the O fcc threefold
hollow adsorption site to surrounding Pt and Rh atoms and
vacancy sites. Two effects can be seen: the weakening of the
O adsorption energy compared to pure Pt(111), AEy, is attenu-
ated by ~0.1 eV when we increase the local Pt thickness from
1 to 2 ML, and O adsorption is further enhanced when we
move the fcc threefold hollow adsorption site from the center
of the island to the proximity of an edge with under-
coordinated Pt atoms. To disentangle ligand, strain and local
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under-coordination effects, we carried out a simple linear re-
gression analysis to correlate the O binding energy with the
average coordination numbers NPLS and NRhS of Pt and Rh sur-
rounding the three Pt atoms that constitute the adsorption site.
We found the binding energy of O to scale linearly with an
effective coordination number given by Ngt = Ny + 1.09
Ni’.  The coefficient for N, represents the ligand effect
which in the case of Rh weakens the metal-oxygen bond more
strongly than Pt.

ORh ©@Pt =0

Figure 6. DFT calculations of the adsorption energy AEj of a
single O atom on Pt/Rh(111) model structures, shown as relative
values compared to Pt(111) (AEgpyi11y = 0). The corresponding
adsorption energy for each structure is plotted as a function of the
effective coordination number around the O adsorption site, and a
linear fit (red line) is shown. The linear relationship can be used to
estimate AEq for any other fcc threefold hollow site on Pt islands
with various shapes and sizes.

This relation also serves as a guiding principle to determine
the electrocatalytic activity for different morphologies of
nanostructures as it gives a simple way to correlate the oxygen
binding energy to an easily calculable geometric parameter.
Although this linear relationship is surprisingly simple, its
validity becomes evident when we consider that (i) it predicts
approximately the same gain in adsorption energy near island
edges as an earlier model for O adsorption near step edges on
Pt(111);” (ii) it predicts no significant ligand effect beyond 1
ML local Pt thickness; this result is similar to the calculation
of H adsorption energies on Pt/Ru(0001) where the ligand
effect becomes very small already for 2 ML Pt.

The linear correlation in Figure 6 can be applied to all pos-
sible fcc threefold hollow sites (Supporting Information) that
can occur within the 3D Pt island morphology determined
with EXAFS. The contribution of each individual site to the
overall ORR activity can be estimated using the volcano rela-
tionship® with AE,, and directly compared with the previous
RDE measurement on Pt/Rh(111) (Figure 721).24 Although we
can only speculate about the precise size and shape distribu-
tion of 3D Pt islands in our sample and the corresponding oc-
currence of adsorption sites, it appears that the average of site-

specific ORR activity contributions is reasonably close to the
experimental value.

We propose that a kinetically controlled 3D growth mode
can be generalized for Pt/M(111) (M = Au, Pd, Rh, Ir) and
Pt/Ru(0001) monolayer catalysts prepared by the redox-
displacement technique;™* this explains why their measured
ORR activities, which are also shown in Figure 7a, deviate
from the prediction, where a 2D Pt layer was assumed,8 to-
wards pure Pt. In the Pt/Au(111) system, potential-dependent
Pt/Au place exchange reactions™ could further add complexi-
ty.

It is remarkable that the contribution of under-coordinated
sites exceeds that of removing the vertical ligand effect and
can even shift AEq for individual adsorption sites almost ex-
actly to 0.20 eV where the volcano reaches its maximum.®
Since such an “optimal” adsorption site near the top corners of
islands is in close proximity of a more strongly adsorbing
bridge or fourfold hollow site, we assume that it cannot be
occupied due to repulsive O—O interactions. Nevertheless, we
can identify two other types of fcc threefold hollow sites that
could offer a ~9.5-fold activity enhancement over a mid-
terrace fcc site on Pt(111). These two most active sites can be
found along island edges of the “B” type which separate two
adjacent (111) facets. Their occurrence could be maximized
through shape-selective nanofabrication of bilayer Pt islands
as shown with a representative example in Figure 7b. We also
show predicted ORR activities for a series of bilayer islands of
analogous shape but with different lateral widths; a detailed
description of the underlying analysis is given in the Support-
ing Information. Within the series in Figure 7b, only mid-
terrace sites and the two most active types of near-B-edge sites
contribute to the ORR activity. Since the number of mid-
terrace sites grows faster than that of near-edge sites with in-
creasing island width, the smallest islands exhibit the strongest
ORR enhancement of up to 5-fold over Pt(111). Such high
ORR activities have been reached with Pt;Co and Pt;Ni al-
loys,” but a Pt/Rh catalyst offers much higher resistance
against degradation due to the combination of two metals with
high cohesion energy and stability against dissolution. While
the use of Rh as catalyst component is unlikely to be cost-
efficient, the same design principle could be used for other
bimetallic combinations of Pt with more abundant materials,
exploiting the advantage of catalyst stability through high co-
hesion energy, and at the same time compensating a d-band
shift towards weaker O adsorption by generating tailored
nanostructures with under-coordinated Pt sites.

5. CONCLUSION

Due to the design of the model catalyst and the reduced
lifetime broadening in the HERFD mode employed here, our
in situ XAS measurements on Pt/Rh(111) monolayer electro-
catalysts reveal the subtle spectral features of chemisorbed
O/OH more clearly than conventional XAS. Thus, the previ-
ous uncertainties in distinguishing O/OH from Pt surface ox-
ide have been overcome. Moreover, our experimental results
clearly and consistently show significant differences in surface
morphology and chemisorption behavior as a result of the two
sample preparation techniques employed here.
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Figure 7. (a) Predicted individual ORR activities of individual fcc
threefold hollow sites on 3D Pt/Rh(111). For comparison, meas-
ured ORR activities are shown for a range of bimetallic electro-
catalysts™®** including the previous measurement on 3D
Pt/Rh(111).* The latter can be considered to represent a weighted
average of the individual site contributions plotted with light
green, dark green and yellow markers. (b) Bilayer islands with
maximized occurrence of near-B-edge sites (yellow). The graph
shows the ORR activity enhancement for a series of such islands
whose lateral width is varied by changing the length of the B-
edges while the A- edges are fixed at 0.54 nm length.

DFT calculations have predicted before and confirm here
that atomic oxygen is bound to a Pt monolayer supported on
Rh(111) ~0.6 eV more weakly than to the surface of pure Pt;*
this is due to a shift of the d-band center to lower energy
caused by strain and vertical ligand effects. Three-dimensional
Pt islands on Rh(111) show significantly higher affinity to
chemisorbed H at low potentials and O/OH at high potentials
than the two-dimensional monolayer on the same substrate.
This can be explained with two cooperative effects that both
cause an up-shift of the Pt 5d-band and a corresponding in-
crease of adsorption enthalpies for both H and O/OH. The
higher local thickness (2—4 ML as determined from EXAFS)
in 3D Pt/Rh(111) removes to a great extent the vertical ligand
effect, leaving only the strain effect. Hence, the d-band center
is shifted back from the calculated position for 2D Pt/Rh(111)
towards that for pure Pt, resulting in an increase of both Pt—-O
and Pt—H bond strengths.

Journal of the American Chemical Society

The high amount of edges and corners in the 3D island
nanostructure adds further enhancements in O affinity in a
very similar manner to stepped Pt(111) surfaces.” This can
overcompensate ligand and strain effects, thus opening a new
field of catalyst design through nanostructuring, where catalyt-
ic activity becomes much less dependent from the choice of
constituent elements. Hence, the often encountered incompati-
bility between catalyst activity and stability could be over-
come.
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