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ABSTRACT: A combination of scanning tunneling
microscopy, subtractively normalized interfacial Fourier
transform infrared spectroscopy (SNIFTIRS), and density
functional theory (DFT) is used to quantify the local strain
in 2D Pt clusters on the 100 facet of Pd and its effect on
CO chemisorption. Good agreement between SNIFTIRS
experiments and DFT simulations provide strong evidence
that, in the absence of coherent strain between Pt and Pd,
finite size effects introduce local compressive strain, which
alters the chemisorption properties of the surface. Though
this effect has been widely neglected in prior studies, our
results suggest that accurate control over cluster sizes in
submonolayer catalyst systems can be an effective
approach to fine-tune their catalytic properties.

The ultimate configuration of ultrathin catalyst overlayers in
terms of catalyst utilization and specific activity is the 2D

monolayer (ML). Catalyst MLs on different substrates have
been extensively studied and their catalytic properties depend
on the interplay between the host metal and the overlayer.1−8

Their overall behavior is well described by the position of the
energy level of d-band center (ed) with respect to the Fermi
level.9 In the case of a substrate with weak electronic effect
(weak ligand), ed is mainly affected by the coherent strain (εcoh)
caused by the lattice constant mismatch between the overlayer
and the substrate.10 For substrates that are stronger ligands, the
electronic and strain effects are coupled and ed is a function of
both.9,11

Ideal ML catalysts are difficult to synthesize and often exhibit
defect structures that may contribute to their catalytic activity.12

The most common catalyst is Pt, and at room temperature, Pt
is very difficult to deposit in a true continuous ML
configuration.13 Hence, the submonolayer (sML) configuration
is dominant. Functional Pt sML catalysts have a morphology
consisting of compact 2D nanoclusters with certain size
distribution and coverage of the substrate.14−17 Because of
finite size effects,18,19 each 2D Pt nanocluster experiences a size-
dependent compressive stress.20 Thus, the local strain in Pt
nanoclusters (εl) is a combination of the coherent strain and
the strain caused by the finite size effects. Recent studies show
that finite size effects enhance the bifunctional activity of RuPt
core-edge clusters for CO electro-oxidation21 and can
significantly influence the activity of Pt sML (PtsML/Au-
(111)).22

For substrates with a stronger electronic effect, the
importance of finite size effects on the Pt sML activity has
not been evaluated yet. A system that falls into this category is
Pt sML on Pd substrate (PtsML/Pd(hkl)),

9,11 which has been
identified as one of the best oxygen reduction catalysts23 with
significant practical application in fuel cell technology.24 An
added peculiarity of this system is the good lattice match, and
hence, the absence of significant epitaxial strain. Therefore, it is
of fundamental and practical significance to better understand
the relative contribution of finite size effects on the catalytic
behavior of PtsML/Pd(hkl). We address this challenge by
studying carbon monoxide (CO) adsorption on well-charac-
terized PtsML/Pd(100) electrode morphology using subtrac-
tively normalized interfacial Fourier transform infrared spec-
troscopy (SNIFTIRS) and density functional theory (DFT)
calculations.
All solutions were made from ultrahigh purity chemicals and

18.2 MΩ ultrapure water. Potentials are quoted with respect to
a saturated calomel electrode (SCE). The Pd and Pt single
crystal electrodes were 2 mm thick disks with 10 mm in
diameter supplied by Monocrystals Company. Preparation of
the Pt(100) and Pd(100) surfaces followed a standard
procedure for Pt-like metals described in the literature.25 The
Pt sML is deposited on Pd(100) using surface limited redox
replacement (SLRR) of an underpotentially deposited (UPD)
Cu ML.15,26 After Pt sML deposition, up to 20 STM images are
recorded at different terrace sites and analyzed using a
customized digital image processing algorithm.27,28 This
provided information about the average and mean size of Pt
nanoclusters, their height and coverage as descriptors of the
PtsML/Pd(100) morphology. The details of the cell for in situ
IR spectro-electrochemical measurements are described else-
where.29 The 128 scans with 4 cm−1 resolution are added in a
single step. Spectra are given as −ΔR/R using the spectrum at
the highest potential as the reference one. Prior to our
experiments, the CO ML is adsorbed at the electrode surface
from CO-saturated 0.1 M HClO4. The solution in the
attenuated total reflection cell is then purged by ultrapure Ar
for 2 h to remove the remaining CO from the bulk solution.
The analysis of the representative STM image of PtsML/
Pd(100) obtained by SLRR of a Cu UPD ML in Figure 1A
indicates that >94 ± 2% of the Pd(100) surface terrace sites are
covered with Pt nanoclusters. Almost all of them are 2D
(>98%) and have a compact shape. The corresponding
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histogram of the size distribution of 2D Pt nanoclusters is
shown in Figure 1B.
The mean cluster size is found to be ≈4 nm2, or ca. 50 Pt

atoms in the nanocluster. This nanocluster size is assumed to
be representative of the PtsML/Pd(100) morphology and is used
for further analyses of our SNIFTIRS and DFT results. Periodic
DFT calculations were performed using the Vienna ab initio
simulation package (VASP)30−33 with the GGA-RPBE
exchange correlation functional.34 To estimate local strain we
used a PtsML/Pd(100) model consisting of a 52-atom 2D Pt-
nanocluster supported on a four-layer (10 × 10) unit cell of
Pd(100), of which the bottom two layers were fixed.
An adsorbed CO molecule forms σ and π bonds with a Pt

surface. The latter one represents predominant contribution to
the adsorption process.11,35 The π bond is formed through
back-donation of d-electrons from Pt into the π*-antibonding
molecular orbital of CO. Changes in ed of Pt influence the
strength of PtCO and CO bonds simultaneously,11 and
can be measured indirectly through changes in the stretching
frequency of the CO bond of an adsorbed CO molecule.
Shifts in the stretching band of CO for a particular bonding
configuration on Pt toward higher wave numbers can be
interpreted as decreased strength of the PtCO bond.11 Along
this concept, we consider the SNIFTIRS data for CO
adsorption on Pt(100), Pd(100), and PtsML/Pd(100) shown
in Figure 2. The CO admission potential was −0.1 V, at which
surface saturation is expected.36,37 The reference spectra are
taken at 0.6 V where no CO is present on the Pt surface.38 For
comparative analyses we used SNIFTIR spectra recorded at E =
0.1 V for these three surfaces shown in Figure 2A. At this
potential, the effect of surface water in the double layer on the
strength of the PtCO bond is expected to be minimal.37,39

The spectra recorded at higher and lower potentials are
presented as Figure S3. The positive stretching bands centered
at ν = 2081 and ν = 2064 cm−1 are associated with the on-top,
linear bonding configuration of CO molecules to PtsML/
Pd(100) and Pt(100) surfaces, ν(COL), Figure 2A. Spectra
recorded at the same potential for Pd(100) indicate a stretching
band centered at 1962 cm−1 corresponding to bridge bonded
CO, ν(COB). The SNIFTIRS data for Pt(100) and Pd(100)
are in agreement with previous studies for these surfaces.37,40

The ≈20 cm−1 shift of ν(COL) to higher wave numbers for
PtsML/Pd(100) as compared to Pt(100) indicates a significantly
stronger CO bond and weaker PtCO bond for CO
molecules adsorbed on PtsML/Pd(100). This trend is preserved
over a wide range of potentials, from −0.1 V up to 0.4 V. At E =
0.5 V, the adsorption band for CO on the PtsML/Pd(100)
surface is no longer detected, suggesting that CO has desorbed

from the surface. However, at the same potential, CO is
detected on both Pt(100) and Pd(100), Figure 2B. The
observed difference in ν(COL) for PtsML/Pd(100) and Pt(100)
could be explained by repulsive lateral interactions in the
adsorbed CO layer if its coverage varies between these two
surfaces.35,37,41 A recent STM study of CO adsorption on
Pt(100) shows that in the vicinity of surface defects such as
steps a lower CO coverage is observed (c(2 × 2)−2CO, θCO =
0.5 ML) than on terraces (c(2 × 6)−10CO, θCO = 0.83 ML).36

Considering that PtsML/Pd(100) consists of 2D nanoclusters
with a considerably high density of Pt cluster edges, a lower CO
coverage can be anticipated on PtsML/Pd(100) compared to
Pt(100) at the same potential. In contrast to our experimental
data, the coverage effect alone should yield stronger binding
and ν(COL) with lower wavenumber for PtML/Pd(100) than
on Pt(100).11 Furthermore, the same tuning rate (Stark shift)
measured for both surfaces in the potential range between −0.1
and +0.2 V (30 ± 3 cm−1 V−1) suggests that the CO coverage
on both surfaces is approximately equal,37 Figure 2B. The same
conclusion can be derived by comparing the area under the
stretching bands of CO for Pt(100) and PtsML/Pt(100)
surfaces. Therefore, the observed difference in ν(COL) and
narrower potential range of CO stability on PtsML/Pd(100) are
interpreted as evidence for a weaker PtCO bond on PtsML/
Pd(100) than on Pt(100). The extended conclusion from our

Figure 1. (A) Representative STM image of PtsML/Pd(100). (B)
Histogram of Pt nanoclusters’ size distribution. The dashed line
represents the fit of the log-normal distribution curve.

Figure 2. (A) SNIFTIRS data obtained at 0.1 V. The CO admission
potential is −0.1 V and the reference spectra are taken at 0.6 V. (B)
Shift of the CO adsorption peak position as a function of electrode
potential.
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SNIFTIRS data is that ed for PtsML/Pd(100) is shifted away
from the Fermi level.
The above statement and experimental results are in partial

disagreement with earlier DFT studies of the PtML/Pd(hkl)
system.9,11 Those studies predict only a mild shift of ed, which
suggests no significant difference in PtCO bond strength
between the PtML/Pd(100) and Pt(100) surface.11 However,
the previous theoretical work considered a continuous Pt ML
over Pd where εcoh is determined by the epitaxial lattice
mismatch between Pt and Pd (εcoh = −0.85%),42 whereas for
2D Pt nanoclusters the average amount of strain <ε> is
expected to be quite different from εcoh due to the finite size
effect.
Figure 3A shows a calculated strain map for a 52-atom Pt

nanocluster on Pd(100) with a realistic diameter of ca. 2 nm.

The local strain, εl, exhibits a strong radial dependence20 and
ranges between −5.0% at the periphery to ∼0% in the center of
the nanocluster. As described in the SI we extracted the average
strain in the Pt nanocluster, <ε>, which we use to quantify the
overall strain state in the PtsML/Pd(100) system. We note that
the obtained value for <ε> = −3.0% is about 4 times larger as
compared to the coherent strain εcoh. We then used smaller
commensurate (2 × 2) unit cells to compare the CO
stretching frequency on Pt(100), Pd(100), and Pt/Pd(100)

surfaces. The resulting CO stretching frequency at θCO = 0.5
ML and the corresponding d-band centers of Pt atoms on
PtML/Pd(100) surface as a function of applied lateral strain εa
are shown in Figure 3B. The corresponding CO binding
energies are provided in Figure S3, and we also verified that the
coverage dependent frequencies obtained for the continuous Pt
ML models converge to the result obtained for the 52-atom
PtsML/Pd(100) model in the absence of induced strain (Table
S1, Figure S4).
In the absence of strain, the calculated value of ν(COL) for

PtML/Pd(100) is 2053.5 cm−1, and lower than for Pt(100)
(2057 cm−1). The lower wavenumber represents the shift in the
direction toward the value of ν(COL) of Pd(100) (1900 cm

−1),
Figure 3B, and is consistent with the ligand effect discussed in
previous DFT studies.11 The introduction of compressive
lateral strain leads to a weakening of the PtCO bond and an
increase of ν(COL), which counteracts the ligand effect. At an
average compressive strain of ca. −2% ν(COL) for PtML/
Pd(100) and Pt(100) are essentially equal. Further increase of
the compressive strain leads to an approximately linear increase
of ν(COL), Figure 3B, ultimately predicting a higher ν(COL)
for PtML/Pd(100) than for Pt(100). Notably, for strain levels
equal or higher than the value of <ε>, we calculated ν(COL) ≥
2058 cm−1, which is in good qualitative agreement with the
experimental observations in Figure 2. Moreover, the calculated
Stark shift for PtML/Pd(100) with εa = −3% extracted from data
in Figure S5 is 28.4 ± 1.3 cm−1 V−1 Å. Similarly, the tuning
rates for Pt(100) and Pd(100) in Figure 2B are 31.0 ± 0.3 cm−1

V−1 Å and 34.0 ± 0.6 cm−1 V−1 Å, respectively. Indeed, the
good agreement of the simulated and measured Stark shift
instills confidence in the computational model, and particularly,
the surface coverage. Hence, we conclude that the exper-
imentally observed trend in Figure 2 is recovered when the
applied strain used in DFT calculations approaches the value of
<ε>, rather than the coherent strain εcoh. This analysis indicates
that finite size effects play a dominant role in explaining the
energetics of the CO adsorption process on PtsML/Pd(100)
surfaces.
The presented experimental and theoretical results provide

clear evidence that the morphology of PtsML is important in
determining their overall catalytic activity. This fact has not
been considered in previous reports.15,23,24 Here reported finite
size effects represent a phenomenon that can be used as
additional knob to fine-tune the d-band energy, which
inherently controls overall catalytic activity. Turning this
knob in the desired direction by varying nanocluster sizes
requires a better understanding of the conditions during ML
catalyst synthesis, which are responsible for nanocluster size
control.43,44 Future efforts in this direction are a promising
route to provide a better correlation between ML catalyst
synthesis procedures and their resulting catalytic behavior.
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Figure 3. (A) Strain map of the 52-atom Pt nanocluster on Pd(100).
(B) Calculated values of the CO stretching frequency (red) for
linearly adsorbed CO molecules (θCO = 0.5 ML) and d-band centers
(blue) of Pt atoms on the PtML/Pd(100) and Pt(100) surfaces as a
function of applied lateral strain εa.
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R. R. Angew. Chem., Int. Ed. 2005, 44, 2132.
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