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Abstract The two-dimensional Pt submonolayers on Au
(111) were used as model catalyst system to study kinetics
of hydrogen oxidation reaction (HOR). The morphology of
different Pt submonolayers was characterized by ex situ
scanning tunneling microscopy combined with statistical
image analysis. The HOR kinetics data were analyzed using
Levich–Koutecky formalism and presented as a function of
the mean size of Pt clusters for each Pt submonolayer. The
Pt submonolayers with smaller Pt clusters were found less
active for HOR. This trend is well correlated with the
continuum elasticity analysis of the average active strain in
Pt clusters indicating that smaller clusters have less tensile
strain. The density functional theory calculations were
found in agreement with our results demonstrating that the
size-dependent strain in Pt clusters has significant effect on
the energy of the d-band center, i.e., the Pt clusters’ activity.
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Introduction

The progress of our civilization is critically dependent on
the discovery of new materials and structures with better
properties, novel functionality and applications. In the last
two decades, the world has seen significant progress in
synthesis of low-dimensional structures with properties con-
siderably different from those of the bulk materials [1, 2].
The ultra thin metal overlayers represent one class of such
structures with increasing application in the fields of catal-
ysis and fuel cells [3, 4]. The physical and chemical behav-
ior of ultra thin metal overlayers is altered due to different
structural and electronic effects dominating their properties
[5, 6]. In the case where ligand (substrate) effect is weak, the
energy of the d-band center of ultra thin metal overlayers is
predominantly affected by the level of coherent strain [6].
Depending whether the strain is positive (tensile) or nega-
tive (compressive), the shift of the energy of the d-band
center could be either towards Fermi level or away from
it, resulting in increased or decreased reactivity of metal
overlayers [6–10]. Along these arguments, the recent trends
in catalyst design indicate that strain has to be appreciated as
an important material’s parameter which could be used to
fine-tune catalyst activity and selectivity for particular reac-
tions [11, 12].

The ultimate configuration of ultra thin catalyst over-
layers in terms of their specific activity is the monolayer
(ML) or submonolayer configuration, i.e., the configuration
where every catalyst atom is on the surface. The coherent
strain in catalyst monolayer is directly dependent on the
epitaxial relation and misfit between the catalyst material
and substrate. In monolayer configuration the catalyst
“feels” the ligand effect most strongly and the role of sub-
strate for strain control is essentially important to achieve
the desired catalytic properties [8–10, 13–15].
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The catalyst materials are typically noble metals like Pt
which, due to high surface energy and low surface diffusiv-
ity, are difficult to deposit in true monolayer configuration
[16, 17]. The most of the functional monolayer catalysts are,
indeed, submonolayers with certain coverage of the sub-
strate surface [3, 18–20]. This raises the motivation to
investigate the effect of strain on activity of the catalyst
submonolayers.

In this work, the model catalyst system are Pt sub-
monolayers on Au(111) with coverage ranging between
0.25 and 0.45 ML. In this coverage regime, the Pt
deposit is discontinuous consisting of two-dimensional
monolayer high Pt clusters. The reaction of interest is
the hydrogen oxidation reaction (HOR) which is studied
using a rotating disk electrode (RDE). The activity of
different Pt submonolayers in HOR is studied as function
of the mean size of the constituting Pt clusters. The
average strain in each Pt submonolayer is calculated for
the model Pt cluster with size equal to the mean of the Pt
cluster size distribution [21]. These results are combined
with the measured Pt submonolayer activity for HOR
providing an indirect way to evaluate the effect of size
and strain on Pt submonolayer activity.

Experimental

The Au(111) single-crystal surface (Monocrystals Compa-
ny) was prepared using several steps including mechanical
polishing, electropolishing, and hydrogen flame annealing
[22]. All solutions used in our experiments were made with
ultra high-purity chemicals (99.999%, Alfa Easer, Merck)
and 18.2 MΩ ultrapure water (Millipore Direct Q-UV with
Barnstead A1007 predistillation unit). The Pt submono-
layers on Au(111) (in future text denoted as PtSML/Au
(111)) were deposited using surface limited red–ox replace-
ment (SLRR) of underpotentially deposited (UPD) Cu
monolayers [23, 24]. The Cu UPD MLs (CuUPD/Au(111)
in future text) were deposited from 10−3 M Cu2+ + 0.1 M
HClO4 solution and then transferred to SLRR solution (Pt
deposition solution). The SLRR solution was 10−3 M
{PtCl6}

2− + 0.1 M HClO4. Both solutions were deaerated
with ultra pure argon for 2 h before the deposition experi-
ments. The Au crystal is rotated at 1,000 rpm in order to
prevent any transport limited conditions during formation of
the CuUPD/Au(111) and during PtSML/Au(111) deposition.
Under these conditions, the stoichiometry of the Pt deposi-
tion reaction was determined to be [25]:

4Cu0UPD þ PtCl6f g2�solv:þ2Cl� ) 4 CuCl2f g�solv:þPt0s ð1Þ
All electrochemical experiments, including the ex situ

scanning tunneling microscopy (STM) studies, were

performed in nitrogen-purged glove box. The STM images
were recorded using the Nanoscope V controller with mul-
timode scanner unit (Veeco instruments). After each Pt
deposition experiment, up to 50 STM images were recorded
at different terrace sites of the Au(111) surface and analyzed
using our custom-made digital image processing (DIP) al-
gorithm. This analysis provided information about the num-
ber of Pt clusters per image (area), the mean size of the Pt
clusters, Pt coverage, and the Pt clusters’ height. The typical
output of the DIP algorithm applied to one STM image is
shown in Fig. 1. The image segmentation was used for
differentiation and identification of each Pt cluster on the
surface (Fig. 1b, c). For this purpose a threshold value has
been determined to segment each image into a binary image
using an autonomous global thresholding method [26]. The
error bar for the STM-related results obtained by DIP rep-
resents the standard deviation of the data obtained from
analysis of all images used for the particular experimental
point (deposition experiment).

The mean of the size distribution of Pt cluster population
in PtSML/Au(111) was found to be the function of coverage
of the starting CuUPD/Au(111) in SLRR reaction [27]. Ac-
cordingly, a series of experiments were performed using
CuUPD/Au(111) with different coverage in order to generate
the PtSML/Au(111) with distinctly different Pt cluster popu-
lation in terms of their mean size. These PtSML/Au(111)
were also characterized in terms of their coverage of the
Au surface and Pt clusters’ height. These data were used in
calculation of the normalized exchange current density for
HOR for each PtSML/Au(111).

After each deposition experiment, a well-characterized
PtSML/Au(111) was used in HOR kinetics studies. The ac-
tivity of each PtSML/Au(111) was quantified from RDE
measurements using Levich–Koutecky formalism [28]. The
solution used in our kinetic studies was 0.05 M H2SO4

saturated with ultra pure H2 at standard conditions. To
generate the Levich plots for each PtSML/Au(111), the sweep
rate of 0.01 V s−1 was used with rotation rates of 200, 400,
800, 1,600, 2,400, and 3,200 rpm. For each PtSML/Au(111)
catalyst, the values of kinetic current, jk, were extracted from
1
j vs � w�0:5 dependence for different values of overpotential,

η. These data are then used to construct Tafel plots (Fig. 2)
and to determine the value of the exchange current density,
j0, at low overpotential limit (η<0.025 V). The typical
inverse slope in log(jk) vs. η dependence for all studied
PtSML/Au(111) was found to be ≈0.065±0.005 V/decade,
in agreement with literature data for Pt(111) surface [29].
The final value of the j0 as the quantitative parameter of the
HOR kinetics is presented as the normalized value for
particular PtSML/Au(111) coverage and reported as j0=θPt.

The strain in the Pt clusters was evaluated using contin-
uum elasticity approach. The equilibrium strain in Pt clus-
ters on a lattice-mismatched Au substrate is calculated after
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elastic relaxation is allowed [21]. We restricted our calcu-
lations to the plane strain case assuming the disk-like shape
of the clusters. The epitaxial contact of Pt and Au is con-
sidered as coherent, and it remained coherent during elastic

relaxation. To introduce the finite size effects properly, we
consider the surface elasticity and surface stress. It was
assumed that the redistribution of atoms due to the surface
stress does not happen in the Pt overlayer, and the surface

Fig. 2 Representative Tafel
plot for PtSML/Au(111) with
θPt045% after the RDE data are
analyzed using Levich–
Koutecky formalism. The
dashed line indicates the
overpotential region from
which the linear extrapolation
was used to find value of
exchange current density

Fig. 1 Representative output
from the DIP algorithm used to
characterize the morphology of
Pt submonolayers: a an input
STM image of PtSML/Au(111),
size 125×125 nm, b the same
STM image after threshold
based segmentation and
identification of each Pt cluster,
c the representative Pt cluster
after segmentation operation,
size 5.1 nm2, and d the output
of DIP algorithm showing the
histogram of Pt clusters’
population with corresponding
statistical data for image in a
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stress is just considered for description of the edge effects.
As a result, after elastic relaxation, the Au(111) and Pt
deposits have not shared the natural misfit set by lattice
misfit, em, but a so-called active misfit or strain, ε. In our
continuum elasticity calculations, the physical and elastic
parameters for Au and Pt were taken from the literature data
[30].

The density functional theory (DFT) calculations were
performed using the Cambridge Serial Total Energy Pack-
age suite of programs [31]. The Kohn–Sham one-electron
equations were solved on a basis set of plane waves with
kinetic energy below 25 Ry and ultrasoft pseudo potentials
were used to describe the ionic cores [32]. Brillouin zone
integration was approximated by a sum over special K
points selected using the Monkhorst–Pack scheme [33].
The exchange–correlation energy and the potential were
described by the revised version of the Perdew–Burke–Ern-
zerhof (RPBE) functional [34]. To model Au(111) surface,
we used three-layer slabs repeated in a super cell geometry
with a 12-Å vacuum between the slabs. Within the slab
model, 2×2, 5×5, 8×8, and 10×10 in each layer were
considered to model the Pt ML and Pt clusters with different
sizes, respectively, making sure that there is no interaction
between clusters. In the calculations, the top layer of Au
(111) was allowed to relax in all dimensions together with
the supported Pt clusters, while the bottom three layers were
kept fixed at the calculated bulk positions. In this way, the
strain effects of Au(111) support and the finite size effect on
structure of Pt clusters can be well described.

Results and Discussion

PtSML/Au(111) Morphology Characterization

The STM image of the typical PtSML/Au(111) morphology
is shown in Fig. 3a. The statistical image analysis of STM
data for eight different PtSML/Au(111) revealed that >97%
of Pt clusters were monoatomic in height. This means that
the RDE kinetic measurements for HOR were reflecting the
activity of the true Pt submonolayers whose representative
coverage can be taken confidently from STM measurements
[25]. More than 90% of Pt clusters in each PtSML/Au(111)
were found to be compact and round in shape resembling a
2D disk-like nanostructures. For this reason, the strain cal-
culations were done assuming the representative model of
the cluster with disk-like shape and thickness corresponding
to a Pt monolayer (0.276 nm, Fig. 4a). For each PtSML/Au
(111), the STM characterization yielded the mean of the Pt
clusters’ size distribution and Pt coverage as two main
parameters of the Pt submonolayer morphology. The results
are presented in Fig. 3b for eight different PtSML/Au(111).
The data in Fig. 3b are used to analyze the size and strain

effects on the kinetics of HOR on PtSML/Au(111). Within
the time frame of our STM investigation/experiments and in
the potential range of our electrochemical measurements (0–
0.1 V), we did not notice any significant morphology
change of the PtSML/Au(111). The control STM character-
ization experiments performed on some samples before and
after HOR kinetics studies showed almost identical quanti-
tative characteristics of the PtSML/Au(111) in terms of its
mean Pt cluster size and monolayer height. Electrochemical
measurements of HOR kinetics did not reveal any stability
issues or decay in activity of PtSML/Au(111) during repeated
potential cycling and testing over the time span of several
days.

The Active Strain in Pt Clusters—Finite Size Effects

The Pt forms epitaxial and pseudomorphic deposit on Au
(111) retaining the same orientation as the gold substrate
[35]. In full ML configuration, Pt retains the same in-plane
interatomic distance as gold substrate and the misfit between
gold and platinum lattice parameters sets the average active
strain in Pt ML:

"h i ¼ em ¼ aAu � aPtð Þ
aAu

ð2Þ

However, in submonolayer configuration, i.e., Pt nano-
clusters, the surface stress acting on the clusters gives rise to
the compressive state of stress within the nanocluster [21,
36]. This phenomenon has been already fully appreciated in
studies involving nanoparticle materials [11, 37, 38]. The
value of compressive stress is dependent on the position
within the cluster. It is the strongest at the cluster’s periphery
(r 0 R) and the weakest in the center of the cluster (r00)
[21]. Therefore, the active strain in the Pt nanocluster, ε, has
a gradient with strong lateral (radial) dependence. This
dependence is illustrated in Fig. 4b for our model-shape Pt
nanocluster on Au(111) as a function of its radius. From
Fig. 4b, it is obvious that the active strain in Pt nanoclusters
is a function of both contributions: the strain due to epitaxial
misfit (em04.1%) and the strain due to finite size effect. For
ultimately small Pt nanoclusters (R<3.5 nm), the finite size
effect is very strong, causing the active strain to be signif-
icantly different from the value of em. The discrepancy is the
largest at the perimeter (r 0 R) and decreases as we approach
the center of nanocluster. For larger nanoclusters (R>
10 nm), the finite size effect is localized only to the region
close to the perimeter of the cluster while the rest of the
nanocluster has the value of active strain very close to the
one set by epitaxial misfit (ε ≈ em).

For the purpose of this study, it is convenient to evaluate
the activity of different PtSML/Au(111) as a function of their
average active strain. In this approach, the average active
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strain is evaluated for representative model cluster, having
the size equal to the mean of the Pt nanoclusters’ population
for each PtSML/Au(111) (Fig. 4a). This way, the calculated
average active strain, "h i, becomes the representative of the
strain in particular PtSML/Au(111) (Fig. 3b).

The average active strain in the disk-like Pt cluster is
defined as [36]:

"h i ¼ 1

R
�
ZR

0

"ðrÞ � dr; ð3Þ

where R represents the radius of the cluster. The dependence
of "h i on Pt cluster size is illustrated in Fig. 4c. The result
shows that for very small Pt nanoclusters, R<4 nm, the
contribution of the compressive strain due to the finite size
effect dominates and almost completely cancels the tensile

strain due to the epitaxial misfit between the Pt and Au. On
the other hand, for the larger nanoclusters, R>10 nm, the
average active strain approaches the values of the strain set
by the epitaxial misfit, "h i � em (Fig. 4c).

RDE Study of HOR Kinetic

The RDE experiments offer a reliable way to identify the
qualitative trends in HOR kinetic on Pt as a function of the
fundamental physical parameters [29]. The goal of our RDE
study was to identity the trend in HOR kinetic at low over-
potential limit (η<0.025 V) as a function of the size and the
average active strain in PtSML/Au(111). Recent experimental
and theoretical studies [39, 40] indicate that, at low over-
potentials, the main reaction pathway of HOR involves
Tafel–Volmer steps where the former one is considered as

Fig. 4 a Model of the Pt cluster on Au(111), b active strain as function of the position within the Pt cluster for different radii of Pt clusters, and c
average active strain in Pt cluster as a function of its size

Fig. 3 aRepresentative STM image of PtSML/Au(111)morphology. bMean value of the Pt clusters size distribution in each PtSML/Au(111) as a function
of PtSML/Au(111) coverage. The error bars in 3B represent ±σ of the cluster size distribution for each PtSML/Au(111)
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rate limiting. The Tafel step represents the dissociative ad-
sorption process, which is dependent on the electron density
on the Pt surface available for H–Pt bond formation [40].
Because of the finite size effects, the strain in PtSML/Au
(111) is dependent on the mean of Pt clusters population
size distribution, i.e., PtSML/Au(111) morphology. Accord-
ingly, the d-band center of Pt nanoclusters in PtSML/Au(111)
is expected to have also dependence on PtSML/Au(111)
morphology and thus correlation between PtSML/Au(111)
morphology and activity for HOR is expected. Our results
from RDE measurements are shown in Fig. 5a, b. The data
are presented for six different PtSML/Au(111) using normal-
ized exchange current density per Pt coverage as the main
parameter describing HOR kinetics. As one can see
(Fig. 5a), the normalized exchange current density for dif-
ferent PtSML/Au(111) have strong dependence on the mean
of Pt clusters population in PtSML/Au(111). It is evident that
PtSML/Au(111) with smaller clusters is less active for HOR.
The observed dependence is stronger for PtSML/Au(111)
with clusters having the mean value of radius less than
3 nm. The literature data for exchange current density of
HOR on Pt(111) are also shown for comparison [29]. Very
small Pt clusters are less active for HOR than Pt(111).
However, with increasing size (>15 nm2) and morphology
approaching a full ML, the activity of Pt clusters on Au(111)
becomes better than on Pt(111). In Fig. 5b, the normalized
exchange current density for different PtSML/Au(111) is
presented as a function of their average active strain. Re-
markably, the observed j0/θPt vs. <ε> dependence is linear.
The PtSML/Au(111) with more positive average active strain
show higher activity for HOR. The Pt clusters with average

strain above 2.5% have higher activity than the Pt(111)
surface. The increase in average active strain of ~50%
reflects on the PtSML/Au(111) activity gain of over 200%.
Obviously, the size-dependent strain in Pt clusters and
PtSML/Au(111) has a strong effect on the activity for HOR.

DFT Calculations

The DFT calculations were employed to gain fundamental
understanding of the finite size effect on activity of Pt
clusters in PtSML/Au(111). In agreement with the previous
studies [7, 41, 42], our calculations show that the Pt d-band
center varies with the lattice strain introduced in the Pt
cluster. As shown in Fig. 6a, the Pt d-band center becomes
less negative and shifts towards Fermi level as the Pt
cluster area (size) is increased. The calculated strain for
model size Pt clusters (shown in the inset) is also negative
with trend towards less negative values as the size and area
of clusters are increasing. In the sense of atomistic calcu-
lations, the compressive strain is result of subcoordination
of Pt atoms in the corner sites (coordination number06)
and at the periphery (coordination number07) which prefer
to move from the initial Au lattice position toward the
cluster center. This decreases the cluster area and Pt–Pt
bond length as compared to the bulk Pt. As discussed
previously, in PtML/Au(111) configuration, the Pt atoms
adopt the lattice of Au(111) and thus the strain in Pt ML
is set but the epitaxial misfit (Fig. 6a). Due to the increas-
ing computational time for DFT calculations for larger
clusters (>3 nm2), we have limited our analysis to the size
of the clusters which are significantly smaller than the

Fig. 5 Normalized exchange current density for HOR on PtSML/Au
(111) as a function of: a mean size of Pt clusters population and b
average active strain calculated for Pt clusters with size corresponding

to the mean of Pt clusters’ population for each PtSML/Au(111). In both
figures, the arrows indicate the value of j0 for HOR adopted from ref.
[29]
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representative mean size of the cluster populations for
PtSML/Au(111) studied in our work. For this reason, we
stress the importance of the obtained trend from our DFT
work between surface strain and the energy of the d-band
center in Pt clusters (Fig. 6b). Remarkably, same as in
Fig. 5b, the trend is linear, indicating that fine-tuning of
the energy of the d-band center in 2D metal SML can be
achieved through the direct control of the cluster size and
thus cluster surface strain. Extensive studies have shown
that the closer the metal d-band center to the Fermi level,
the stronger the metal–adsorbate interaction is [42, 43].
Accordingly, in our case, the increasing Pt cluster area
and size shift the Pt d-band center towards the Fermi level
and this trend is well correlated with the surface strain.
Therefore, a strengthened Pt–H interaction and the en-
hanced activity for HOR is expected. The trend observed
in our DFT calculations (Fig. 6b) agrees very well with the
experimental observations and trend shown in Fig. 5b.

The presented results show that morphology of PtSML/
Au(111) quantitatively described through the value of the
mean for Pt clusters population size distribution is im-
portant for catalytic activity in HOR. The relation be-
tween PtSML/Au(111) activity and its morphology is
rooted in the fundamental relation between the energy
of the Pt d-band center and the value of the surface
strain in Pt overlayer/cluster. This analysis shows that
good interpretation of this relation is achieved if the
strain in Pt clusters is described as an average value for
the representative Pt cluster with the size equal to the
mean for the Pt clusters population of particular PtSML/
Au(111). This work shines several new details that are of

general importance when catalyst monolayers and sub-
monolayers design is considered:

– In the reactions where the overall kinetics is improved by
increasing the reactivity of catalyst through the introduc-
tion of the tensile strain, the coarsening of the submono-
layer catalyst has positive effects on its overall activity. In
this case, the ultimate and the most active catalyst mor-
phology is the full monolayer configuration or ultimately
large clusters where the substrate has the dominant role in
the strain design. The example of such reaction is HOR.
The presented analysis also indicates that curvature-
driven redistribution of the material within the catalyst
submonolayer such as Ostwald ripening does have a
positive effect on the catalyst submonolayer activity.
Any treatment of the catalyst surface, which facilitates
the surface diffusion as a transport mechanism for catalyst
redistribution and cluster 2D growth, should have a pos-
itive effect on the overall catalyst activity.

– In the reactions where the poisoning of the catalyst by
intermediates hinders the reaction kinetics, the design of
the catalyst overlayers in submonolayer configuration
should provide additional avenue to fine-tune the catalyst
tolerance and selectivity for the desired reaction pathway.
These can be achieved by designing the optimum size and
average active strain of the catalyst submonolayer on
particular substrate, which is already known to be the best
choice for monolayer catalyst configuration. For example,
the design of optimum PtSML/Pd(111) for oxygen reduc-
tion [13], PdSML/PtRu(111) for HCOOHoxidation [14], or
PdSML/PtRu(111) for hydrogen evolution reaction [15].

Fig. 6 Results from DFT calculations showing: a energy of the d-band
center for Pt clusters on Au(111) as a function of their size and b
energy of the d-band center as a function of the surface strain in the Pt

clusters. The infinity symbol indicates a full monolayer configuration.
The line in b is drawn to guide the eye. Inset shows the models of the
Pt clusters used for DFT calculations
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Conclusion

This is the first report where the size effect on submonolayer
catalyst activity is studied. The presented work successfully
correlates the theoretical analysis of the size effect on the
active strain in different PtSML/Au(111) catalysts with their
experimentally determined activity for HOR. The observed
trend is linear indicating that PtSML/Au(111) with smaller
representative size (mean) of their Pt cluster population are
less active for HOR. This result is supported by DFT calcu-
lations demonstrating that size-dependent strain in 2D Pt
nanoclusters has significant effect on the position of the d-
band center, i.e., catalytic activity of Pt nanoclusters. The
results of this work should have a broader significance if
design of catalyst monolayers and submonolayers is consid-
ered and when effects of curvature-driven catalyst relaxation
processes are evaluated for the long-term catalyst perfor-
mance and longevity.
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