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Using first-principles density functional theory, we study the effect of particle size and surface structure on
the chemisorption energy of OH and O on nanoparticles of Pt. We find that the chemisorption energies of O
and OH are strongly affected by the size and structure of the Pt particle varying by up to 1.0 eV at different
adsorption sites and particle sizes.
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I. INTRODUCTION

To surface scientists, it is of interest to understand the
detailed mechanism of electrocatalysis on the atomic scale
since it leads to better control of the chemical reactions and
may result in the rational design of better catalysts.1

Modern electrocatalysts in fuel cells are Pt-alloy metallic
nanoparticles dispersed on supports2 such as carbon,
aluminum oxide, or titanium oxide. Both experimental
measurements3–5 and computational calculations6,7 seem to
indicate that nanosized electrocatalysts show a considerably
different catalytic activity from extended flat surfaces. These
investigations would indicate that changes observed with
particle size reduction go well beyond the increase in surface
area and involve fundamental physical and chemical changes
in the catalytic steps.

The unique activity of nanosized electrocatalysts is still
under debate.1,8–10 For example, on the basis of the XPS
measurement, Mukerjee and McBreen10 explained that the
amount of d-band vacancies of metal catalysts, which control
the surface reactivity with adsorbates,11 depends on the geo-
metrical arrangements of the atoms around the adsorption
sites as well as on the support materials and alloying.12 Ham-
mer and Nørskov1,13 attempted to explain the general trend
of the chemical adsorption energies as a function of the me-
tallic catalysts and its particle size through a d-band center
model. According to the model, it is the relative shift of the
d-band center ��d� of the catalyst atoms with respect to the
Fermi energy ��F� that controls the surface reactivity. This
model has been intensively used to describe the experimen-
tally measured chemical activity over a series of transition
metals.1,14,15 Several computational studies have reported
that a simple parameter such as the d-band center,1 density of
states around the Fermi energy,16 a hole concentration of
d-band around the Fermi level11 may not be enough to fully
elucidate the effect of particle size and structure of adsorp-
tion site.17–19

The general mechanism by which particle size influences
catalytic activity is difficult to elucidate experimentally, as it
is not easy to synthesize catalysts with well defined size and
structure. In addition, the activity of catalysts is measured by
turnover frequencies, which are quantities averaged over dif-
ferent particle sizes and active sites. While ab initio compu-
tational modeling offers, in principle, full control over the

size and shape of the catalyst, it has typically been limited to
bulk materials or systems of small size:20–23 the morphology
of the surface �i.e., the distribution of the various types of
surface sites� changes with size and cannot be fully decou-
pled from the size effect. This is particularly true for particles
with very small size for which the equilibrium shape often
changes drastically with size.24,25 Considering that the aver-
age size of catalyst particles in commercial fuel cells is
around a few nanometers, it may be important to understand
this simultaneous effect of size and surface structure.

In this paper, we therefore chose to study explicitly Pt
nanoparticles of 1 and 2 nm sizes and compare their chemi-
cal adsorption properties to those of an extended flat Pt�111�
surface. We focus on the chemisorption energies of atomic
oxygen �O� and the hydroxyl group �OH� and investigate
how their chemisorption energies are modified by the particle
size and by the reduction in coordination for Pt at the sur-
face. Chemical adsorption is an important step in the cata-
lytic process which can be related to catalytic activity,26 and
O and OH are two species of considerable importance in the
electrocatalysis step of low temperature fuel cells.27,28

II. METHODOLOGY

To investigate the effect of Pt particle size and surface
morphology on chemisorption, we set up three model sys-
tems shown in the Fig. 1: an extended flat Pt�111� surface
and Pt nanoclusters of 1 and 2 nm in size. The Pt�111� sur-
face model consists of a six layer slab, as described in our
previous work.28 The 2 nm Pt cluster is a 201-atom truncated
octahedron of which 122 atoms �60%� are on the surfaces.
The surface consists of �100� and �111� facets. For the 1 nm
Pt cluster structure, we take the experimentally observed29,30

cuboctahedron composed of 55 Pt atoms of which 42 atoms
�76%� are on the surface. The relevant adsorption sites on the
surface of these model systems are represented in Table I.
The coordination number �Z� of an adsorption site is defined
as the average nearest neighbor coordination of the Pt at-
om�s� that defines the adsorption site �e.g., one Pt for atop
adsorption and three for fcc and hcp site adsorption�.

Computation of all chemisorption energies was performed
in the spin polarized generalized gradient approximation to
density functional theory �DFT� with Perdew-Wang ex-
change correlation functional.31,32 The projector augmented
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wave method33,34 was used as implemented in VASP.35,36 In
the Pt�111� slab, all adsorbates and the topmost four layers of
Pt atoms are relaxed, while the bottommost two layers are
fixed to the positions of the relaxed pure Pt slab. In the Pt
nanoparticles, all atoms, including adsorbates, are fully re-
laxed, and periodic boundary conditions are implemented
with a large enough vacuum to preclude interactions between
the cluster and its images. The reciprocal space integration

was performed with the gamma point. Increasing the Bril-
louin zone sampling to 27 irreducible k points for the 1 nm
Pt cluster only changed the chemisorption energies by
10–30 meV, indicating that there is little interaction between
the periodic images. All degrees of freedom are relaxed.

The chemical adsorption energy �Ead
ads-Pt� is calculated

from the total energy difference between the system with the
adsorbate �EPt

ads�, the pure Pt system �EPt�s��, and the adsor-
bate in the gas phase �Eads�g��,

Ead
ads-Pt = EPt

ads − �EPt�s� + Eads�g�� . �1�

III. RESULTS

A. Chemisorption energy of O

Figure 2 shows the chemical adsorption energies of O at
different adsorption sites on the three model systems. For the
extended flat Pt�111� surface, oxygen atoms prefer to adsorb
on the high symmetry sites, such as the fcc �which is the
most stable site on the bulk Pt�111� surface� and hcp sites.
Chemisorption on an atop site is much weaker. On the bridge
site, oxygen is not stable and slides off to the fcc site. These
bulk results agree well with previous calculations1,37,38 and
experimental observations.39,40

Oxygen atoms show a significantly different chemical ad-
sorption on the Pt nanoclusters. In general, the surface of the
1 nm Pt cluster attracts O much more strongly than the sur-
face of the 2 nm Pt particle or the bulk surface. �The fcc site
is a notable exception and will be discussed in the next sec-
tion.� Undercoordinated Pt atoms created by edges and ver-

FIG. 1. �Color online� Different model systems used in our
study: �a� a 1 nm Pt cluster, �b� a 2 nm Pt cluster, and �c� an ex-
tended flat Pt�111� surface. Surface sites of different symmetries are
depicted in the model systems. The coordination number Z of the
adsorption site is as defined in the text.

TABLE I. Relevant adsorption sites on the surface of the three model systems with their location and
coordination number. An “N/A” means that the adsorption site is not available in the model system.

Adsorption site Location

Coordination number of Pt �Z�

1 nm 2 nm Pt�111�

AV Atop site at vertex 5 6 N/A

AE�1,0� Atop site at the edge of
�111� and �100� facets

7 7 N/A

A�100� Atop site at �100� facet 8 8 N/A

A�111� Atop site at �111� facet N/A 9 9

BE�1,0� Bridge site at the edge of
�111� and �100� facets

6 6.5 N/A

BE�1,1� Bridge site at the edge
between �111� facets

N/A 6.5 N/A

B�100� Bridge site on �100� facet 7.5 7.5 N/A

B�111� Bridge site on �111� facet 7 9 9

F-1 �H-1� fcc �hcp� site around the
center of �111� facet

7 �6.3� 9 �9� 9 �9�

F-2 �H-2� fcc �hcp� site set up with 2 Pt at
�111� facet and 1 Pt at the edge of

�111� and �100� ��111�� facet

N/A 8.3 �8.3� N/A

F-3 �H-3� fcc �hcp� site set up with 2 Pt at
the edge of �111� and �100�

facets and 1 Pt at �111� facet

N/A 7.3 �7.3� N/A
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tices can be seen to have a particularly high chemical reac-
tivity. For example, on the 1 nm cluster, the chemisorption
energy of O at the atop position changes from −3.72 eV at
the center of the �100� facet �A�100�, Z=8� to −4.55 eV at
the vertex �AV, Z=5�. For the 2 nm cluster, the atop adsorp-
tion energies vary from −3.01 eV at the �111� facet �A�111�,
Z=9� to −3.30 eV at the vertex �AV, Z=6�. The coordination
number effect can be observed for all adsorption sites �fcc,
hcp, atop, etc.�. In general, as the sites are further away from
the center of the �111� facet, the O-Pt bond strength becomes
stronger.

Although for the extended flat Pt�111� surface and the
2 nm Pt cluster fcc sites are more stable than hcp sites, their
stability is reversed in the 1 nm Pt cluster. This can be un-
derstood by considering the local environment of these sites.
As Fig. 2 shows, one of the three Pt atoms creating the hcp
site in the 1 nm cluster is located at a vertex, leaving it
significantly under coordinated compared to atoms in the fcc
site and enhancing its binding energy with O.

Figure 3 shows the adsorption energy of O as a function
of bond length for the various sites and systems. Clearly, the
bond length does not correlate with the variation of adsorp-
tion energies, as was already pointed out for the adsorption
of other molecules on Pt.41 The bond distance of O-Pt is
largely controlled by the nature of the adsorption site regard-
less of particle size.

B. Chemisorption energy of OH

Figure 4 shows the chemical adsorption energies of OH at
different adsorption sites on the three model systems. In con-
trast to oxygen, OH preferentially adsorbs at the atop or

bridge position of the extended Pt�111� surface, with the Pt-
O-H bond angle about 70° from the surface normal. At fcc or
hcp sites, such tilting of the Pt-OH bond angle would bring
the H too close to Pt surface atoms, and the equilibrium
configuration is a linear Pt-O-H bond.28,42 The bonding
angles do not change considerably on the 1 and 2 nm Pt
clusters. Similar to O, OH binds to the 1 nm Pt particles
more strongly than to the 2 nm particles for all sites. How-
ever, the most stable sites vary with particle size: for the
1 nm particle, the atop at a vertex �AV� is most stable, while
on a 2 nm particle, the bridge between �111� and �100� facets
�BE�1,0�� has the strongest adsorption energy.

The chemisorption energy of OH is also influenced by the
coordination number of the adsorption site. For instance, for
the 1 nm particle, the bond strength at an atop site varies
from −2.61 eV at the center of the �100� facet �A�100�, Z
=8� to −3.35 eV at a vertex of the particle �AV, Z=5�. In the
2 nm cluster, the atop adsorption energies change from
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FIG. 2. �Color online� Chemisorption energies of O at various surface sites of the Pt model systems: �a� 1 nm and �b� 2 nm clusters and
�c� Pt�111� surface. Solid �dashed� triangles denote an hcp �fcc� site. An oxygen atom at the bridge site on the �111� facet of the 2 nm cluster
and on the Pt�111� surface is unstable and moves to an fcc site �indicated by solid arrows�.
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bond length with Pt.
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−2.33 eV at the �111� facet �A�111�, Z=9� to −2.83 eV at a
vertex �AV, Z=6�. These differences in adsorption energy of
OH are smaller than for O �Table II�. This may be due to the
fact that the OH group binds, in general, less strongly as O
and H already form a stable bond.

Figure 3 also shows the Pt-O bond length for Pt-OH.
While there is a general increase in energy for Pt-OH �de-
crease in adsorption energy� as the bond length increases, the
bond length is again largely controlled by the type of adsorp-
tion site.

IV. ANALYSIS AND DISCUSSION

The results presented in the previous section indicate that
the effect of particle size and local surface structure on the

chemisorption energies of O and OH is substantial. These
two factors are, in fact, strongly coupled since the equilib-
rium shape of a nanoparticle depends considerably on its
size.43 Hence, it may not easy to decouple the two effects
with experimental measurements which would provide quan-
tities that entangle the effect of both factors. First-principles
DFT method, however, enables us to approach the task in a
more or less systematic way probing the energy of adsorp-
tion at every site.

A. Effect of surface structure (coordination number) of
adsorption site

An overall trend we observe is that the adsorption energy
increases as the Pt atom�s� involved in the adsorption be-
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FIG. 4. �Color online� Chemisorption energies of OH at various sites of the Pt model systems: �a� 1 nm and �b� 2 nm clusters and �c�
Pt�111� surface. Solid �dashed� triangles denote hcp �fcc� sites. The OH group at an hcp site on the �111� facet of the 1 nm cluster is unstable
and moves to the bridge site �marked by a solid arrow�.

TABLE II. The strongest and weakest adsorption sites and their adsorption energies for O and OH in the
three Pt model systems. The energy difference ��E� is given between the two sites.

Adsorbate

Model system

1 nm 2 nm Pt�111�

O Strongest
adsorption

Site BE�1,0� BE�1,0� F-1

Energy −4.87 −4.74 −4.54

Weakest
adsorption

Site A�100� A�111� A�111�
Energy −3.72 −3.01 −3.08

�E �eV� −1.15 −1.73 −1.46

OH Strongest
adsorption

Site AV BE�1,0� B�111�
Energy −3.35 −3.08 −2.45

Weakest
adsorption

Site F-1 H-1 H-1

Energy −2.52 −1.77 −1.87

�E �eV� −0.83 −1.31 −0.58
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comes less coordinated by other Pt. This can be very clearly
observed in Fig. 5 which shows the chemisorption energies
of O and OH on the 2 nm Pt particle for three fcc and hcp
sites with different amounts of undercoordinated atoms. As
the boundary atoms are considerably undercoordinated com-
pared to those in the center of the facets, the adsorption
energy increases as the adsorption site moves toward the
boundaries of the surface facet. The magnitude of this varia-
tion with coordination ��0.4 eV for O and �0.5 eV for OH�
must have dramatic consequences on the range of oxygen
pressures or electrochemical potentials at which nanosized Pt
oxidizes. The variation with coordination is stronger than the

bulk fcc/hcp adsorption energy difference since the hcp site
containing a vertex Pt attracts O and OH more strongly than
an fcc site in the center of the �111� facet.

Figure 6 shows the effect of Pt coordination for adsorp-
tion on the atop and bridge positions of the 1 and 2 nm
particles. The chemical adsorption energies at the atop and
bridge sites vary by as much as 0.9 eV �O-Pt� and 0.7 eV
�OH-Pt� for a 1 nm Pt particle and about 0.3 eV �O-Pt� and
0.8 eV �OH-Pt� in the 2 nm particle. Therefore, the effect of
coordination number on the chemisorption energy at the atop
and bridge sites is even more substantial than for the high
symmetry fcc and hcp sites.
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B. Effect of a particle size

In Figs. 5 and 6, we showed the effect of Pt coordination
on the adsorption energy for different sites on a particle of
fixed size. With Fig. 7, we try to investigate whether there is
an intrinsic particle size effect on the adsorption energy even
for sites with similar coordination but on a different particle
size. Figure 7 shows chemisorption energies of O and OH on
the three Pt model systems as a function of Pt particle size
for a given adsorption site. We attempted to pick correspond-
ing sites on each particle with the same coordination as much
as possible. Since all the Pt atoms on the �111� facet of a
1 nm cluster are on the edges or vertices, they are compared
to the chemical adsorption energies of O and OH on similar
edges or vertices of the 2 nm cluster. Hence, the energy dif-
ferences shown in Fig. 7 are largely induced by the effect of
particle size. For reference, the chemisorption energies of O
and OH on a Pt�111� bulk surface are also presented. As the
results in Fig. 7 show, O and OH bind more strongly to the
1 nm particle �except for the fcc site�. The largest size effect
for both O and OH occurs for binding at the atop vertex site
��1.2 eV�. The adsorption energy for O�OH� on the bridge
site varies by 0.06 eV �0.16 eV�. Hence, particle size effects
are the most pronounced at the atop vertex.

C. Electronic structure effects

The previous sections demonstrate that both coordination
environment and particle size of Pt significantly affect its
chemical ability to adsorb O and OH. One may ask whether
this variation of chemisorption energy can be described by a
simple underlying parameter or physical change. Hammer
and Nørskov previously suggested a model that relates
chemisorption to the location of the d-band center ��d� of the
transition metals.1 Figure 8 shows chemisorption energies of
O and OH on the three Pt model systems as a function of the
unadsorbed d-band center of the Pt located at the adsorption
sites. The solid �dashed� lines denote linear fits of the chemi-
cal adsorption energies of O �OH� to the d-band center of Pt
at the adsorption site. The chemisorption energies at the atop
and bridge sites vary more than at the fcc and hcp sites for
the same amount of the d-band center change. This clearly
indicates that the d-band center is not the only variable that
controls the adsorption energy. Actually, it may not at all be

a relevant variable when change in particle size and coordi-
nation occurs. While the d-band center shift correlates with
the overall variation of the chemisorption energies, a unique
relation with the d-band center is not present.

D. Discussion

The chemisorption energies of O and OH vary consider-
ably between the Pt�111� surface and 1 and 2 nm particles.
Only some sites near the center of the �111� facet on the
2 nm show similar adsorption energies to the Pt�111� bulk
surface, as shown in Fig. 9. While we find that on the bulk
surface the fcc site is the most stable adsorption site, in
agreement with previous work,38–40 oxygen adsorption is
strongest in bridge sites on the edges of the 2 and 1 nm
particles. For both particles, the maximal adsorption energy
is stronger than on the bulk surface. The adsorption energies
in the fcc and hcp sites of the nanoparticles are distributed
above and below the bulk surface value, with adsorption get-
ting stronger as the site is closer to the edge of the surface.

For OH adsorption, the effects of particle size are more
dramatic. For OH in dilute concentration, as is the case in
our supercell, the most stable sites on the bulk �111� surface
are bridge and atop sites, in agreement with earlier
works.28,42 At higher concentration of OH, experiments indi-
cate that adsorption shifts to the atop position.44 The adsorp-
tion energy for OH in both positions increases dramatically
in the 2 nm particle �Fig. 4� going up by more than half an
eV. This trend continues in the 1 nm particle where the atop
site becomes the most stable site with almost an eV higher
adsorption energy. The fcc and hcp positions, which are typi-
cally not favored for OH, also increase in adsorption energy
when the particle becomes smaller, though the effect is less
pronounced than for the lower coordinated edge and vertex
sites. These results enforce the notion that to estimate the
surface reactivity of nanoscale Pt catalyst, a relevant Pt
model system is important, and bulk values may be less rel-
evant than previously thought.

While the d-band center has been successfully used to
explain the variation of adsorption energy with chemistry
under identical surface geometry,15 it does not capture most
of the variation we find between different sites and particle
size �Fig. 8�. While there is an overall trend that the adsorp-
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tion energy increases as the d-band center moves closer to
the Fermi level, the adsorption energies seem to be largely
controlled by long-range coordination effects. This can be
best observed by comparing the adsorption energy of a given
type of site at different positions on the nanoparticle, as, for
example, presented in Fig. 5. As the site gets closer to the
edge of the surface, the adsorption energy increases. This
position dependence is what one would expect from a bond
saturation argument, which is often applied to explain the
variation of bond strength with coordination in metals:45–47

the Pt atoms near the edge of the surface have less neighbors,

thereby increasing the bond strength of each species they are
bonded with. Anderson and co-workers have used similar
arguments, pointing at the excess charge that builds up on
corner atoms as an indication that electrophilic species will
adsorb stronger.46,47

The effect of coordination seems more pronounced for the
atop and bridge positions than for the fcc and hcp positions
which explains why the adsorption energy of OH varies
more with particle size than that of oxygen. It is possible that
as the adsorbed species binds with less Pt atoms �as in the
atop position�, it is much more sensitive to the extent to
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which that Pt atom is bonded with other Pt atoms.
While, in general, the adsorption energy on the 1 nm par-

ticle on equivalent sites is higher than on the 2 nm particle,
this trend is reversed for the fcc�111� site. This peculiarity
occurs because the surface facets on the 1 nm particle have a
significant curvature in order to reduce the total surface area
of the particle. This causes the distance between nearest
neighbor Pt atoms to be longer on the surface of the 1 nm
particle �2.85 Å before O adsorption� than on the 2 nm par-
ticle �2.7 Å before O adsorption�. This bond elongation re-
duces the extent to which adsorbed oxygen can simulta-
neously hybridize with all three Pt atoms defining the site.

Understanding how the variations of the adsorption en-
ergy with particle size affect catalysis is complex and de-
pends on the precise role of the adsorbed species �O and OH
in this study� in the catalytic process and on the change in
adsorption of other relevant species. It is now generally ac-
cepted that the specific CO oxidation rate increases as the
particle size decreases.8,48,49 Mayrhofer et al.8 attributed this
to the stronger OH adsorption on smaller particles which
provides the oxidant for CO. Our finding of a stronger OH
adsorption would certainly corroborate this finding. The situ-
ation when Pt is used as a cathode for the oxygen reduction
reaction is more complex. Watanabe et al.50 argued that there
is no effect of particle size on the rate of the ORR �oxygen
reduction reaction�, but that the mean particle spacing on the
support is the more relevant variable though his findings
have been disputed by Giordanoa et al.51 and Takasu et al.52

Similarly, Yano et al.53 measured the ORR catalytic activity
and the ratio of peroxide �H2O2� formation for particles 1.6,
2.6, and 4.8 nm in diameter. By using NMR analysis for
195Pt located at surfaces of the Pt nanoparticles, they found
that the electronic structure does not change with particle
sizes, from which they suggested that the ORR activity does
not change with Pt particle size. Mayrhofer et al.8 on the
other hand, argue that the rate of the ORR will decrease with
decreasing particle size since stronger OH adsorption re-
moves sites for oxygen adsorption.

Recently, other investigations have pointed at the impor-
tance of undercoordinated sites on nanoparticles. Narayanan
and El-Sayed54,55 systematically investigated how the shape
and particle size affect the catalytic activity of Pt nanopar-
ticles: they found that the surface activity of Pt is signifi-
cantly sensitive to the number of undercoordinated sites,
such as edges and vertices. More recently, Tian et al.56 syn-
thesized a tetrahexahedral Pt nanocrystal and observed it to
have enhanced catalytic activity for the electro-oxidation of
small organic molecules. They rationalized this finding on
the basis of the large number of undercoordinated sites on
high index facets.

Our results indicate that adsorption on nanoparticles is
significantly different than on flat bulk surfaces and quanti-

tative results from bulk studies may be less relevant to nano-
particle catalysis than previously thought. While we find, in
general, that the adsorption energies increase as the particle
size decreases, consistent with a lack of bond saturation of
the Pt atoms in small particles, the magnitude of the effect
varies substantially with the type of site. Adsorption in low
coordination, such as on the atop or bridge positions,
changes much more significantly with particle size than ad-
sorption energies in the higher symmetry hcp and fcc sites.
How particle size will affect the adsorption of a species will
therefore depend on the position in which it adsorbs. Hence,
given that the catalytic activity depends on the outcome of
competitive adsorption between species, there may be no
general trend to predict how the catalytic activity of reactions
changes with particle size. However, clever engineering of
both the shape and size of catalyst particles, thereby optimiz-
ing the adsorption strength and number of adsorption posi-
tions for all the relevant species involved, could, in principle,
be used to design better catalyst, though such a study would
require the evaluation of considerably more species than
what has been presented in this paper.

Our results indicate that Pt nanoparticles may undergo
oxidation �reduction� reaction at different external conditions
than bulk Pt metal. According to our calculated chemisorp-
tion energies of O and OH, the smaller 1 nm Pt cluster will
form surface oxide much more easily than the 2 nm and bulk
Pt�111� surface. For very small clusters PtnOm of only a few
atoms �in the range of n=1–3�, a similar result was pointed
out by Xu et al.57 Our results indicate that the stronger affin-
ity to oxygen persists even in a 2 nm Pt particle.

V. CONCLUSION

We investigated the effect of particle size and local sur-
face structure on the adsorption of O and OH on Pt. We
found that adsorption energies of O and OH are sensitive to
the coordination number and size of the Pt particles in some
case changing by as much as 1 eV from the bulk to the 1 nm
particle. Low-coordinated sites show a much stronger sensi-
tivity to the particle size and surface structure than other
sites. Although an electronic structure model such as the
d-band center theory captures some overall tendencies of
chemical reactivity as a function of Pt size and adsorption
site, there is considerable deviation from this model at the
vertex or edge sites.

ACKNOWLEDGMENTS

This research was supported by the MURI program of the
Army Research Office under Grant No. DAAD19-03-1-
0169. Additional support came from NSF Grant No. ACI-
9619020 through computing resources by NPACI at the San
Diego Supercomputer Center.

HAN, MIRANDA, AND CEDER PHYSICAL REVIEW B 77, 075410 �2008�

075410-8



1 B. Hammer and J. K. Nørskov, Adv. Catal. 45, 71 �2000�.
2 C. R. Henry, Surf. Sci. Rep. 31, 231 �1998�.
3 Catalysis and Electrocatalysis at Nanoparticle Surfaces, edited

by A. Wieckowski, E. R. Savinova, and C. G. Vayenas �Dekker,
New York, 2003�, pp. 455–500.

4 M. Valden, X. Lai, and D. W. Goodman, Science 281, 1647
�1998�.

5 J. Meier, K. A. Friedrich, and U. Stimming, Faraday Discuss.
121, 365 �2002�.

6 N. Lopez and J. K. Nørskov, J. Am. Chem. Soc. 124, 11262
�2002�.

7 F. Maillard, M. Eikerling, O. V. Cherstiouk, S. Schreier, E. Savi-
nova, and U. Stimming, Faraday Discuss. 125, 357 �2004�.

8 K. J. J. Mayrhofer, B. B. Blizanac, M. Arenz, V. R. Stamenkovic,
P. N. Ross, and N. M. Markovic, J. Phys. Chem. B 109, 14433
�2005�.

9 M. Arenz, K. J. J. Mayrhofer, V. Stamenkovic, B. B. Blizanac, T.
Tomoyuki, P. N. Ross, and N. M. Markovic, J. Am. Chem. Soc.
127, 6819 �2005�.

10 S. Mukerjee and J. McBreen, J. Electroanal. Chem. 448, 163
�1998�.

11 J. Harris and S. Andersson, Phys. Rev. Lett. 55, 1583 �1985�.
12 N. Lopez, T. V. W. Janssens, B. S. Clausen, Y. Xu, M.

Mavrikakis, T. Bligaard, and J. K. Nørskov, J. Catal. 223, 232
�2004�.

13 B. Hammer and J. K. Nørskov, Surf. Sci. 343, 211 �1995�.
14 J. K. Norskov, Rep. Prog. Phys. 53, 1253 �1990�.
15 B. Hammer and J. K. Nørskov, Chemisorption and Reactivity on

Supported Clusters and Thin Films �Kluwer Academic, The
Netherlands, 1997�, p. 285.

16 P. J. Feibelman and D. R. Hamann, Phys. Rev. Lett. 52, 61
�1984�.

17 Z. P. Liu, P. Hu, and A. Alavi, J. Am. Chem. Soc. 124, 14770
�2002�.

18 X. Lin, N. J. Ramer, A. M. Rapper, K. C. Hass, and W. F.
Schneider, J. Phys. Chem. B 105, 7739 �2001�.

19 M. H. Cohen, M. V. Ganduglia-Pirovano, and J. Kudrnovský,
Phys. Rev. Lett. 72, 3222 �1994�.

20 B. Hammer, Phys. Rev. Lett. 83, 3681 �1999�.
21 K. Honkala, A. Hellman, I. N. Remediakis, A. Logadottir, A.

Carlsson, S. Dahl, C. H. Christensen, and J. K. Nørskov, Science
307, 555 �2005�.

22 M. Mavrikakis, Nat. Mater. 5, 847 �2006�.
23 Ye Xu, W. A. Shelton, and W. F. Schneider, J. Phys. Chem. A

110, 5839 �2006�.
24 K. Kinoshita, in Modern Aspects of Electrochemistry No. 14, ed-

ited by J. O’M. Bockris, B. E. Conway, and R. E. White �Ple-
num Press, New York, 1982�, p. 557.

25 U. Heiz, A. Sanchez, S. Abbet, and W. D. Schneider, J. Am.
Chem. Soc. 121, 3214 �1999�.

26 J. Narayanasamy and A. B. Anderson, J. Electroanal. Chem. 554-
555, 35 �2003�.

27 Catalysis and Electrocatalysis at Nanoparticle Surfaces, edited
by A. Wieckowski, E. R. Savinova, and C. G. Vayenas �Dekker,

New York, 2003�, pp. 455–500.
28 B. C. Han and G. Ceder, Phys. Rev. B 74, 205418 �2006�.
29 K. Kinoshita, J. Electrochem. Soc. 137, 845 �1990�.
30 M. J. Yacaman, J. A. Ascencio, H. B. Liu, and J. Gardea-

Torresdey, J. Vac. Sci. Technol. B 19, 1091 �2001�.
31 J. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244 �1992�.
32 J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R.

Pederson, D. J. Singh, and C. Fiolhais, Phys. Rev. B 46, 6671
�1992�.

33 P. E. Blöchl, Phys. Rev. B 50, 17953 �1994�.
34 G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 �1999�.
35 G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 �1996�.
36 G. Kresse and J. Furthmüller, Comput. Mater. Sci. 6, 15 �1996�.
37 A. Bogicevic, J. Stromquist, and B. I. Lundqvist, Phys. Rev. B

57, R4289 �1998�.
38 Ye. Xu, A. V. Ruban, and M. Mavrikakis, J. Am. Chem. Soc. 126,

4717 �2004�.
39 U. Starke, N. Materer, A. Barbieri, R. Döll, K. Heinz, M. A. Van

Hove, and G. A. Somorjai, Surf. Sci. 287, 432 �1993�.
40 J. L. Gland, B. A. Sexton, and G. B. Fisher, Surf. Sci. 95, 587

�1980�.
41 I. Dabo, A. Wieckowski, and N. Marzari, J. Am. Chem. Soc. 129,

11045 �2007�.
42 A. Michaelides and P. Hu, J. Chem. Phys. 114, 513 �2001�.
43 Y. P. Chiu, L. W. Huang, C. M. Wei, C. S. Chang, and T. T. Tsong,

Phys. Rev. Lett. 97, 165504 �2006�.
44 A. P. Seitsonen, Y. Zhu, K. Bedürftig, and H. Over, J. Am. Chem.

Soc. 123, 7347 �2001�.
45 M. S. Daw, S. M. Foiles, and M. I. Baskes, Mater. Sci. Rep. 9,

251 �1993�.
46 A. B. Anderson and R. Hoffmann, J. Chem. Phys. 61, 4545

�1974�.
47 J. Roques and A. B. Anderson, Surf. Sci. 581, 105 �2005�.
48 K. S. Han, O. H. Han, and P. K. Babu, J. Electrochem. Soc. 152,

J131 �2005�.
49 A. Sirijaruphan, J. G. Goodwin, and R. W. Rice, J. Catal. 221,

288 �2004�.
50 M. Watanabe, S. Saegusa, and P. Stonehart, Chem. Lett. 1988,

1487.
51 N. Giordanoa, E. Passalacquaa, L. Pinoa, A. S. Aricoa, V. Anto-

nuccia, M. Vivaldia, and K. Kinoshitab, Electrochim. Acta 36,
1979 �1991�.

52 Y. Takasu, N. Ohashi, X. G. Zhang, Y. Murakami, and K. Ya-
hikozawa, Electrochim. Acta 41, 2595 �1996�.

53 H. Yano, J. Inukai, H. Uchida, M. Watanabe, P. K. Babu, T. Koba-
yashi, J. H. Chung, E. Oldfield, and A. Wieckowski, Phys.
Chem. Chem. Phys. 8, 4932 �2006�.

54 R. Narayanan and M. A. El-Sayed, Nano Lett. 4, 1343 �2004�.
55 R. Narayanan and M. A. El-Sayed, J. Phys. Chem. B 107, 12416

�2003�.
56 N. Tian, Z. Y. Zhou, S. G. Sun, Y. Ding, and Z. Lin Wang, Sci-

ence 316, 732 �2007�.
57 Y. Xu, W. A. Shelton, and W. F. Schneider, J. Phys. Chem. B 110,

16591 �2006�.

EFFECT OF PARTICLE SIZE AND SURFACE STRUCTURE… PHYSICAL REVIEW B 77, 075410 �2008�

075410-9


