
Computational study of structural dependence of catalytic properties of
Pt-Ru nanoalloy catalysts

B. Prasai* and V. Petkov*

* Department of Physics, Central Michigan University, Mt. Pleasant, MI 48858

ABSTRACT

3D structure models of Pt-Ru alloy nanoparticles
(NPs) are built by molecular dynamics simulations. Mod-
els are refined against the experimental PDF data by re-
verse Monte Carlo simulations and analysed in terms of
prime structural characteristics such as metal-to-metal
bond lengths and first coordination numbers for Pt and
Ru atoms. Structural characteristics of activated NPs
and data for their catalytic activity are compared side by
side and strong evidence is found that electronic effects,
indicated by significant changes in Pt-Pt and Ru-Ru
metal bond lengths at NP surface, and practically un-
recognized so far atomic ensemble effects, indicated by
the prevalence of particular configurations of Pt and Ru
atoms at NP surface and distinctive packing of atomic
layers near NP surface, contribute to the observed en-
hancement of the catalytic activity of composition about
50:50. Implications of so-established relationships be-
tween the atomic structure and catalytic activity of Pt-
Ru alloy NPs on efforts aimed at improving further the
latter by tuning-up the former are discussed and the
usefulness of detailed NP structure studies to advanc-
ing science and technology of metallic NPs explored for
catalytic applications is exemplified.

Keywords: nanoparticle structure modeling, molecu-
lar dynamics, fuel cell, Calatysis, sutton-chen, reverse
Monte Carlo.

1 INTRODUCTION

In the recent years, metallic nanoparticles (NPs) are
being extensively explored for their practical use in var-
ious applications such as catalysis, photonics, magnetic
storage media, and drug delivery[1, 2, 3, 4]. The ex-
ploration of the metallic NPs as catalytic agents has
boomed because of their use in fuel cell technologies
based on catalysis. Metal nanoalloys, a few nanome-
ter in size, based on Noble metals have shown a great
promise as catalyst for several technologically important
reactions. He we explored Pt-Ru nanoalloys which is
one of the many important nanoalloy catalysts. Pt-Ru
was chosen because of its importance for the develop-
ment of highly pursued current devices for clean energy
conversion such as fuel cells, particularly for its remark-

able ability to speed up gas-phase CO oxidation and
ethanol electro-oxidation reactions. Since most of the
studies on Pt-Ru nanoalloys are focused on their cat-
alytic properties with a limited knowledge of the atomic
structure, here we pay particular attention on deter-
mining the atomic structure of these nanoalloys in fine
detail and hence establishing the correlations between
atomic structure and catalytic properties, with a hope
that, once known, these correlations can provide a feed-
back loop for streamlining synthesis and optimization of
Pt-Ru nanoalloys for fuel cells related applications.

For the purpose we built 3D structure models for
catalytically active PtxRu100−x; (x=31, 49 and 75) al-
loy NPs by Molecular Dynamics (MD) simulations and
further refined by reverse Monte Carlo (RMC) simula-
tions guided by the experimental atomic pair distribu-
tion functions (PDFs). RMC refined models are then
analyzed in terms of structural characteristics impor-
tant for catalysis such as NP phase state, distribution of
first atomic neighbor distances, i.e. metal-to-metal bond
lengths and first atomic coordination numbers paying
particular attention to Pt and Ru atoms at NP sur-
face since it is the NP surface where catalytic reac-
tions take place, and correlated data for catalytic ac-
tivity with structural characteristics of respective NPs
and showed the usefulness of so-established relationships
between the atomic structure and catalytic activity of
Pt-Ru alloy NPs to efforts aimed at improving further
the latter by tuning up the former.

2 COMPUTATIONAL METHODS

MD simulations were carried out with the help of
computer program DL-POLY [5] under canonical NVT
ensemble in the absence of periodic boundary condi-
tions. Velocity Verlet algorithm with a time step of 2
fs was used. Initial model atomic configurations were
equilibrated for 200 ps at 700K, which is just about the
temperature at which Pt-Ru NPs were post-synthesis
treated as to be activated for catalytic applications. The
models were then cooled down to room temperature in
steps of 50K and again equilibrated for 100 ps. Sutton-
Chen potential parameters used in this study are taken
from Ref. [6]. Reverse Monte Carlo (RMC) simulations,
details of which are given in Ref.[6], were used to further
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refine MD generated structure models for Pt-Ru NPs.

3 RESULTS AND DISCUSSION

Accounting for the findings of simplistic empirical
modeling, 3D models of post-synthesis treated (catalyt-
ically active) Pt-Ru alloy NPs were built by MD simula-
tions based on the archetypal for current metal and alloy
atomic structure theory Sutton-Chen (SC) method. MD
models featured NPs with the chemical composition,
chemical pattern, size (∼ 4.5 nm) and shape (spherical)
of actual Pt-Ru alloy NPs studied here as previously ex-
plained in Ref.[6]. Resulted 3D models are shown in Fig-
ure 1a and the atomic PDFs derived from the models are
compared with the respective experimental PDFs in Fig-
ure 2a. As can be seen in Figure 2a, MD built structure
models produce atomic PDFs that capture the essence
of experimental ones but fail in reproducing them in fine
detail. In particular, MD models fail in reproducing the
position, broadening and intensity of several peaks in
the experimental PDFs, i.e. the radii, degree of atomic
positional disorder and atomic population of several co-
ordination spheres in Pt-Ru alloy NPs. The inability of
MD models to reproduce accurately the radii of atomic
coordination spheres in PtxRu100−x alloy NPs may be
expected since SC method employed by MD is, like most
theoretical methods currently in use, validated against
experimental data for the lattice parameters of respec-
tive solids. Results of empirical modeling carried out
here, however, showed clearly that NP “lattice param-
eteres”, i.e. the characteristic interatomic distances in
Pt-Ru alloy NPs, are different from these of the respec-
tive solids. Indeed this is a rather common observation
since interatomic distances in metallic NPs can get com-
pressed or stretched out considerably and non uniformly
as a result of the inherently increased surface tension of
NPs[7] and/or NP surface environment effects such as,
for example, exposure to reactive (e.g. H2) gases [8].
Such an effect is atypical for the respective solids. Be-
sides, charge transfer and optimization of atomic-level
stresses in metallic alloy NPs can result in a consider-
able change in the radii/size of metallic species involved
which, again, may not be the case with the respective
solids[9, 10]. The inability of MD models to reproduce
accurately the degree of local structural disorder in Pt-
Ru alloy NPs, in particular its inherent enhancement in
coordination spheres involving atoms close to/at the ex-
tended NP surface, may also be expected. It is due to
the fact that MD treats all atoms in structure models
alike whereas atoms inside and at the surface of real-
world metallic NPs are not necessarily alike in respect
to their immediate atomic neighborhood, and others.
The inability of MD models to reproduce accurately the
distribution of Pt and Ru atoms across NPs is not a
big surprise either. Nevertheless, as discussed in Ref.[9],
MD simulations are useful in providing plausible struc-

Figure 1: a) MD generated 3D structure models of
PtxRu100−x alloy NPs (x=75, left); (x=49, middle);
(x=31, right), b) RMC refined 3D structure models with
the corresponding compositions. The non-uniform dis-
tribution of Pt in Pt31Ru69 indicates a clear segregation
of Pt species at the center and surface of NPs leading to
an onion-like chemical pattern. Ru atoms are in green
and Pt in gray.

ture models for metallic NPs that can be refined further,
when necessary.

MD models were refined further by RMC simula-
tions. In the simulations positions of atoms in MD
models of Figure 1a were adjusted, including switching
the positions of nearby Pt and Ru atoms, as that the
difference between RMC model derived and respective
experimental PDF data is reduced as much as possi-
ble. At the same time model’s energy was minimized,
i.e. model’s stability maximized, to the fullest possible
extent using reliable pair-wise (Lennard-Jones type) po-
tentials. RMC refined models for Pt-Ru nanoalloys are
shown in Figure 1b and the atomic PDFs derived from
the corresponding models are compared with the respec-
tive experimental PDFs in Figure 2b. As can be seen in
Figure 2b, atomic PDFs derived from RMC refined 3D
structure models for Pt-Ru alloy NPs reproduce respec-
tive experimental atomic PDFs in very good detail (see
the reported Rw factors), including the region of higher
r-values which is sensitive to structural features of NP
surface. Precise accounting for the latter is important
for catalysis since it is the NP surface where catalytic
reactions take place.

With 3D models of realistic size, shape, chemical
composition, chemical species ordering pattern, type of
atomic ordering and atomic coordination spheres, in-
cluding coordination radii and numbers, tuned up against
relevant experimental PDF data at hand all important
structural characteristics of actual metallic NPs stud-
ied can be derived. Here we concentrate on structural
characteristics relevant to catalytic properties of metal-
lic NPs such as metal-to-metal bond lengths and coor-
dination numbers (CNs) paying particular attention to
metallic species at NP surface. First neighbor Pt-Pt and
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(a)

(b)

Figure 2: a) Experimental (symbols) and model (lines
in red) PDFs for MD generated PtxRu100−x alloy NP
(x=31, 49 and 75) atomic configurations, shown in Fig-
ure 1a. b) Experimental (symbols) and model (lines
in blue) PDFs for RMC refined respective Pt-Ru alloy
NP atomic configurations, shown in Figure 1b. Model’s
quality indicators, Rw are shown for each data set.

Ru-Ru distances, i.e. metal-to-metal bond lengths, and
first Pt-Pt and Pt-Ru CNs for Pt and Ru atoms at the
surface of the Pt-Ru alloy NPs, as derived from their 3D
structure models of Figure 1b, are shown in Figure 3.
Experimental data for the catalytic activity of same NPs
for gas-phase oxidation of CO and electro-oxidation of
ethanol, obtained as described in Ref.[6], are also shown
in the Figure. Inspection of so-summarized NP atomic
structure vs NP property data indicates that the cat-
alytic activity of Pt-Ru alloy NPs studied here peaks
when i) Pt-Pt and Ru-Ru bond lengths at NP surface
are, respectively, shortened and elongated most and ii)
surface Pt-Pt and Pt-Ru first CNs are nearly identi-
cal. To comprehend the observed NP atomic structure-
catalytic activity relationships we reasoned them within
the framework of three most frequently evoked expla-
nations for the higher catalytic activity of metallic al-
loy NPs as compared to that of respective monometallic
NPs. Those explanations argue that i) different metallic
species at the surface of alloy NPs do not interact but act
cooperatively as to promote particular steps of chemi-
cal reactions, ii) different metallic species at the surface
of alloy NPs interact by exchanging charge and/or ad-
justing size both affecting their electronic structure in
a way favorable for chemical reactions and iii) different

Figure 3: a) Catalytic activity of post-synthesis treated
PtxRu100−x alloy NPs (x=31, 49 and 75) for gas-phase
oxidation of CO given in terms of the temperature T50

at which 50 % conversion of CO is achieved, b) Cat-
alytic activity of respective Pt-Ru alloy NPs for electro-
oxidation of ethanol given in terms of peak current gen-
erated as a result of the reaction, c) Pt-Pt and Ru-Ru
bond lengths at the surface of RMC refined 3D atomic
structures of PtxRu100−x alloy NPs (x=31, 49 and 75)
and d) first neighbor Pt-Pt and Pt-Ru CNs at the sur-
face of same NPs.

metallic species at NP surface assemble in particular
configurations providing active catalytic sites[11, 12].

In the case of Pt-Ru alloy NPs explanation (i) has
been put forward in terms of the so-called bi-functional
mechanism[13] envisioning formation of surface Ru-hydrate
species easing CO oxidation on nearby surface Pt atoms.
The mechanism, however, has been found incapable of
explaining the improved catalytic activity of Pt-Ru NPs
wherein Pt atoms completely cover NP surface thus screen-
ing all Ru atoms from chemical species adsorbed at that
surface. On the other hand, explanation (ii) has found
strong support in numerous experimental and theoreti-
cal studies on Pt-Ru alloy NPs indicating the presence
of charge transfer between Pt and Ru species[16, 17]
accompanied by a considerable shortening of Pt-Pt and
elongation of Ru-Ru metal bond lengths[11, 12, 18]. Ac-
cording to Pauling’s theory of chemical bonds [19, 20]
some charge transfer between Pt and Ru species may
be expected due to their somewhat different electroneg-
ativity that is 2.3 and 2.2, respectively. Change in Pt-Pt
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and Ru-Ru bond lengths may also be expected since in
order for the atomic-level stresses in Pt-Ru alloy NPs to
be optimized the larger in size Pt species (2.77 ) should
shrink and the smaller in size Ru species (2.67 ) ex-
pand as that the ratio of their size/radii becomes as
close to one as possible [20, 21]. Changes in metal-to-
metal bond length, strength and the electronic struc-
ture of respective metal species are known to be largely
interrelated[20, 21] and so difficult to take apart. Nev-
ertheless, it has been shown that metal-to-metal bond
length changes of the type shown in Figure 3c would
induce a strong downshift of the d electron states of
surface Pt atoms in PtxRu100−x alloy NPs at x∼50.
This would modify the energies of bonding of chemical
species to surface Pt atoms and so the activation bar-
riers of critical steps of chemical reactions, such as gas-
phase oxidation of CO and electro-oxidation of ethanol,
in a way enhancing the catalytic activity of Pt-Ru al-
loy NPs for x∼50[11, 12, 18]. Indeed this is exactly
what data in Figure 3(a and b) show. Explanation (iii)
has been contemplated in several studies on Pt-Ru al-
loy NPs [11, 22, 23] but not recognized explicitly so far.
Data in Figure 3 provides strong evidence that not only
electronic (ii) but also atomic ensemble (iii) effects, sig-
nified by the prevalence of atomic configurations where
both Pt and Ru metal species have pretty much the
same number of unlike first neighbors (Pt-Pt and Pt-Ru
first CNs of 3.8 and 3.5, and Ru-Pt and Ru-Ru CNs of
3.5 and 3.8, respectively[6]), contribute to the enhanced
catalytic activity for x ∼ 50.

4 CONCLUSION

Catalytic activity of metallic NPs is governed by
a series of destruction and creation of bonds between
NP surface atoms and chemical species adsorbed at NP
surface. Complete or partial alloying of metal species
at the nanoscale can modify the electronic structure,
hence, size (or vice versa) and arrangement of individ-
ual metallic species at NP surface thus influencing the
catalytic activity of metallic NPs significantly. The ar-
rangement, size, and electronic structure of atoms at NP
surface, however, strongly depend on the way atoms in
the layer(s) beneath it are positioned. Therefore, de-
tailed knowledge of the atomic-scale structure across
metallic alloy NPs is a prerequisite to achieving a better
understanding of their catalytic properties and, hence,
enabling a rational design approach to producing and
optimizing metallic alloy NPs for catalytic applications.
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