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First-Principles Study on Stability and Electronic Structures

of Pt-Rh Bimetallic Nanoparticles
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Energetic stability and electronic structures of Pt atoms in Pt-Rh nanoparticle is investigated by first-principles calculation. Pt atom
energetically prefer surface sites (vertex, edge, and (100)) rather than subsurface and core site, which is attributed to lower Pt surface energy
compared with Rh. Vertex of nanoparticle is the most favorable site for Pt atom, which has lowest coordination numbers. Band center of d-state
electronic contribution for Pt atom measured from the Fermi energy exhibit negative dependence with respect to Pt coordination number. This
can be attributed to positive dependence of second-order moment of density of states for the Pt d-band on the coordination number. Pt
segregation to the surface is expected due mainly to contribution from Pt on-site segregation energy compared with weak ordering tendency of

Pt-Rh unlike-atom pairs. [doi:10.2320/matertrans.M2009295]
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1. Introduction

Metal nanoparticles have been actively investigated so far
for wide range of physical as well as chemical applications,
since they are expected to show different properties from
bulk due to finite-size effects and high surface-to-volume
ratio.'™ In recent years, bimetallic nanoparticles are exten-
sively studied and synthesized since alloying other elements
can enhance catalytic properties. Theoretical study based on
density functional theory (DFT) on bimetallic nanoparticles
have been actively performed for such as Fe- and Pt-based
alloys in order to investigate thermodynamically stable
ordered structures and catalytic properties.*® Pt-Rh nano-
particle is one of the most well-investigated system by
experiments because of its enhanced catalytic property. The
Pt-Rh nanoparticle are synthesized by variety of experiments
including polyol synthesis method for clusters stabilized by
ethylene glycol and OH™, NaY-supported clusters using ion-
exchange method, colloid synthesis in polymer solutions
using borohydride-reduction, and pulsed laser ablation.*-1>
Since the catalytic property should significantly depend on its
atomic arrangements, size, and composition, their structure
have been carefully studied using such as Transmission
Electron Microscope (TEM), Extended X-ray Absorption
FineStructure (EXAFS), dispersive X-ray (EDX) analysis,
and X-ray photoelectron spectroscopy (XPS). The synthe-
sized particle typically has diameter with 1-4nm and its
atomic arrangements or preferably segregated species de-
pends on sample preparation condition or method. Compared
to constituent metal nanoparticle, the Pt-Rh nanoparticles can
show higher catalytic properties for such as NO, reduction,
CO chemisorption, and hydrogenation.'>1®)

For Pt-Rh bulk surfaces, several first-principles investiga-
tion and experiments address the atomic structure and its
related catalytic properties in order to design suitable alloy
surface with high catalytic properties. Due to lower surface
energy of Pt, small mixing enthalpy, and small difference in
sublimation enthalpy, Pt atoms segregate to the topmost layer
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and depletion at the second layer, which are confirmed by
both previous experimental'’>® and theoretical’*2" inves-
tigations. Recent first-principles-based investigation by the
authors elucidate that Pt-Rh stable surface significantly
destabilize CO adsorption with respect to hydrogen, which
indicates the Pt-Rh surface to be potential candidate for
electrode in polymer electrolyte fuel cells (PEFC): The
destabilization is reasonably attributed to the d-state elec-
tronic contribution of top-layer Pt atoms, particularly to the
d-band center measured from the Fermi energy. DFT-based
studies on Pt and Rh nanoparticles have also been carried out
to understand stable atomic configurations:**-3% Up to now,
nanoparticles consisting of ~ 300 atoms are extensively
studied, and a number of stable or metastable structures
including icosahedron, octahedron, cuboctahedron, biplanar,
and lower-symmetry shapes are proposed, where their
relative stability is still under discussion. Particularly,
icosahedral and cubohedral Pt and Rh nanoparticles have
been considered interesting since they are Platonic and
Archimedean solids in uniform polyhedra, and they are
linked to each other by Mackay transformation with small
energy difference.’!

In contrast to such stimulating experimental as well as
theoretical investigations for Pt, Rh and Pt-Rh nanoparticles
and bulk surfaces, theoretical studies on the Pt-Rh nano-
particle is somehow confined to segregation profile predicted
by empirical method including pair-bond energy model®”
and free energy concentration expansion:*®® These studies
predict Pt atoms energetically prefer to segregating to the
surface rather than subsurfaces. With these considerations,
further theoretical assessment for electronic structure and
catalytic properties of the Pt-Rh nanoparticles based on first-
principles calculation is highly desirable in order to design
suitable alloy nanoparticles. In the present study, we
concentrate on study of Pt-Rh nanoparticle consisting of 55
atoms with cuboctahedron shape where the 55-atom nano-
particle is considered interesting due to its intermediate size
between finite molecules and fully metallic systems* and
cuboctahedron nanoparticle has been studied based on
semiempirical model for segregation in Pt-Rh system, and
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Fig. 1 Schematic illustration of Pt-Rh nanoparticle used in the present
calculation. Symmetry-nonequivalent sites are distinguished by color.

is also synthesized for 55 Pt atoms.*¥*" We perform first-
principles calculation on Pt;Rhs, and Pt;Rhs3 nanoparticles:
Energetically preferred single site of Pt atom, Pt electronic
structure and ordering tendency for the Pt-Rh nanoparticles
are discussed.

2. Methodology

In order to investigate energetic stability and electronic
structure of Pt atom for Pt-Rh nanoparticle, we construct
cuboctahedron consisting of 55-atoms described above.
Since 42 among the 55 atoms are located at the surface,
significant size-effects for nanoparticle can be expected.
Figure 1 shows schematic illustration of the used particle.
There are five symmetry-nonequivalent sites: vertex, edge,
(100), subsurface, and core. For Pt;Rhss nanoparticle, we
have five types of Pt-Rh nanoparticle where single Pt atom
occupies one of the five nonequivalent site, and other 54 sites
are occupied by Rh atoms. For Pt;Rhs; nanoparticle, we
replace two Pt atoms at all the pair combination of the five
symmetry-nonequivalent sites in minimum distance, as
shown in Fig. 2: There are 14 atomic configurations.

We perform the first-principles calculations using DFT
code, Vienna Ab-initio Simulation Package (VASP).*14
The all-electron Kohn-Sham equations were solved by
employing the projector augmented-wave (PAW) method.*¥
The exchange-correlation functional was described by
generalized gradient approximation (GGA) of Perdew-
Wang91 form.*) Plane-wave cutoff energy was set to
576.7 x 1071°J (360eV) throughout the calculation. The
numerical error was estimated to be of the order of
1.6 x 10722 J/atom (1 meV/atom) by cutoff convergence
tests. To deal with the possible convergence problems for
metals, Methfessel-Paxton scheme*® was used with a
smearing parameter o of 0.128 x 107! J (0.08 eV). k-points
sampling are performed on the basis of the Monkhorst-Pack
scheme*” with 1 x 1 x 1 grids. We put 55-atom nano-
particle in cubic cell with each side of 2nm, which is
confirmed to be sufficient in terms of cell-size dependence of
total energy. Geometry optimization under the condition of
fixed cell size and shape is performed until residual forces
on each atoms become less than 4.81 x 1072°J/nm
(0.03eV/A).

Fig. 2 Schematic illustration of positions of two Pt atoms in Pt;Rhs3
nanoparticles, which are illustrated by dark shperes connected with dark
bold lines.

Table 1 Calculated relative total energy of Pt;Rhss nanoparticle E.,
coordination number for Pt atom Z, and d-band center of Pt atoms, €.

Pt position Eonsite/1.6e-197 (eV) VA €4/1.6e-197 (eV)

vertex —0.55 5 —2.07
edge —0.49 7 —2.14
(100) —0.39 8 —-2.22
subsurface 0.07 12 —3.26
core 0 12 —-3.35

3. Results and Discussion

We first investigate energetics of the modeled Pt;Rhsy
nanoparticles in order to see energetically favorable single
Pt site. Table 1 summarizes total energy of the nanoparticles
measured from that of nanoparticle with Pt atom at core site
(we call on-site energy, Eonsite hereinafter), coordination
number of Pt atom (Z), and d-band center of Pt atom
measured from the Fermi energy (¢;) for the five modeled
nanoparticles. For bulk, Pt segregates to surface due to lower
Pt surface energy compared with Rh and Rh segregates to
2nd layer due to positive Pt segregation energy.”’-> From
Table 1, similar tendency can be seen: For three sites at
surface (vertex, edge, and (100)), on-site energies exhibit
negative sign, while that for subsurface exhibit positive sign.
Therefore, when we assume weak mixing contribution to the
total free energy, which holds for bulk Pt-Rh alloy, Pt
prefers sites at the surface. This is consistent with early
theoretical prediction based on empirical methods.?”3® At
the surface, on-site energy increase in negative sign when
coordination number of Z decreases. This can be attributed
to the fact that Pt segregates to a site with lower
coordination number in order to decrease surface energy
of the nanoparticle. This is because since surface energy
increase for lower coordination surface by a factor of JZ
within effective medium approximation up to second-order
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Fig. 3 Calculated density of states from d-state contribution measured
from Fermi energy for the three surface sites of vertex, edge, and (100).

moment, negative energy gain by Pt-atom segregation
should be more enhanced for sites with lower coordination
number.

Next, we investigate the electronic structure of Pt atom in
the nanoparticle. We show in Fig. 3 the calculated electronic
density of states from d-state contribution measured from
Fermi energy for the three surface sites. From Fig. 3, no
significant difference can be found for the three surface sites.
Corresponding d-band center, €4, are described in Table 1. ¢,
ranges from —3.56 to —3.32 x 107197 (=2.22 to =2.07eV),
which are larger in negative sign than e; = —3.24 x 1071 ]
(—2.02eV) for PtysRh;s ground-state bulk alloy surface.?”
Another important point in Table 1 is that ¢; move down
from Fermi energy with increase in coordination number, Z.
Particularly, subsurface and core sites with Z = 12 have
significantly lower €; of around 5.28 x 1077 J (=3.3eV).
These can be attributed to the fact that: When coordination
number for Pt atom increase, second-order moment of Pt d-
band should naturally increase due to increase in hybrid-
ization with nearest-neighbor Rh atoms. Since Pt has more
than half-filled 5d shells, downshift of the d-band center
should be more enhanced for larger coordination numbers to
conserve the charges. In order to intuitively see this, we show
in Fig. 4 the second order moment of Pt d-band with respect
to the d-band center as a function of coordination number for
the Pt atom. We can clearly see from Fig. 4 that almost linear
dependence of the second-order moment on coordination
number is certainly satisfied, which should lead to downshift
of the Pt d-band in terms of coordination number described
above. The downshift of Pt d-band center can also be found
for Pt-Rh alloy surface by our previous work, which causes
destabilization of CO adsorption with respect to H adsorp-
tion. This indicates that Pt-Rh nanoparticle can be potential
candidate for electrode catalysis in polymer electrolyte fuel
cells (PEFC).

»

(€]

w

N

5 6 7 8 9 10 11 12

Coordination number, Z

2-order moment, 1, / (1.6e-19J)? (eV?)
N

Fig. 4 Second order moment of Pt d-band with respect to the d-band
center, as a function of coordination number for the Pt atom.
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Fig. 5 Calculated Pt-Pt interaction energy defined by eq. (1) for pairs
shown in Fig. 2.

Finally, we investigate energetics of ordered Pt;Rhs;
nanoparticles to see ordering contribution to stability for Pt-
Rh nanoparticle. In order to understand energetic preference
of Pt atoms, we introduce following Pt pair interaction energy
given by

E ;= EE}Rhs,% _ (EfthhSLi + EfthhSzx _ ERhSS), 1)

where EpuRis EPURNs and ERbss denote total energy of
Pt;Rhs3 nanoparticle with two Pt atoms at site I and J, that
of PtjRhss with single Pt atom at site P, and that of Rhs;s
nanoparticle, respectively. Thus Ejj represents relative
energy of Pt pairs at I and J sites with respect to two Pt
atoms isolately located at I and J sites without interaction.
Therefore, Fy_y < 0 indicates preference of Pt pair at I and J
site, and Ey_y > 0 disfavor the Pt-Pt pair. Figure 5 shows the
interaction energy for Pt pairs shown in Fig. 2. Most of the
interaction energies (10 of 14) exhibit positive sign with
larger value compared with those in negative sign, indicating
that Pt pairs are energetically unfavored and Pt-Rh unlike-
atom pairs are favored in the Pt-Rh nanoparticle, which is a
similar ordering tendency of bulk Pt-Rh alloy.?” Another
important point in Fig. 5 is that Ey s are in one-order smaller
than Pt on-site energies described in Table 1. This indicates
that Pt on-site energy should be dominant and ordering
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tendency is predominant contributions to surface segregation
in the Pt-Rh nanoparticle. Therefore, Pt-Rh nanoparticle is
expected to show similar segregation behavior to Pt-Rh bulk
surface, where strong Pt segregation is mainly attributed to Pt
on-site energy contribution.?”

4. Conclusions

We perform first-principles calculations in order to
examine energetic stability and electronic structures of Pt
atoms in Pt-Rh nanoparticle. Single Pt atom energetically
prefer surface sites of vertex, edge, and (100) rather than
subsurface and core sites. This can be attributed to the fact
that Pt tend to prefer sites with lower coordination number so
that surface energy of the nanoparticle decreases, which have
also been seen in Pt-Rh bulk alloy surface. d-band center for
Pt atom exhibit negative dependence with respect to Pt
coordination number. This can be attributed to increase in
second-order moment of the Pt d-band for increase in the
coordination number. Ordering tendency for Pt-Rh nano-
particle is also investigated. Pt-Rh unlike-atom pairs are
energetically preferred, which is a similar tendency in Pt-Rh
bulk alloy. Pt segregation to the surface of Pt-Rh nanoparticle
is expected due to the dominant contribution of Pt on-site
energy compared with weak ordering tendency.
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