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Abstract

We investigated CO coverage (8,) on Pt,Ru; nanoparticle with various morphologies in H,/CO mixture gas atmosphere at 333 K by grand canoni-
cal ensemble Monte Carlo (GCMC) combined with quantitative structure—property relationship. In nanoparticles enclosed by (111) facets, 8, was
significantly reduced when the surface and the subsurface were composed of Pt and Ru, respectively. The nanoparticles with homogeneously mixed
surface showed low 6, while the Janus-type showed high 6. A similar tendency was obtained in the (100)-enclosed nanoparticle. These results

revealed that the homogeneous mixing of Pt and Ru on the surface is essential to increase the CO tolerance.

Introduction
Polymer electrolyte fuel cells (PEFCs) have been a promis-
ing device due to their high-power density and low operating
temperature around 350 K. Pt and Pt-based materials have been
known as a representative metal catalyst for an anode material
when H, is used as the fuel.l*l One of the most fatal and ongo-
ing problems is CO poisoning on the Pt surface: H, adsorption
is considerably inhibited in the presence of CO, which is con-
tained as an impurity in the H, fuel.>* Because the H, gas is
generally produced from hydrocarbons and alcohols, complete
removal of CO at ppm level has extremely been difficult,l”!
while it has been reported that even 10 ppm or less of CO
is harmful to the cell performance.”) Thus, the development
of CO-tolerant electrocatalyst has been necessary, where the
catalytic activity is maintained and precious Pt is also less used.

Solving the above problems, Pt-containing alloy metal nano-
particle has been explored.* ') Among various metal alloys,
PtRu nanoparticle has been widely studied due to the high cata-
lytic activity in the electrochemical oxidation of CO,”"!""!") and
Pt,Ru, has been known as one of the most promising composi-
tional formulae.['®2! The synergistic effect of the alloying has
been investigated focusing on the surface composition of the
nanoparticle. Experimental studies have revealed that mixing
of Pt and Ru is preferable for the efficient oxidation of CO on
the Pt site by OH on the Ru site. Significance in Pt-rich surface
has also been proposed to suppress the coverage of CO on the
Ru site. Nevertheless, the ideal conformation of the PtRu nano-
particle has yet been uncovered due to difficulties in precise
synthesis at sub-nm accuracy and atomic-level characterization
of the nanoparticle surface.

Computational approaches such as quantum chemical calcula-
tion and molecular dynamics calculation have become significant

since the late twentieth century. Because nanostructure and its
physicochemical property are easily modeled and obtained by
the computational approaches, the quantitative structure—prop-
erty relationship (QSPR, hereafter) has gained attention as well
as machine learning.[*>241 By the DFT method, the CO adsorp-
tion on the PtRu nanostructure has ever been investigated!>!:
The adsorption energy of CO on the Ru site is larger than that on
the Pt site, the latter of which is weakened by the alloying with
Ru. We have previously reported the adsorption of CO, OH, and
H on PtRu layers as a model of the nanoparticle surface, and
found that the atop site is energetically more preferred in the
CO adsorption than the bride and the hollow sites by the DFT
method.?®) We have further applied Monte Carlo (MC) simula-
tions to investigate conformational stability of homogeneously
mixed polyhedron PtRu nanoparticle in the absence and presence
of the adsorbates.”?”-?%] However, the effect of the morphologies
including the surface composition and crystal facets has yet been
unveiled, which are supposed to be significant in CO poisoning.
In the present study, we investigated the adsorption behavior of
CO and H, on the PtRu nanoparticles with various conformations
by the grand canonical ensemble MC (GCMC)?*! with the aid
of QSPR. It was found that homogeneous distribution of the Ru
atoms in the surface is effective to minimize the CO coverage,
and the most stable (111) facet is preferable. Under this condi-
tion, the CO coverage did not show strong dependency on the
diameter of the nanoparticle.

Computational method

Outline

It is time consuming to calculate the interatomic energy of
the whole system composed of the PtRu nanoparticle and
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the adsorbates by using ab initio calculation. Hence, we used
GCMC to determine whether the system was reached to equi-
librium adsorption state, where changes in the adsorption
energy were estimated by QSPR in which a multiple linear
regression (MLR) was conducted by using structural descrip-
tors of nanoparticles.

Calculations of adsorption energy

The adsorption energies of CO and H, on PtRu alloy surfaces
were determined by DFT.%321 The detailed calculation con-
dition and models for DFT calculations have been described
in our previous papers.?*28) Here, our DFT calculation is
explained briefly. Slab models of five-layered PtRu alloy nano-
structure were prepared, and some Pt atoms in the fcc structure
are replaced with Ru atoms so that the compositional formula
is Pt,Rus. It has been reported that the fcc structure of Pt is
maintained by the replacement when the Ru fraction is up to
about 0.7.13 A fter modeling the nanostructures, two molecules,
CO and H,, were set on the top layer. Their adsorption structure
was energetically optimized by the DFT calculation.**! This
paper considered only the coadsorption structure for CO and
H, because the surface is almost covered with H or CO in the
following GCMC condition. Various conformations, some of
which are shown in Fig. S1 were considered to calculate the
coadsorption energy of CO and H,.[*!! According to previous
studies, it was assumed that both CO and H, are adsorbed on
the Pt or Ru atom because adsorption energy on the atop site is
larger than that of the bridge and hollow sites.[2%-33-36]

QSPR analysis

QSPR analysis was conducted to investigate the correlation
between structural information of the PtRu nanostructure and
the adsorption energy of H,, CO, and H. In the used MLR, the
general equation is as follows:

Y = bix1 + boxp + - - + bpxp, (1)
where Y, b,, and x, (n=1, 2 -+ p) represent the adsorption
energy, the regression coefficient, and the descriptor, respec-
tively. The value of b, is determined by the MLR analysis,
while that of Y is derived from the DFT calculation (Ypgr).
The number of the atom or bond is used as the descriptor x,,.
For example, xp,_co denotes the number of the Pt—CO bond.
In contrast, Xpgs denotes the number of the Pt atom compos-
ing the top layer. Metallic bonding is also considered based
on the layers. When the bonding consists of two Pt atoms in
the same layer, the descriptor is denoted as xp._p,, While it is
denoted as xp, p, in the case of the different layers. By using b,
in the Eq. (1), the value of Y is calculated (Yzgy) and compared
with Yppr to investigate validity of the model. Validity of the
descriptors in the MLR has been discussed in our previous
study.[?®]

GCMC simulations of PtRu nanopatrticle

Polyhedron-shaped PtRu nanoparticle enclosed mainly by the (111)
or (100) facets was prepared from the fcc crystal structure of Pt. The
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number of atoms in the nanoparticle was 309 and 923 in diameters
of 2.0 and 3.0 nm, respectively. Similar to the five-layered nano-
structure, various conformations were subject to the calculation, in
which effect on the CO tolerance will be discussed individually.
The composition formula of the nanoparticles was always Pt,Ru;.

The gas adsorption at 333 K was modeled by GCMC. The
total energy in GCMC was estimated by Eq. (1). One GCMC
step consists of a randomly selected trial from generation or dis-
placement. The concentration of CO is 300 ppm, and the pressure
of H, is 70 kPa (the molar ratio of CO to H, is 4.3x 10™%). The
adsorption of H, on the vacant Pt or Ru site is accepted only
when the adjacent site is also vacant because the H, molecule
dissociates to two H- (denoted as H, hereafter) by the catalysis
of Pt or Ru. Because the orientation of the adsorbates was not
considered in the GCMC simulation, an entropic effect due to
freedom of molecular orientation is not fully considered. Other
detail of the calculation condition is described in our previous
paper.*” During the GCMC simulation, the Pt and Ru atoms’
conformations are fixed to reveal their effect on the adsorption
property. According to our previous study, the number of steps is
50,000,000, which is sufficient to reach an equilibrium state.[?%]

After the GCMC simulation, CO coverage, 6 was defined
as the ratio of the number of the CO-adsorbed Pt or Ru atoms
over that of the surface atoms. The H coverage 6 was also
calculated in a similar way, where one H, molecule occupies
two metal sites due to the dissociation of the molecule to the
two H atoms by the catalysis of Pt or Ru.

Results and discussion

Model validation

Table S1 shows the values of b, obtained by the MLR analysis.
The value of by, ¢ is considerably smaller than that of bp,_(,
suggesting that CO is preferentially adsorbed on the Ru site.
Compared to this result, the values of by, 41, and bp,_y, are neg-
ative but rather larger. Thus, it is implied that CO adsorbs on
the PtRu nanoparticle surface more easily than H. The values
of the other regression coefficients are smaller, indicating that
those parameters do not affect Y substantially. These results are
reasonable because the objective variable Y is the adsorption
energy, which is supposed to be dependent firmly on the direct
bonding parameters of by, co, bpi—co> Dru-t2> and bp_po- Fig.
S2 shows plots of Y against Yppr. A reasonable correlation is
observed between them, indicating that the adsorption energy
is expressed by the descriptors with satisfactory accuracy. In
the following sections, the equilibrium state is determined by
GCMC, in which the changes in the adsorption energies were
derived from the descriptors.

Significance in surface and subsurface
metals

By the 50,000,000 steps of the GCMC simulation, the surface
is covered entirely with CO and H. In other words, all the
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adsorption sites on the nanoparticle surface are occupied under
this condition. Based on this fact, 0 and 6;; were investigated
in the polyhedron-shaped nanoparticles with various conforma-
tions, where the surface and the subsurface are composed of
the different metals. For example, the nanoparticle with the Pt
surface and the Ru subsurface are denoted as Pt/Ru. Pure Pt and
Ru nanoparticles were also investigated individually. Figure 1
illustrates the pure Pt, pure Ru, Pt/Ru, and Ru/Pt nanoparticles.
In all the nanoparticles, the surface is mainly enclosed by the
(111) facets. The effect of the crystal facet will be discussed
later. In the 2.0-nm Pt/Ru nanoparticle shown in Fig. 1(c), some
Ru atoms are exposed on the surface due to a large specific
surface area, while all the Ru atoms are fully covered with
the Pt atoms in the 3.0-nm nanoparticle shown in Fig. 1(c’).
In contrast to the Pt/Ru nanoparticle, all the Pt atoms in the
subsurface are covered with the Ru atoms both in the 2.0- and
3.0-nm Ru/Pt nanoparticles shown in Fig. 1(d) and (d’) due to
the sufficient number of the Ru atoms.

Figure 2(A) shows O and 6y in the PtRu nanoparticles
illustrated in Fig. 1. In general, 0 gets higher in the larger
diameter. For example, 0 is 30% and 59% in the 2.0-nm
pure Pt and Ru nanoparticles, respectively, which increases to
53% and 73% when the diameter is 3.0 nm. This tendency is
rationalized by b,: Because the values of bp,_q and by, o

are smaller than those of bp,_y;, and by, jy», respectively, more
stabilization energy is obtained by the adsorption of CO than
H,, resulting in the higher 6, in the larger nanoparticle with
more surface atoms. Similarly, 0 is higher in the pure Ru
nanoparticle than the pure Pt nanoparticle because by, ¢ 1S
smaller than bp,_c. This result is consistent with the fact that
CO is adsorbed more strongly on the Ru site than the Pt site.!>”)

The effect of the subsurface on 0.y and 6;; was further
investigated in the Pt/Ru and Ru/Pt nanoparticles. On the one
hand, the 2.0-nm Pt/Ru nanoparticle, as illustrated in Fig. 1(c)
shows the low 6, 6.3%. This result is consistent with that of
our previous study, where the adsorption energy of CO on the
five-layered Pt,Ru; nanostructure is considerably small when
the surface and the subsurface consist of the pure Pt and Ru,
respectively?®! as well as experimental studies.['®!”] Thus, the
Ru atoms in the subsurface are found to be significant in the
high CO tolerance. In contrast to the other nanoparticles, O in
the Pt/Ru nanoparticle decreases to 3.3% in the case of 3.0 nm
probably because the Ru atoms are entirely covered with the
Pt atoms, as shown in Fig. 1(c’). On the other hand, 0 in the
2.0-nm Ru/Pt nanoparticle is 41%. This value is comparable to
those of the pure Pt and Ru nanoparticles, and much higher than
that in the Pt/Ru nanoparticle. The relatively high 0, originates
from the strong adsorption of CO on the Ru site, which is in

Figure 1. lllustration of (a) and (a’) pure Pt, (b) and (b’) pure Ru, (c) and (c’) Pt/Ru, and (d) and (d’) Ru/Pt nanoparticle, respectively. The
forehead and the cross section of the nanoparticle are illustrated in the left and right halves in each panel, respectively. Diameters of (a—d)
and (a’-d’) are 2.0 and 3.0 nm, respectively. The polyhedron-shaped nanoparticles are mainly enclosed by the (111) facets.
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Figure 2. Coverage of CO (black) and H (white) in the nanoparticle with the various composition. The marks (a—d) and (a’-d’) in panels A-C

correspond to those in Figs. 1, 3 and 4, respectively.

harmony with the increase to 57% in the 3.0-nm nanoparticle
with more Ru sites in the surface. Thus, 0 is found to be
strongly affected by the elemental composition in the surface
and the subsurface, both of which consist of a single metal,
respectively.

Bimetallic nanoparticle surface for better
CO tolerance

While the subsurface is found to play a considerable role in the
CO tolerance, the surface composition should also be signifi-
cant due to direct interaction with the adsorbates. Hence, the
effect of the surface was further investigated in the PtRu nano-
particle with bimetallic surface. Figure 3 illustrates the nano-
particles with the different conformations, where the surface is
mainly enclosed by the (111) facets. Hereafter, the nanoparticle
composed of two different metal hemispheres (so-called Janus
nanoparticle) is denoted as Pt-Ru. The well-mixed alloyed
nanoparticle is simply denoted as PtRu. Focusing on the differ-
ence in subsurface, the nanoparticles illustrated in Fig. 3(a) and
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(b) are denoted as Pt-Ru/Pt-Ru and Pt-Ru/PtRu, respectively.
Similarly, those shown in Fig. 3(c) and (d) are denoted as PtRu/
Pt-Ru and PtRu/PtRu, respectively.

Figure 2(B) shows 6 and 8 in the PtRu nanoparticles with
the various conformations illustrated in Fig. 3. In the 2.0-nm
Pt-Ru/Pt-Ru and Pt-Ru/PtRu nanoparticles, 0cq is 35% and
31%, respectively, which is much higher than that in the Pt/Ru
nanoparticle, 6.3% and relatively closed to the pure Pt nanopar-
ticle, as shown in Fig. 2(A). In addition, 0 is 55% and 35% in
the 3.0-nm Pt-Ru and Pt-Ru/PtRu nanoparticles, respectively,
due to the increase in the Ru sites in the surface, which was
already discussed in the previous section. Summarizing the
above results, it is suggested that segregation of the Ru atoms
in the nanoparticle surface is avoided to minimize 0.

Considering that the 2.0-nm Pt/Ru nanoparticle shows the
low O in spite of the partial exposure of the Ru atoms in the
surface shown in Fig. 1(c), mixing of Pt and Ru in the surface
seems significant. Indeed, 6. is only 2.3% and 3.4% in the
PtRu/Pt-Ru and PtRu/PtRu nanoparticle, respectively, when
the diameter is 2.0 nm. Because both values are lower than
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that in the Pt/Ru nanoparticle, 6.3% shown in Fig. 2[A(c)], it is
found that the homogeneous mixing of Pt and Ru in the surface
endows the nanoparticle with the superior CO tolerance. This
result is consistent with that in the experimental study, where
random distribution of Pt and Ru is claimed to be significant.[*"!
The diameter dependency of 0. is also noteworthy: 0 is
slightly decreased to 1.9% and 2.5% in the 3.0-nm PtRu/Pt-Ru
and PtRu/PtRu nanoparticles, respectively. From a viewpoint
of nanoparticle synthesis, our result is beneficial: controlling
the diameter in the order of 0.1 nm is not strongly required to
achieve the high CO tolerance. In addition, theoretical studies
previously reveal that the bimetallic surface is energetically
stable in the Pt,Ru, nanoparticle.l*”-** Therefore, it is con-
cluded that the homogeneous mixing of the Pt and Ru atoms in
nanoparticle surface is considerably effective to minimize 6.

Effect of crystal facets

It is true that the (111) facets are the most stable and predomi-
nant in the Pt skeleton with the fcc structure, but the (100) fac-
ets should be paid attention because of the second most stable
crystal facets. In single-metal nanoparticle, it is reported that
nanocube enclosed by the (100) facets often shows higher cata-
lytic activities than the spherical nanoparticle enclosed mainly

by the (111) facets due to high surface energy.*”-*81 Hence,
the polyhedron-shaped nanoparticle predominantly enclosed
by the (100) facets was investigated. Figure 4 illustrates the
PtRu/Pt-Ru and PtRu/PtRu nanoparticles with the large (100)
facets in the diameter of 2.0 and 3.0 nm. Figure 2(C) shows
0co and Gy of the corresponding nanostructures. In the 2.0-
nm PtRu/Pt-Ru and PtRu/PtRu nanoparticles, 6 is 3.7% and
11%, respectively. The both values are higher than those in
the nanoparticles enclosed by the (111) facets. This result is
consistent with that reported previously, where the (111) facets
show the superior CO tolerance compared to the (100) facets
in electrocatalytic methanol oxidation.[*) It is true that utility
as the catalyst is strongly dependent on the reaction, but our
result demonstrates that the morphology including the shape
suitable for the low 04 would be predictable by the combina-
tion of the QSPR analysis and the GCMC simulation. The simi-
lar tendency is also observed in the 3.0-nm nanoparticle: 0 is
4.7% and 14% in the PtRu/Pt-Ru and PtRu/PtRu nanoparticles,
respectively. Thus, it is found that the (111) facets are more
preferable than the (100) facets on the issue of the CO cover-
age, the former of which is generally exposed predominantly
in the PtRu nanoparticle.

(@)
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Figure 3. lllustration of (a) and (a’) Pt-Ru/Pt-Ru, (b) and (b’) Pt-Ru/PtRu, (c) and (c¢’) PtRu/Pt-Ru, and (d) and (d’) PtRu/PtRu nanoparticle,
respectively. The forehead and the cross section of the nanoparticle are illustrated in the left and right halves in each panel, respectively.
Diameters of (a-d) and (a’-d’) are 2.0 and 3.0 nm, respectively. The polyhedron-shaped nanoparticles are mainly enclosed by the (111)

facets.
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Figure 4. lllustration of (a) and (a’) PtRu/Pt-Ru, and (b) and (b’) PtRu/PtRu nanoparticle, respectively. The forehead and the cross section of
the nanoparticle are illustrated in the left and right halves in each panel, respectively. Diameters of (a) and (b), and (2’) and (b’) are 2.0 and
3.0 nm, respectively. The polyhedron-shaped nanoparticles are mainly enclosed by the (100) facets.

Conclusion

In the present study, we investigated ideal morphology of the
Pt,Ru; nanoparticle to show low 6 by using the GCMC
simulation combined with the QSPR analysis. The adsorption
energy obtained by the DFT calculation was well explained
by using the number of atoms and bonds as the descriptors,
indicating that the equilibrium state is determined by the
structural information. It was found that Pt,Ru; nanoparti-
cle basically shows low 0, compared to pure metal Pt and
Ru nanoparticles. Specifically, the nanoparticle composed of
Pt surface and Ru subsurface shows superior CO tolerance.
Effect of mixing of the two metals in the surface was found to
be noticeable: O is <5% in the diameter of 2.0 nm, and ca.
10% even in 3.0 nm, which is also independent of the crystal
facet. Therefore, it was concluded that controlling the mixing
state rather than the diameter and crystal facet is effective to
develop superior CO-tolerant Pt,Ru; nanoparticle.
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