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igation of ternary PdRuM (M ¼ Pt,
Rh, or Ir) nanoparticles using first-principles
calculations†

Shih-Hsuan Hung, Hiroshi Akiba, Osamu Yamamuro and Taisuke Ozaki*

We perform first-principles calculations and Monte Carlo sampling to investigate the structures of ternary

PdRuM (M ¼ Pt, Rh, or Ir) nanoparticles (NPs) with respect to three different spherical shapes. The

morphologies include hexagonal close-packed (hcp), truncated-octahedral (fcc), and icosahedral (Ih, fcc)

shapes with 57, 55, and 55 atoms, respectively. The calculations show that the atomic position is

dominant in determining the stability of the ternary NPs. For bare ternary NPs, Pd and Ru atoms favor

a location on the vertex sites and the core, respectively, which can be understood by the surface energy

of the corresponding slab models. For single-crystalline NPs, the binary shell could be either a solid

solution or a segregation alloy depending on composition and morphology. However, polycrystalline Ih

NPs only form segregated binary shells surrounding the Ru core. Such configurations tend to minimize

the surface lattice to gain more energy from the d orbital of the transition metals. In addition to the bare

NPs, we study the oxidized ternary NPs. The results show that the Ru atoms penetrate outwards from

the core to the surface reducing the oxidation formation energy. Furthermore, oxygen adsorption

facilitates Pt, Pd, and Pd penetration into the PdRuPt, PdRuRh, and PdRuIr NPs, respectively. Most of the

oxide shells are a solid solution, except for the PdRuRh NP with an Ih shape, which is found to be in

a segregation shell. The free energy calculation reveals that the pure hcp NPs are thermodynamically

unstable under oxygen-rich conditions. This work clearly demonstrates the structural trends of small

ternary NPs and their oxidation, unveiling that the structural trends can be understood by the surface

formation energy and the interplay between adsorbent and adsorbing oxygen atoms.
1 Introduction

Metallic nanoparticles (NPs) are promising functional materials
in many elds such as: energy conservation, catalysis, chemo-
sensing and element storage.1–4 In order to achieve better
performance of particular functions, many experiments aim to
synthesize modied NPs to adjust their properties physically
and chemically. For example, experimental and theoretical
investigations have reported that a TiPt alloy provides a better
oxygen reduction reaction (ORR) than pure Ti NPs in fuel cell
applications.5–7 There are many different shapes of metallic NPs
which have been observed in experiments, such as icosahedron,
decahedron, octahedron, and their variants. The stability of NPs
depends on the number of atoms and the atomic composition.8

Nevertheless, recent work has demonstrated that the
morphology of NPs can reversibly transform the exposed facets
under different solvent conditions to minimize the surface
iversity of Tokyo, Kashiwanoha, Kashiwa,
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tion (ESI) available. See DOI:

f Chemistry 2020
energy.9,10 Apart from the morphology change of pure NPs
induced by the environment, the different composition of
multinary NPs can lead to different exposed facets with various
atomic composition. For example, a recent experiment observed
that the core–shell structure of bimetallic AuAg NPs is deter-
mined by the composition ratio of Au and Ag atoms. The species
with greater concentration in the binary alloy occupies the shell
sites of the NPs.11 Thus, besides this intrinsic property inu-
encing the conguration, there are many factors signicantly
inuencing the structure of NPs.12 In order to provide deeper
insight into the structural properties of NPs, the conguration
of many NPs have been investigated with different levels of
theoretical methods. The theoretical calculations imply that the
core–shell structure is not a necessary conguration for stable
bimetallic NPs, and it might be possible to consider an onion
structure and solid solution as alternative options.13 In addi-
tion, for bimetallic TiPt NPs used in fuel cells it has been found
that their oxidation can facilitate the formation of multiple core
and shell NPs.14

Bimetallic PdRu NPs have been reported to provide more
efficient catalytic reactions – such as COx conversion, NOx

conversion, and hydrogenation reactions – than their parent
metallic NPs.15–18 HAADF-STEM images claried the Pd and Ru
RSC Adv., 2020, 10, 16527–16536 | 16527
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Table 1 Optimised lattice constant (a) for five elements in fcc and hcp
structures. DE represents the energy difference between the bulk fcc
and hcp structures (Efcc � Ehcp)

fcc
hcp

DE (eV)
a
(Å) a (Å) c/a

Pd 3.95 2.79 1.67 �0.045
Ru 3.82 2.73 1.56 0.116
Pt 3.97 2.81 1.70 �0.020
Rh 3.84 2.71 1.63 �0.040
Ir 3.88 2.74 1.64 �0.600
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atoms are homogeneously distributed in the synthesized NPs at
room temperature.15 By heating up to 550 K, in situ XRD
experimentally observed that the PdRu NPs segregate into fcc
Pd and hexagonal close-packed (hcp) Ru phases.19 Besides, X-ray
absorption spectroscopy observed that the Ru atoms enrich the
PdRu NPs surface region under ORR activity with Ru–O
formation.20 Further, TEM images clearly show that the hcp Ru
monolayer can be deposited on fcc Pd NPs along the [111]
direction via a random hcp (rhcp) structure, whose structure is
similar to that of stacking faults and is usually observed in
hexagonal lattices.17,21,22 Apart from the structural study, it is
worth noting that PdRu NPs suffer from the loss of metal
elements during catalytic cycles.23 In order to overcome this
drawback and explore higher catalytic activity materials, PdRu-
based NPs or alloys have been studied. A recent work reported
the synthesis of ternary NPs with controlled composition and
selectivity.24 PdRuPt NPs exhibit higher catalytic activity and
durability in fuel cells compared to commercial Pt/C and PtRu/C
catalysts.25 In addition, Rh and Ir additives are suggested for as-
prepared PdRu NPs due to their promising ability in NO reac-
tions.26,27 PdRu-based ternary NPs therefore are one of the
promising catalytic materials for the next generation. There are
only a few theoretical calculations of ternary NPs, but ternary
slab or bulk calculations can still provide constructive infor-
mation for the following research. The density functional theory
(DFT) calculations demonstrate that the Pd atoms should
segregate into two surfaces for PdRuRh ternary slab, and Ru and
Rh atoms form a binary bulk as a solid solution.28 Besides, the
MD and DFT calculations have shown that the ternary NPs may
have structural variations even at lower temperature.29

There is a lot of research which has investigated oxygen
adsorption on Pd, Ru, Pt, Rh, and Ir surfaces, subsurfaces or in
the bulk using electron energy loss spectroscopy (EELS), low
energy electron diffraction (LEED), and thermal desorption
spectroscopy (TDS).30–32 The most common adsorbent surfaces
are fcc (111) and hcp (0001). A (2 � 2) diffraction pattern of
lower monolayer (ML) coverage has been usually observed in the
LEED experiments.33 In addition, the increased coverage
decreases the binding energy of oxygen adsorption, revealing
the lateral O–O repulsion. Theoretical investigations also
compute the oxygen adsorption energy depending upon the
oxygen coverage and the oxygen adsorption sites, namely, four
common sites: 3-fold fcc, 3-fold hcp, bridge, and top sites.34–38 In
addition, the vibrational frequency of peroxide or superoxide
have been observed, indicating O2 molecules can molecularly
adsorbs on cleaved surfaces.30,39 There are many theoretical
studies which provide useful information on the oxidized NPs.
A recent theoretical work demonstrates that the oxygen
adsorption on 3-fold hollow sites, and the linear O–metal–O
conguration can minimize the adsorption energy.40 The
expansion of the calculated surface lattice as the oxygen
coverage increases implies the increase of surface strain of NPs
under the oxidization process.40 The variance of the surface
lattice signicantly inuences not only the selectivity of oxygen
adsorption, but also the oxygen penetration into the NPs.40,41

Apart from the properties of NPs, the chosen substrates can
provide different oxygen adsorption and catalytic performance.
16528 | RSC Adv., 2020, 10, 16527–16536
Recent work demonstrates that the Pt NPs supported on the
defective graphene can increase the adsorption energy by
1.62 eV per pair (pair means O2 molecule) further enhancing the
catalytic activity.42 Furthermore, the Mars–van Krevelen mech-
anism also involves molecule adsorption on defective
substrates to reinforce catalytic performance.

Although there are many experimental investigations which
have studied ternary PdRuM (M ¼ Pt, Rh, or Ir) NPs and their
catalytic reaction, atomistic insight into the ternary PdRuM NPs
and oxygen adsorption on hcp (101�1) surfaces (or facets) is
missing. Therefore, we study the structure of bare ternary NPs,
hcp surface oxidation, and the oxidized NPs to extend the
ternary NPs research. The paper is organized as follows: Section
2 describes the methodology employed in our calculations. The
results are presented in Section 3. Finally, Section 4 discusses
the interplay of physical mechanisms governing the structural
trend of the ternary NPs, and a summary is provided as the
conclusion.
2 Method

First-principles DFT calculations are performed using the Per-
dew, Burke, and Ernzerhof (PBE) exchange–correlation func-
tional and pseudo-atomic localized basis function as
implemented in the OpenMX (Open source package for Material
eXplorer) soware package.43–45 For transition metal (Pd, Ru, Pt,
Rh, and Ir) and oxygen atoms, the basis functions TM7.0-
s2p2d2f1 and O7.0-s3p3d2f1 are employed in the calculations,
respectively, which were generated by the connement scheme,
and optimized by a variational optimization method.43 The
pseudopotentials of Pd, Ru, Pt, Rh, Ir, and O atoms include 16,
14, 16, 15, 15, and 6 valence electrons, respectively. The accu-
racy of the basis functions and pseudopotentials we used were
carefully benchmarked by the delta gauge method.46 Real space
grid techniques are used for the numerical integrations and the
solution of the Poisson equation using FFT with the energy
cutoff of 300 Ryd.45 The G-point is used for the k-point sampling
of all NP calculations, and 13 � 13 � 13 as the k-point sampling
for bulk calculations. Following the above approach, the opti-
mized lattice constants (a) for Pd, Pt, Rh, and Ir fcc structures
are 3.95, 3.97, 3.84, and 3.88 Å, respectively as shown in Table 1.
In addition, the lattice constant a and c/a ratio of the Ru hcp
structure are 2.73 Å and 1.56, respectively. These structural
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01661f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
9:

22
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
parameters compare well with both experimental and other
theoretical results. Moreover, the bond length of the optimized
molecular oxygen is 1.24 Å in a supercell with 10 � 10 � 10 Å3

cubic dimensions. The energy tolerance for self-consistent eld
optimization is 1 �10�6 hartree, the force tolerance per atom
for geometry optimization is less than 5 �10�4 hartree bohr�1.

Monte Carlo (MC) sampling is utilized to decide the atomic
arrangement randomly. The procedure of the selection process
is as follows. Firstly, we construct the atomic coordinate for hcp,
truncated-octahedral (tOh), and icosahedral (Ih) NPs with 57,
55, and 55 atoms in total, respectively. Hereaer, the above NPs
are abbreviated as hcp57, tOh55, and Ih55. The hcp NP includes
two (0001) and twelve (10�11) facets (pyramidal slip plane).47–49

For fcc NPs, the tOh NP involves six (001) and eight (111) facets,
while the Ih NP includes only twenty (111) facets. By considering
the crystalline structure, these morphologies are categorized
into single crystalline (hcp and tOh shapes) and polycrystalline
(Ih shape) NPs. Aer the construction of NPs, the MC sampling
assigns the atomic species to individual atoms for respective
NPs. The ratio of Pd : Ru : M elements is approximately 1 : 1 : 1.
In the bare NPs investigation, 30 MC samples are applied to
each combination of ternary NPs (both element composition
and morphology). Therefore, there are 270 ternary NPs to be
optimized at this stage of bare NPs calculation. In order to
Fig. 1 Variation of the average displacement from the centre of the Pd
these ternary NPs are generated using the MC sampling.

This journal is © The Royal Society of Chemistry 2020
compare the stability among the NPs, we calculate the forma-
tion energy

Ef ¼ Etot �Nimi

Ntot

(1)

where Etot represents the total energy of ternary NPs, Ni and Ntot

mean the number of atoms in particular species, i, and in total,
respectively. mi is the bulk energy of a particular element per
atom. To further understand the stability regarding the atomic
arrangements, we compute the average displacement of each
species taken from the center of NPs to determine their
positions

Drs ¼
P

|rs,i � rc|/Ns (2)

where rs,i and rc represent the coordinate of species s of atom i,
and the central positions of the NPs, respectively. Ns is the total
number of the element s, and the subscript i represents the
atom index. To assess the structural trends revealed by the MC
sampling, we also calculate the surface energies of the slab
models dened by

g ¼ Etot �Nimi

Nsur

(3)
RuM NPs versus the formation energy per atom. The arrangements of

RSC Adv., 2020, 10, 16527–16536 | 16529
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Table 3 Surface formation energies with respect to five elements in
the fcc and hcp structures. The fcc (001) and hcp (10�11) contain 8
layers, fcc (111) and hcp (0001) involve 6 layers. For the in-plane lattice
constants, a, of these structures refer to Table 1

fcc hcp

g (eV per atom) g (eV per atom)

(001) (111) (0001) (10�11)

Pd 0.88 0.68 0.74 0.91
Ru 1.84 1.31 1.09 1.25
Pt 0.88 0.62 0.74 0.97
Rh 1.17 0.87 0.96 1.11
Ir 1.37 0.97 1.11 1.33
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where Etot and mi indicate the total energy of the slab system and
the bulk energy of species i per atom, respectively. Ni and Nsur

imply the number of atoms of the slab and on the surface sites,
respectively. To quantify the stability of oxygen adsorption, the
adsorption energy is calculated as

Eads ¼ Etot � Ebare �NOmO

NO

(4)

where Etot and Ebare represent the total energy of the optimized
system with oxygen adsorption and without, respectively. NO

and mO are the number of adsorbed oxygen atoms and chemical
potential of oxygen, respectively. The chemical potential of
oxygen is equal to the half energy of oxygen molecules, mO ¼
1
2EO2

, under O K temperature.
3 Results
3.1 Stability of ternary NPs

We utilise the Monte Carlo sampling to allocate the species for
each atom of the ternary NPs to obtain the different possible
atomic congurations in an unbiased way. Note that the details
are described in the method section. In order to understand the
structural trend of the ternary NPs, we calculate the average
displacement (eqn (2)) of each element in each NP. Fig. 1 shows
the displacement variation versus the formation energy of the
NPs. The red-dashed rectangles indicate the most energetically
stable structures in the calculations of MC sampling. Thus, the
general trends of atomic position in stable atomic congura-
tions can be summarized as shown in Table 2, implying which
are the favorable atoms from the core to the surface (especially
vertex) regions. Pt, Pd, and Ru should be organized into the
surface, subsurface, and core of the PdRuPt NPs, respectively.
For PdRuRh NPs, Pd, Rh, and Ru follow the order of surface,
subsurface, and core sites, respectively. The atomic ordering of
PdRuIr NPs depends upon the fcc or hcp crystalline NPs. For fcc
PdRuIr NPs, Pd, Ir, and Ru atoms should appear at surface,
subsurface, and core, respectively. However, Ru and Ir atoms
reverse their atomic ordering in the hcp PdRuIr NPs. To inter-
pret these particular orderings, we calculated the surface
Table 2 Atomic arrangements (a) predicted using the MC sampling,
and (b) the most stable structures in the calculation. The “Core” indi-
cates that the specific element favors a location in the center of the
NPs, while “Surface” implies that the element prefers to adsorb on the
surface, especially the vertex sites

fcc NPs hcp NPs

PdRuPt PdRuRh PdRuIr PdRuPt PdRuRh PdRuIr

(a) Prediction using Monte Carlo sampling
Surface Pt Pd Pd Pt Pd Pd
[ Pd Rh Ir Pd Rh Ru
Core Ru Ru Ru Ru Ru Ir

(b) Most stable structure in the calculations
Surface Pd Pd Pd Pd Pd Pd
[ Pt Rh Ir Pt Rh Ir
Core Ru Ru Ru Ru Ru Ru

16530 | RSC Adv., 2020, 10, 16527–16536
formation energy for the respective cleaved surfaces, including
fcc (111) and hcp (10�11) as summarized in Table 3. The pre-
dicted orderings of MC sampling show good agreement with the
surface formation energy, i.e., the element with the smaller
surface formation energy tends to locate at the surface region.

By following the trend shown in Table 2(a), we manually
created several ternary NPs to nd the most stable congura-
tion. Fig. 2 shows the most stable structures found in our
structural survey and Table 2(b) summarizes the atomic order-
ings of the most stable ternary NPs. For all the bare ternary NPs,
the Ru atoms form a core surrounded by the binary shell, and
the Pd atoms prefer to locate on the vertex sites in most cases.
The most stable congurations of the shell structures are
categorized into two groups. One is where Pd and M atoms are
homogeneously mixed as a solid solution alloy, and the other is
where the Pd and M atoms segregate from each other forming
two semi-spheres as shown in Fig. 2. The former conguration
is the most stable for all the single crystalline ternary NPs except
for the PdRuIr NP in the tOh shape. Meanwhile, the PdRuIr NP
in the tOh shape and all the ternary Ih NPs favor the formation
of a segregation conguration. The ternary NPs shown in Fig. 2
are more stable by 0.1 to 0.2 eV per atom than the ones obtained
from the MC sampling. There are two contradictions between
the orderings predicted by the MC sampling and the one of the
most stable structures shown in Table 2. The rst one is the
exchange between Ru and Ir atoms in hcp-PdRuIr NPs. This is
due to the fact that the larger bond length of the Ir atoms,
compared to the Ru atoms, expands the surface lattice by 1%
when Ir atoms form a core in the NPs. The surface expansion
increases the surface energy destabilizing the ternary NPs. The
second contradiction is the exchange between Pd and Pt atoms
for all PdRuPt NPs. According to the surface formation energy,
the Pd and Pt surfaces should be comparable. However, the
formation energy of the pure Pd NPs is more stable by 0.15 eV
per atom than the pure Pt NPs (see Table S1 in the ESI†). Thus,
Pd atoms should be allocated at the surface sites rather than Pt
atoms. The variance of the formation energy of different pure
NPs can be understood by the Friedel model, which demon-
strates that transition metals with different lled d orbitals
possess changed cohesive energy, and the cohesive energy
becomes greater from 3d, 4d to 5d.50 Thus, a transition metal
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The most energetically stable ternary PdRuM NPs in the calculations. The blue, orange, and green spheres represent the Pd, Ru, and M
(M ¼ Pt, Rh, or Ir) atoms, respectively. The listed formation energies (Ef) are in eV per atom unit.
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with larger cohesive energy indicates their increased instability
in the formed NPs.

There are two main factors we have found that dominate the
stability of bare ternary NPs. The rst factor has been shown
above, i.e., Pd and Ru atoms should respectively occupy the
vertex sites and in the core region in order to increase the
stability. The other one is on the surface lattice of ternary NPs:
in the calculations, we found that these particular congura-
tions all tend to maximally minimize their surface lattice
compared to the bond length of 3.79 Å. Because the ternary NPs
are Pd based and the Pd lattice constant is greater than that of
the Ru atom, thus we specify the bond length of 3.79 Å in fcc Pd
as the reference for bond length. For the NPs with a solid
solution shell, the Pd–M bond length decreases by 3.8% on
average. Meanwhile, the bond reduction of 3.0% on average,
has been found for the congurations with a segregation shell.
In addition, the Ir–Ir bond length shows a signicant reduction
Fig. 3 The variation of total energy as a function of different bond
lengths. The monolayer hexagonal structure is modelled by the
monolayer shell of the ternary NPs. (a) is for Pd–M alloy surfaces, while
(b) shows the same species surfaces of pure Pd, Pt, Rh, and Ir atoms.

This journal is © The Royal Society of Chemistry 2020
of 6.2%. Fig. 3 demonstrates the strain effect using an fcc (111)
monolayer structure to model the monolayer shell. Fig. 3(a)
shows the strain effect of the solid solution alloys and Fig. 3(b)
demonstrates the inuence on the pure monolayers. In this
simple model, the reduction of 1%, from 2.79 Å, in Pd–Pt, Pd–
Rh and Pd–Ir surface bond lengths can lead to 0.09, 0.10, and
0.13 eV per Pd–M pair (hereaer pair) energy gain, respectively.
Furthermore, the reduction of 1% in Pd–Pd, Pt–Pt, Rh–Rh, and
Ir–Ir bond length respectively decreases by 0.07, 0.13, 0.14, and
0.19 eV per pair. The energy gains of the solid solution surface
(2DEPd–M) and segregation surface (DEPd–Pd + DEM–M) are almost
comparable, but the congurations with Pd atoms at the vertex
sites provide better stability for NPs formation. Thus, in most
cases the solid solution alloys dominate the shell congura-
tions. However, due to the greater bond reduction of Ir–Ir on
ternary NPs, we suggest the segregation shell should dominate
the PdRuIr NPs without considering the Pd vertex inuence.
Apart from the single crystalline, the solid solution shell seems
to be energetically too unstable to deal with the Ih NPs. We
believe the interior boundaries in Ih NPs are unfavourable for
the formation of a shell with solid solution alloy, therefore the
segregation conguration takes over the shell structure of Ih
NPs. Obviously, we analyze only the conguration on the binary
shell since Ru atoms already form a bulk-like core. We assume
its inuence on the formation energy can be ignored as long as
the core exists. The result shows that the surface strain has
a dominant effect on the surface energy, leading to the specic
congurations of solid solution and segregation shells. In
addition, the element on the low coordination sites plays an
important role for the ternary NPs at this scale. Once the NP
scale increases, the inuence of low coordination sites should
lose its dominant stability effect.

Apart from the structural analysis, Bader analysis shows that
the bare ternary NPs have a negatively charged shell and
a positively charged core. In other words, the Ru atom transfers
0.2 electrons to the M atoms on average, while the Pd atoms stay
neutral. However, the Pd atoms receive a half charge transferred
from the Ru atoms in the PdRuRh and PdRuIr NPs with an Ih
RSC Adv., 2020, 10, 16527–16536 | 16531
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Fig. 4 The variation of adsorption energy of a pair of oxygen atoms
versus the distance between the oxygen atoms. The color of the
circles corresponds to the colored oxygen atoms and the dashed line
is a guide for the eye.
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shape. This kind of charge transfer is not unique solely for
core(Ru)–shell(Pd and M) congurations, but also for the
structures from the calculations by the MC sampling.

3.2 Oxygen adsorption on hcp (10�11) surfaces

Oxygen adsorption and diffusion on fcc (111), fcc (001), and hcp
(0001) surfaces has been studied in many elements and
different phases (such as bulk, surface, and NP).38,51–56 However,
oxygen adsorption on the hcp (10�11) surface has limited
research. Thus, we provide the adsorption energy of an oxygen
atom on Pd, Ru, Pt, Rh, and Ir hcp (101�1) surfaces as summa-
rized in Table 4. The Pd, Ru, Rh, and Ir slabs consist of 4 layers
of hcp (10�11) surfaces, while the Pt slab involves 8 layers of hcp
(101�1) surfaces. There are four different adsorption sites for an
oxygen atom on the hcp (101�1) surface, i.e., a 4-fold hollow site,
3-fold fcc site, 3-fold hcp site, and a bridge site. The on-top site
adsorption is not thermodynamically stable, and the geometry
optimization leads to the oxygen falling into the adjacent
hollow site instead of adsorbing on the on-top site. The differ-
ence between the 3-fold fcc and 3-fold hcp site is the number of
second-nearest neighbors on the subsurface. The former site
has 3 on the subsurface while the latter only possesses 1 directly
below the adsorbing oxygen atom.40 The bond length (metal–
oxygen) of the bridged site is the shortest, at less than 2.0 Å, and
the longest one is the oxygen adsorption on the 4-fold hollow
site, which is around 2.1 Å. This result indicates that the oxygen
adsorption on the 3-fold fcc site is the most stable compared to
the other three sites and the preference of oxygen adsorption is
found to be Ru / Rh / Ir / Pd z Pt. The adsorption energy
of oxygen atom is comparable to the calculated oxygen
adsorption on the fcc (111) surfaces, which has been summa-
rized in Table S2† for comparison.

3.3 Oxygen adsorption on pure NPs

Since Section 3.2 demonstrates the oxygen adsorption on hcp
(10�11) surfaces, the continuation of the work is to reveal the
congurations of a pair of oxygen atoms adsorbing on hcp NPs.
In this section, we consider a pure Pd hcp57 NP to demonstrate
the oxygen adsorption. Fig. 4 shows four possible congura-
tions of oxygen adsorption on hcp57 NPs with the O–O bond
Table 4 Single oxygen atom adsorption on hcp (10�11) surfaces of Pd,
Ru, Pt, Rh, and Ir hcp crystalline structures. The four fold hollow site
adsorption energy of the Ir surface is missing, because the oxygen is
too unstable to adsorb on this site. The oxygen atom preferentially
adsorbs on the bridge site of the Ir surface instead of the 4-fold hollow
site

Eads (eV per atom)

4-fold hollow
site

3-fold fcc
site

3-fold hcp
site

Bridge
site

Pd �1.84 �2.06 �1.97 �1.59
Ru �3.41 �3.65 �3.39 �3.10
Pt �1.21 �1.84 �1.50 �1.35
Rh �2.41 �2.78 �2.59 �2.40
Ir — �2.47 �2.30 �2.43

16532 | RSC Adv., 2020, 10, 16527–16536
length less than 5 Å. In this section, two oxygen atoms both
adsorbing on hcp (0001) facets is not considered due to its
similarity to oxygen atom adsorption on the fcc (111) facet. The
oxygen adsorption of types (A) to (D) are described as follows: (A)
two oxygen atoms adsorb on the same hcp (101�1) facets, one
adsorbs on the 3-fold hollow site and the other adsorbs on the
bridge site at the edge; (B) two oxygen atoms adsorb on the same
hcp (101�1) facet, the oxygen atoms initially adsorb on the 3-fold
and 4-fold hollow sites. However, aer optimization, the 4-fold
site is reconstructed into a 3-fold site; (C) two oxygen atoms
both adsorb on adjacent 3-fold hollow sites, but one adsorbs on
the hcp (0001) facet and the other adsorbs on the hcp (101�1)
facet; (D) two oxygen atoms adsorb on the adjacent hcp (101�1)
facets, both originally adsorb on the 4-fold hollow sites. Aer
geometry optimization, the two facets locally transform into fcc
(111)-like facets, thus the oxygen atoms adsorb on the 3-fold
hollow sites. The local transformation occurring in the types B
and D lead to a larger distortion energy (Ed z 0.5 eV per NP)
compared to the type A and C (Ed z 0.2 eV per NP). The
repulsion between the oxygen atoms dominates the adsorption
energy of the oxygen adsorption, and the adsorption on the 4-
fold hollow site may lead to a locally structural transformation.

Besides the oxygen adsorption on pure surfaces in Section
3.2, we calculated the adsorption energy for oxidized hcp57,
tOh55, and Ih55 NPs as well. Pure hcp, tOh, and Ih NPs are
adsorbed with 42, 48, and 60 oxygen atoms on the surfaces,
respectively. The oxygen adsorption on fcc NPs is based on
recent theoretical calculations,40 while the prediction of the
oxidized hcp NPs is in accordance with the pair oxidation study
in Fig. 4. The adsorption energy is summarized in Table 5 and
the congurations of the oxygen atoms is similar to that shown
in Fig. 5. In general, oxygen atoms prefer to adsorb on 3-fold
hollow sites, which can maximize the coverage of oxygen
adsorption. The adsorption energies of oxygen atoms on the
NPs are in good agreement with the one on the surfaces shown
in Table 4, but only Pt NPs show better stability of oxygen
adsorption than Pd NPs. Thus, following the result above, Table
This journal is © The Royal Society of Chemistry 2020
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Table 5 Adsorption energy of oxygen atoms on pure Pd, Ru, Pt, Rh,
and Ir NPs with hcp, tOh, and Ih shapes. There are 42, 48, and 60
oxygen atoms adsorbing on hcp57, tOh55, and Ih55 NPs, respectively

Eads (eV per atom)

hcp tOh Ih

Pd �1.57 �1.65 �1.47
Ru �3.15 �3.09 �2.78
Pt �1.72 �1.70 �1.64
Rh �2.44 �2.44 �2.14
Ir �2.48 �2.43 �2.16

Table 6 Atomic arrangements of oxidized ternary NPs predicted using
the oxidation formation energy. The “Core” indicates that the specific
element favors locating in the center of the NPs, while “Surface”
implies that the particular atom prefers to adsorb on the surface,
especially the vertex sites

Suggested oxidized ternary NPs

PdRuPt PdRuRh PdRuIr

Surface Ru Ru Ru
[ Pd Rh Ir
Core Pt Pd Pd
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6 summarizes the suggested atomic ordering from core to
surface (vertex) with respect to the oxidized ternary NPs.
Although oxygen atoms preferentially adsorb on Pt NPs rather
than Pd NPs, we still suggest Pd on subsurface sites of oxidized
NPs would provide better stability for the NPs. In order to
ensure the result is accurate, we will examine the situation of Pt
on the surface for PdRuPt NPs in the next section.
3.4 Oxygen adsorption on ternary NPs

In order to understand the atomic arrangement of ternary NPs
under an oxygen-rich catalytic environment (such as for NOx
Fig. 5 The most energetically stable structures of high oxygen covera
adsorbing on hcp, tOh, and Ih NPs is 42, 48, and 60, respectively. The fi

shapes, respectively. The first, second, and third rows indicate the PdR
energies are in eV per atom.

This journal is © The Royal Society of Chemistry 2020
and SOx), we investigate the oxidized ternary NPs. When hcp
NPs undergo lower oxygen adsorption as shown in Fig. 4, the
local crystalline transformationmakes it difficult to increase the
oxygen coverage with high symmetry congurations step by
step. We therefore only consider the highest oxygen coverage
that we can achieve on the surface for investigating the oxidized
ternary NPs. The prediction of atomic ordering, Table 6, of
oxidized ternary NPs shows that the Ru atoms should locate on
the surface (especially the vertex sites) to minimize the
adsorption energy. To conrm this prediction, we consider four
types of atomic arrangement of the ternary NPs, including solid
solution shell, segregation shell, random arrangement for the
ge on hcp, tOh, and Ih ternary NPs. The number of oxygen atoms
rst, second, and third columns represent the NPs in hcp, tOh, and Ih
uPt, PtRuRh, and PdRuIr systems, respectively. The listed adsorption

RSC Adv., 2020, 10, 16527–16536 | 16533
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Table 7 The average Ru–O bond length with respect to different
oxidized ternary NPs

Average Ru–O bond length (Å)

PdRuPt PdRuRh PdRuIr

hcp57 1.89 1.92 1.95
tOh55 1.94 1.97 2.00
Ih55 2.02 1.97 2.00

Fig. 6 Free energy of ternary NPs with hcp, tOh, and Ih morphologies
as a function of oxygen chemical potential. mO ¼ 0 eV represents
oxygen molecule as an ideal-gas-like reservoir (T ¼ 0 K, p ¼ 1 atm).
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whole NPs, and Ru-core congurations. The rst two congu-
rations include a Pd or Pt core depending on the ternary NPs.
Meanwhile, the solid solution congurations mean that Ru
atoms locating at the vertex sites and mixing with Pd, Rh, and Ir
atoms act as binary shells for PdRuPt, PdRhRh, and PdRuIr
NPs, respectively. The segregation congurations involve two
semi-sphere shells with different elements and the same core
structures as in the solid solution congurations. The random
congurations are the most stable structures generated using
the MC sampling in Section 3.1, and the Ru-core congurations
are the most stable structures we found for bare ternary NPs as
shown in Fig. 2. In addition, we reverse the position of the Pd
and Pt atoms to conrm the atomic ordering of PdRuPt NPs.
Therefore, there are 46 oxidized ternary NPs in total for exam-
ination. Fig. 5 shows the most energetically stable congura-
tions for the oxidized ternary NPs. The result indicates that the
congurations with a binary solid solution shell are the most
favorable structures with high symmetry oxygen coverage,
except for the oxidized PdRuRh NPs in an Ih shape. The
exception has the most stable structure with a segregation shell,
which is due to the similar bond length and electronic struc-
tures between Ru and Rh atoms. The listed adsorption energies
of hcp and tOh NPs are lower than the one of Ih NPs, indicating
that the lower coordination facets (such as hcp (10�11) and fcc
(001)) provide better ability to capture oxygen atoms. Besides,
we also exchange the Pd and Pt positions for the PdRuPt NPs
calculations in order to ensure the predicted atomic ordering.
The exchange does not benet the stability to the oxidized
ternary PdRuPt NPs. Therefore, it is conrmed that the pre-
dicted arrangement summarized in Table 6 is valid for this scale
of NP. The result shows the oxidation on facets facilitates the Ru
penetration outwards to the surface of the NPs, while Pt, Pd, and
Pd atoms penetrate inwardly into the PdRuPt, PdRuRh, and
PdRuIr NPs, respectively. In addition, the bridge sites of the NPs
provide better adsorption ability compared to the 3-fold hollow
sites.

The calculated average O–O bond length for ternary hcp,
tOh, and Ih NPs is approximately 3.7, 3.5, and 3.5 Å, respec-
tively. The slightly larger O–O distance of hcp NPs indicates the
lower oxygen coverage density on hcp NPs. In addition, the
bond analysis (histogram shown in Fig. S1†) demonstrates that
the O–O bond distribution of the PdRuPt NPs partly differs to
the other two ternary NPs. The PdRuPt NPs provide dramatically
increased O–O bond lengths of 2.4 and 4.0 Å by an additional 8
and 10%, respectively, compared to the ones of the PdRuRh and
PdRuIr NPs. The particular bond lengths refer to the oxidized
Pd atoms on the surface, the PdO is a quasi one-dimensional
structure and exhibits four oxygen atoms adsorbing on a Pd
atom. The bond lengths of 2.4 and 4.0 Å belong to the distances
of two adjacent (short side) and two diagonal oxygen atoms. The
rest of the O–O bond length distribution of PdRuPt NPs are
consistent with the other two oxidized NPs. Table 7 summarizes
the average Ru–O bond length for the respective ternary NPs.
The oxidized hcp NPs show relatively small Ru–O bond lengths
(1.89 to 1.95 Å) compared to fcc NPs. The bond analysis
demonstrates that the shorter Ru–O bond is the attribute of the
bridge site adsorption. The larger number of bridge site
16534 | RSC Adv., 2020, 10, 16527–16536
adsorptions of hcp NPs causes a decrease of the Ru–O bond
length by 2.5%. Therefore, themorphology of ternary NPsmight
be possible to clarify using the vibrational frequency of the Ru–
O signal without visual observation. Bader analysis shows that
the ternary NPs transfer an average of 0.75 electrons to each
oxygen atom, but it is hard to nd any strong correlation
between the charge transfer and the adsorption sites (or
adsorbed elements) in the present investigation.

In order to access the thermodynamic stability of oxidized
NPs, the free energy per metal atom is calculated by

G ¼ Etot � Ebare �NOmO

NPdRuM

(5)

where Etot and Ebare respectively represent the total energy of the
oxidized and bare NPs. NO andNPdRuM are the number of oxygen
and metal atoms, respectively. mO indicates the chemical
potential of the oxygen atom corresponding to various condi-
tions, which can be formulated as mi(T, pi) ¼ m0(T, p0) + 1

2kB-
T ln(pi/p

0), where subscript i represents the state of the oxygen
atom, and superscript “0” means the ground state. kB, T, and p
represent the Boltzmann constant, temperature, and pressure,
respectively. In eqn (5), the total energy of bare ternary NPs has
been subtracted in order to eliminate the effect from the bare
Ru-out congurations, focusing on the energy gain by oxida-
tion. Fig. 6 demonstrates the free energy for respective ternary
NPs as a function of oxygen chemical potential. The reference of
mO ¼ 0 in Fig. 6 refers to the half energy of the oxygen
This journal is © The Royal Society of Chemistry 2020
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Table 8 Oxygen chemical potential mO at which oxidation ternary NPs
occur. The value can correspond to the turning points with respect to
the different ternary NPs in Fig. 6

mO (eV)

PdRuPt PdRuRh PdRuIr

hcp �5.33 �5.94 �5.88
tOh �5.27 �5.78 �5.66
Ih �4.36 �5.14 �4.96
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molecule.57 The reduction limit (turning point) of each free
energy plot, summarized in Table 8, indicates the chemical
potential of the rst oxygen atom adsorbing on the NPs. The hcp
and tOh NPs present the lower mO of reduction limit demon-
strating that the oxygen atoms prefer to adsorb on the NPs with
lower coordination facets. The free energy shows that the tOh
and Ih NPs are almost the dominant morphologies of the
oxidized ternary NPs. Pure hcp NPs are only thermodynamically
stable when mO < �4.91, < �5.01, and < �4.45 eV for PdRuPt,
PdRuRh, and PdRuIr NPs, respectively. However, according to
the chemical table of oxygen atoms, mO < �4.0 eV is an extreme
oxygen-poor condition.57 Thus, we suggest that the pure hcp
NPs cannot survive under oxygen-rich conditions. The result
indicates that the binary shell of the oxidized NPs is a solid
solution alloy in most cases, and the fcc NPs are thermody-
namically stable under an oxygen-rich condition instead of pure
hcp NPs. In addition, we note that the chemical potential at
which the ternary NPs start to be oxidized is lower than that in
the surface reduction limit, indicating the NPs are more easily
oxidized than those of the surface (Pd, Ru, Pt, Rh, and Ir).
4 Conclusion and discussion

In summary, we have investigated the structures of bare and
oxidized ternary NPs with hcp, tOh, and Ih shapes. The study
indicates that the Ru atoms should form a core in the NPs sur-
rounded by a binary shellmixed with Pd andM atoms. The shell is
categorized into solid solution and segregation congurations
depending upon the element composition and crystalline struc-
ture. Generally, single crystalline NPs involve solid solution shells,
and polycrystalline NPs provide segregation shells. Our analysis
shows that these particular congurations tend to optimize the
surface lattice to minimize the formation energy of bare ternary
NPs. The oxidation calculations demonstrate that the oxygen
adsorption facilitates the atomic penetration between the surface
and core, the RuO shell signicantly reduces the formation
energy. In addition, the result shows that the hcp NPs provide
higher stability for oxygen adsorption, but the less adsorbed sites
make oxidized hcp NPs thermodynamically unstable in the free
energy calculation in most of the chemical potential range.
Finally, We have also examined the spin-polarization calculations
on both bare ternary NPs and oxidized NPs. The result demon-
strates that the ternary NPs in this scale are non-magnetic.

The result of the ternary NPs investigation, summarized
above, demonstrates that the atomic position governs the
This journal is © The Royal Society of Chemistry 2020
stability of the ternary NPs. However, since the studied NPs are
of small size, the investigation may miss some factors inu-
encing the conguration of real scale ternary NPs. For example,
the stacking fault of fcc structure in a multinary alloy may
increase the formation energy.58 In addition, the larger number
of layers of shell on larger NPs couldmake strain play a different
role on the ternary NPs. Finally, we suggest that the real scale
NPs are the core–shell system with Ru core and Pd–M solid
solution shell. The number of Ru cores depend upon the size of
the ternary NPs.
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