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Abstract: Using an embedding atom method, the low-lying caai@i structures of a large Pt-Cu
alloy cluster RjCu,; were obtained through screening5 1€bmers. The results indicate that the
Pt@PtCu core-shell structures with Pt skin and RiGe are energetically more stabiban the
others, which is in good agreement with the expental observation. Furthermore, an impurity
Cu atom is preferred to stay at the subsurfaceaalsof the surface region of Pt-Cu alloy clusters,
and the doped Cu atoms prefer to disperse in Palloy. The electronic structures of the EAM
optimized structures are calculated with densitycfional theory, and the projected electronic
densities of states revethlat Cu doping can obviously enrich the electrasiates of surface Pt
atoms near the Fermi level, which may provide safues for understanding the mechanism of

enhancement of the catalytic activity for Pt-Cwwpltatalyst.
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1. Introduction

In the past decades, proton exchange membranedile(PEMFCs) have attracted
much attention due to their unique properties sagclow operating temperature, low
environmental pollution, and relatively high enedgnsity [1].They are expected to
be widely used in electric vehicles (EV) as altéiueaclean power sources. However,
the high cost of platinum (Pt) catalysts in PEMHA®@s become one of the biggest
obstacles to the commercialization of such deviBeently, it has been found that
alloying Pt with cheap transition metals (TM) suah Cu, Ni, Co, Fe, etc., has dual
advantages. First, this will reduce the usage drfet make the PEMFC technology
economically more viable. On the other hand, thbd2ed alloy catalysts have shown
higher activity than the Pt itself towards the ogggeduction reaction (ORR) [2-10].
Among those being reported recently, the Pt-Cuesyss the most promising and has
received considerable interest due to the largalygroved catalytic activity. Using
different methods like electrodeposition [11-12heepot synthesis method [13], and
electrochemical dealloying [14-15], a variety ofinastructures of the Pt-Cu alloy has
been achieved. For example, using a compositiotraited electrochemical
dealloying method, Chen et al. [14] reported a panous core-shell Pt-Cu catalyst,
which has a Pt only skin while Pt-Cu alloy core,ishhhas exhibited a very high
catalytic activity towards oxygen reduction reastiand formic acid oxidation.
Furthermore, a similar core-shell structure witghar Cu content was fabricated by a
simple one-step dealloying process, which alsolaysgl a greatly enhanced catalytic

activity towards electroxidation of methanol andniicc acid [15]. On the other hand,



it has been observed that the catalytic activityPofCu alloy catalyst is highly

dependent on its composition [16-17], morphologd] [And shape [19]. For instance,
the P§Cupp nanocube has been identified as the best strufdumdectrocatalyst by

Xu et al. [17] in terms of the electrocatalyticiaity and long-term stability.

For the Pt-Cu alloy systems, the enhanced catabiivity in PEMFC was
attributed to the existence of a Pt-skin and ife o the catalytic processes [20].
However, there are many difficulties and challenigedetermining the details of the
electrochemical process and the enhancement meahanithe atomic level using the
current experimental techniques. As we know, thegake calculations, especially
those based on the density functional theory (Dir€}hods, can be very helpful in
clarifying the chemical processes on metal surf§2&s25]. For a large system like
the Pt-Cu alloy, many difficulties arise in findiige right geometrical and electronic
structures. However, such information is a key éweal the mechanism of the
enhanced catalytic activity.

Due to the size of the system and the number ofiplesconfigurations of the
low-lying structures, it is extremely difficult tocate the low-lying structures using
the existing computing capacity and theoretical hods. For this reason, no
theoretical studies about the ground state geoesewi large sized Pt-Cu alloy
systems have been reported so far. Recently, we dexeloped an empirical potential
model for the Pt-Cu alloys based on the framewdrihe embedding atom method
(EAM), which can and will provide structure optiration of large-sized Pt-Cu alloy

systems [26]. Using this potential model, thosegdaPt-Cu alloy systems can be



studied with more efficiency. To simulate a corelsstructure of Pt-Cu alloy with
atomic ratio of Pt:Cu=4:1, it is important to bu#dsuitable model that can balance
the cost and precision. In this work;dgtcluster with 108 atoms was considered due
to its enough core and shell positions for Cu dg@ind an acceptable computational
cost. Then 22 Cu atoms randomly replaced 22 Ptsatomroduce Pt-Cu alloy cluster
PigeClpz, with a Pt:Cu ratio of about 4:1. In the presentdgt the EAM potential
model in combination with a Monte Carlo samplingtinoel was used to search for the
low-lying structures of B{Cuw:. clusters. The low-lying configurations of these
PigeCp, clusters were then predicted using the first ppies calculations with high
accuracy. The structure characteristics of thasgt@ls are in good agreement with the
experimental results. In addition, the electrortititures of the selected low-lying
configurations were analyzed and used to find tidemces of enhanced catalytic
actively of Pt-Cu alloy nanocatalysts.
2. Computation method and details
2.1 Screening Procedure

To generate the isomers ofgffiw, cluster, first of all, the cluster of ig§ was
selected from face center cubic (fcc) Pt crystaingtgal structure. Then, the Rt
cluster was fully optimized by EAM potential withraglient descent algorithm. The
optimized Piog cluster has core-shell geometry with 76 Pt atombkeasurface and 32
Pt atoms inside. Next, 22 Cu atoms were introddoadndomly replace 22 Pt atoms
of Ptog cluster, producing the Pt-Cu alloy clusters @§@iy,. Specifically, to account

for the effect of Cu distribution on the structusthbility of PgsCu, alloy cluster,



Monte Carlo sampling method together with EAM pdiggrmodel was employed in
the current study. The former is mainly used todoanly generate the isomer
structures of RBtCu,, alloy cluster, and the latter is used to optim&seh isomer
structure. For example, the Cu atoms have beenbditgd randomly in a specified
range using random number generator. If only thiéasa Pt atoms were selected to
be randomly replaced by Cu atomss;s@ti; clusters with PtCu shell and Pt core will
be produced. Similarly, the 22 Cu atoms only ranigoraplace the Pt atoms in the
core part, which will generate theg§u, isomers with Pt shell and PtCu core. Next,
all the isomers of RICu,, clusters were fully optimized by EAM potential tvit
gradient descent algorithm to screen the low-lystigictures. Finally, 5 low-lying
structures for each doping type were selected doupto the energy from the lowest
to the high to further predicted by first principlealculations.
2.2 EAM potential of Pt-Cu alloy

Here is a brief description of the EAM potentialRifCu alloy we obtained [26]. In

EAM, the total energy of a binary system is written

E,pe = Z E; ¢y

with B = Fy(n) + 3 1) ®ap(ryy), @),

i#]

where the total potential energy is defined asstima of potential energy of each atom

(E;). The potential energ¥; includes embedding energy,(n;) and pair potential

energy%Zi,j cbaﬁ(rl-j). The indices andj represent the embedding atom and the
i%]

neighboring atom, respectiveky.andp are element types of theandj atoms. The

specific functions in the model can be expressddlbmsvs:
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F(n) = Fy[1 — ylnn]nY + Fin (3),

n; =Y. pp(1ij) 4,
pp(r) = W (r;lrc) 1+a, corséarﬂpl) ).
o(r)=Y¥ (%) T‘CTll + r%cos(kr + goz)] (6),
Y0 = 2 .

Fo, v, F1, h, a1, a,01, B, C1, 11, Co, 12, K, @2 are parameters determined by fitting the
model, andr is cutoff distance of the EAM potential. The fupat of pg (rjj) is an
empirical quantity, representing electron densiynsferred to position of atonfrom
atomj. W(x) is a cutoff function which ensures that theduions smoothly go to zero
near the cutoff distance.
2.3 First Principles Calculations

In this work, all the first principles calculationgere carried out by the Vienna
Ab-initio  Simulation Package (VASP) [27-28] based on the DHith
projector-augmented wave (PAW) approach [29-30].e Theneralized gradient
approximation (GGA) in the form of PW91 function svaused for the
exchange-correlation interaction [31]. Pt°6sl and Cu 344s' were treated as
valence electrons, and the cut-off energy of 400n@¢ set for the plane wave basis.
In the geometry optimization, the maximum of Helirféeynman force on each atom
was chosen to be 0.01 eV/A, and the electroniatitans convergence was set to be 1
X 10° eV. To prevent the interaction between imagestgf®,,, a vacuum region of
15 A was created along they, andz direction, respectively. The dipolar corrections

in all directions were also considered in all th&calations.



3. Resultsand discussions
3.1 Structure and Stability of PtgsCu,, Clusters

Using the computational scheme described in SegtezZut out a cluster of 108 Pt
atoms from fcc Pt crystalline and then fully optzend the structure by EAM potential.
As illustrated in Fig.1, there are 76 Pt atoms lon gurface of R§s cluster, while 32
Pt atoms located inside of the;ftcluster, which makes g cluster a spherical
core-shell geometry with a diameter of 14 A. Toegate a Pt-Cu alloy cluster with an
atomic ratio of 4:1, 22 Pt atoms in thedgtluster were randomly substituted by 22
Cu atoms. In order to investigate the distribufieatures of Cu atoms in {g§ cluster,
three doping types of Pt-Cu alloy cluster were aered. Type | is only 22 core Pt
atoms were substituted, noted as doping-core jgHzti@ PtCu; type 1l is both surface
and core Pt atoms were randomly selected to beaeg) noted as doping-normal,
that is PtCu@PtCu; and type lll is only the surf&2 Pt atoms were randomly
substituted, noted as doping-shell, that is PtCu@Ifee doping types are illustrated
in Fig. 2.

For each doping type, 1@Gsomers of RtCu:;cluster were generated randomly and
optimized by EAM potential with gradient descergalthm. To evaluate the relative
stability of isomers, the cohesive energy of eatgkC,, alloy cluster and the average
cohesive energy of 2@somers for each doping type were computed bydireulas

Ecohesive = Ecluster — NPtEPtisolate - NCuECuisolate (8)

and

Eavecohesive = (Ecluster - NPtEPtisolate - NCuECuisolate)/n (9)1



where E_ st 1S the total energy of eachgi@uw, alloy cluster,Np;, and N, are
the number of Pt atom and Cu atom iRs®ty, alloy cluster, that is 86 and 22.
Ept; 1ure @Nd Ecy, .., are the energy of isolate Pt atom and Cu atorpectwely.

n is the number of isomers, that is°lii Table 1 and 5 in Table 2. The average
cohesive energies of 1@somers for each doping type from EAM potentialreve
listed in Table 1, and the cohesive energies of ea&tected low-lying structure and
the average cohesive energies for each dopingftgpeDFT level were summarized
in Table 2. Obviously, from Table 1, the averagéesive energy is in order of
doping-core < doping-normal < doping-shell, indicgtthat the stability of each
doping type is in order of doping-shell < dopingimal < doping-core. The result
indicates that the Cu atoms prefer to be locateithéncore region. To further verify
this, five low-lying isomers for each doping typene selected and fully relaxed using
the first principles calculations. Clearly, frombla 2, the average cohesive energy of
three doping types follows the same order: dopmgc< doping-normal <
doping-shell, which is consistent with the resuoiinfi the EAM calculations. So, we
fully believe that the optimal structure of Pt-Clog nanocluster is core-shell
geometry with Pt shell and PtCu alloy core. Th&uteis in good agreement with the
observation from experiment [14], where a novel apmous Pt-Cu bimetallic
catalyst with a Pt skin and a PtCu core had beenessfully fabricated by using
electrochemically dealloying method. In additianindicates that the combination of
EAM and Monte Carlo method is of great advantagedating such large sized Pt-Cu

alloy systems and can give reliable results.



Tablel Aver age cohesive energy (in eV) of PtgsCuy, isomers obtained by EAM potential for

three doping types. doping-core, doping-nor mal, and doping-shell.

doping type isomer number Average cohesive energy

doping-core 1x10 -483.866
doping-normal 1x10 -483.045

doping-shell 1x10 -477.324

Table 2 Cohesive energy (in €V) of each selected low-lying structure and aver age cohesive

energiesfor each doping type, obtained from first principles calculations.

doping-core doping-normal doping-shell

Low-1 -488.963 -484.690 -477.997
Low-2 -486.407 -484.362 -479.425
Low-3 -487.003 -485.751 -478.276
Low-4 -486.131 -484.661 -479.758
Low-5 -488.041 -484.722 -479.641
Average -487.309 -484.837 -479.019

To further investigate how the distance of dopeda@ms to the center of Pt-Cu
alloy cluster affects the stability of Pt-Cu allgystem, one Cu atom doping, the
simplest case, was treated to show the Cu pos#ifect. Here, 108 isomers were
fully optimized by EAM potential, and the total egg of each isomer versus the

distance of Cu atom to the center of cluster wasvsehin Fig.3. As seen from Fig. 3,
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with the distance increasing, the total energy B§u cluster decreases first, and
reaches the minimum near the surface. Then, ieas@s as the distance increases,
and eventually converges to the surface distanhe. tfend of total energy versus
distance indicates that the Cu atom doping atwhswgface is more stable than that at
the surface or center positions. In addition, Fagsd shows three typical structures of
one Cu atom doping with the different distanceht® ¢enter of cluster, obtained from
screening by EAM potential. The total energies glaith theR (R represents the
distance of Cu atom to the center ofol&u cluster) again suggest that the Cu atoms
prefer to be located at the subsurface insteadrédee and center positions.
Furthermore, to find out whether the doped Cu atamesassembled or dispersed in
the Pt-Cu alloy systems, the Cu-Cu pair distribufionctions were examined. From
the above calculations, it is found that the tetaérgy of Pt-Cu alloy system strongly
depends on the doping position of Cu atoms. Thuglitninate the contribution of
different positions of Cu atoms to the total enewg constructed a very large system
of cubic nanocrystal (NC) contains 1372 Pt atorhgnt27 Cu atoms randomly
replaced 27 Pt atoms which are more than 6 A aw@y the surface (equal to the
cutoff distancer. of the EAM potential). In this model, all doped @toms are
equivalent, which can avoid the effects of a preférposition. Such a large model
ensures that the energy differences among the rsooméy arise from the different Cu
interatomic distances. In the present work> 1€bmers of RgsCly NC were
calculated with adequate accuracy by EAM potenfldle optimized structure of
Pti34Cly NC with the lowest and highest energy is shownFig.4a and 4b,

10



respectively. Clearly, the distribution of Cu atomsdispersed in the lowest-energy
NC and concentrated in the highest-energy NC. Next,have selected 100 low
energy structures and 100 high energy structumes &G isomers of RgssCly; NC,
and calculated their average Cu-Cu radial pairriigion functions, as shown in
Fig.5. Apparently, the content of the Cu-Cu pairtow energy structures smaller than
those in the high energy structures, indicating thgped Cu atoms in the doped
materials prefer a dispersed state rather thamgregated arrangement.
3.2 Electronic Structure Analysis

The catalytic properties are in principle deterrditg the electronic structure, so it
is of significant importance to conduct the elesicostructure calculations and
analyses. In order to understand the nature of reahcatalytic activity of Pt-Cu
alloy as compared with pure Pt system, the projeetectron densities of states of
surface Pt atoms of Pt-Cu alloy cluster and pureld&ter were examined. Typically,
the surface Pt atom nearest to the subsurface @uo @t,, represented by a small
blue ball in Fig.6) was selected as an example himwsthe doping effect. For
simplicity, one Cu atom doping case was considegd,shown in Fig.6. For
comparison, the Pt atom in a purgeftluster located at the same position was also
analysed. The projected density of states (PDO®)eoP%,, in PtoCu and Pis was
also shown in Fig.6, respectively. From Fig.6 {a)s observed that the total density
of states (TDOS) of Rt atom in Pi/Cu and Pilg mainly comes from thd-orbitals,
the contribution of the-orbital and thep-orbital is almost zero. Furthermore, a new
peak appears near the Fermi level in the TDOS hed-brbital of P, in PtoCu

11



cluster, meaning that Pt alloying with Cu enriclies electronic states of the surface
Pt atom in the vicinity of the Fermi level. Thugthlectronic structure of surface Pt is
tuned after alloying with Cu, which may lead to tlmhancement of the
electrocatalytic activity of Pt-Cu alloy for the BR

In addition, Fig.6 (b) clearly shows thébrbitals of the surface Pt atom have been
changed from unoccupied states in purggeluster to occupied states in Cu-doped
Pt,0Cu cluster. This change means tlohrbitals of the Rt atom may accept
electrons after alloying with Cu. This should faatie the electron transfer from the Pt
surface to oxygen in the ORR process and enhareeettiuction of oxygen in
PEMFE. On the other hand, the analysis of Badergehadicates that there exists a
significant electron transfer from Cu to Pt ind&u cluster. The calculated Bader
charge of the Cu atom is 10.56 electrons, showiclgaage transfer of 0.44 e from Cu
to Pt. Combining with the analysis of aforementi®DOS, we conclude that the
charge mainly transfers to theorbitals of P§,, atom.

For low-lying structures of B4Cw» clusters, the transferred Bader charge from Cu
atom to Pt atom is in the range of 0.3-0.4e. Tketsbn density of states of surface Pt
atoms of RCuy, alloy clusters also exhibits the abundant elecstates near the
Fermi level compared with those of purgoRtluster. The comparative results of
electronic structure analysis foriCu and RiCuw, clusters agree well with those
from small sized RCu alloy clusters [32].

4. Conclusions
In this paper, the low-lying structures ok, cluster were screened by using the
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EAM potential combined with the Monte Carlo samglimethod. From the cohesive
energy of three doping types (doping-core, dopiogval, and doping-shell) of
PtsCup. cluster, we found that Pt@PtCu core-shell strestwrith Pt shell and PtCu
alloy core are more stable than the other onesghwisi in good agreement with the
observation from the experiments. Furthermore,dpmal doping position of Cu
atom in Pt-Cu alloy clusters is at subsurface abtaf surface or center positions, and
the doped Cu atoms prefer to disperse rather thamrngregate in the Pt-Cu alloy.
Finally, the comparative analysis of the PDOS offame Pt atom in Pt-Cu alloy
cluster and pure Pt cluster indicates that Cu dppsan obviously enrich the
electronic states of surface Pt atoms near the iHex®l. The Bader charge analysis
also shows that there exists a charge transfer ftonto Pt in Pt-Cu alloy clusters.
These findings are expected to help in understgndirthe mechanism of enhanced
catalytic activity for Pt-Cu alloy catalysts.
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Shell (76 Pt)

(b)

Fig. 1(a) isthe optimized structure of Pt cluster; (b) is schematic diagram of illustration of

core-shell structurein Pt;os. Blue and grey balls present shell and core Pt atoms, respectively.

doping- core doping-normal doping- shell

Fig.2 Three doping types of Pt-Cu alloy clusters PtgsCuo,.
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ACCEPTED MANUSCRIPT
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distance tocenter ( A )

E ia=-513.803 eV Epu=514.917 eV Epu=-513.795 eV
R=1.63A R=4.10 A R=6.16 A

Fig. 3 Total energy versusdistance of Cu atom to the center of Pty4;Cu cluster, and three
typical structures of Pt;5;Cu cluster from screening by EAM potential: (a) Cu atom located
in the center of Pt;o;Cu; (b) Cu atom located at the subsurface of Pt;3;Cu; (c) Cu atom
located at the surface of Pt1;Cu. R denotes the distance of Cu atom to the center of Pt;o;Cu

cluster.

Fig.4 Optimized structures of the lowest-ener gy isomer (@) and the highest-ener gy isomer (b)

of Pty345Cu,7 Cubic Nanocrystal from Embedding Atom Method potential screening.

17



400
350 F

——low-energy

300 —— high-energy
250 F
200 |
150
100 |
o ANaAA

0 I 1 A 231

0 1 2 3 4 5 6 7

distance r (unit:A)

8

Cu-Cu pair distribution function g(r)

Fig.5 Average Cu-Cu pair distribution functionsfor 100 low-ener gy isomer s of the

Pt1345Cu»NC and 100 high-ener gy isomer s of the Pt;345Cu,; Cubic Nanocrystal, respectively.
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Fig.6 Structures of single Cu atom doped Pt14;Cu cluster and pure Pt cluster, and PDOS of

the surface Pt atom (Ptg,) in Cu doped cluster Pt;o;Cu and pure Pt cluster Ptigg The blue

ball and orange ball represent Pty atom and Cu atom, respectively.
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a s wbdeE

The low-lying structures of PtgsCu,, have been confirmed by the EMD.
The low-lying structures of PtgsCu,, show a Pt@PtCu core-shell structure.
The Cu atoms prefer positions at subsurface instead of surface of PtgsCup,.
The Cu atoms are dispersed in Pt-Cu aloy.

The PDOS show that Cu enriches the electronic states of surface Pt.



