
Surface Science 649 (2016) 39–45

Contents lists available at ScienceDirect

Surface Science

j ourna l homepage: www.e lsev ie r .com/ locate /susc
Surface segregation phenomena in extended and nanoparticle surfaces of
Cu–Au alloys
Jonathan Li a,b, Guofeng Wang c,⁎, Guangwen Zhou b,d,⁎
a Department of Physics, Applied Physics and Astronomy, State University of New York, Binghamton, NY 13902, USA
b Materials Science and Engineering Program, State University of New York, Binghamton, NY 13902, USA
c Department of Mechanical Engineering and Materials Science, University of Pittsburgh, Pittsburgh, PA 15261, USA
d Department of Mechanical Engineering, State University of New York, Binghamton, NY 13902, USA
⁎ Corresponding authors.
E-mail addresses: guw8@pitt.edu (G. Wang), gzhou@b

http://dx.doi.org/10.1016/j.susc.2016.01.013
0039-6028/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 14 July 2015
Accepted 18 January 2016
Available online 27 January 2016
Using density functional theory (DFT) and Monte Carlo (MC) simulations, we studied the surface segregation
phenomena of Au atoms in the extended and nanoparticle surfaces of Cu–Au alloys. OurMC simulations predict-
ed significant Au enrichment in the outermost layer of (111) and (100) extended surfaces, and Au enrichment in
the two outermost layers of (110) extended surfaces. The equilibriumCu–Au nanoparticles were predicted to de-
velop into an Au-enriched shell structure, where Au atoms preferably segregate to the (100) facets while Cu
atoms are mainly located on the (111) facet of the nanoparticles. Our simulation predictions agree with experi-
mental measurements.
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1. Introduction

Copper (Cu) catalysts have been studied extensively for their uses in
catalysis. Some of the chemical reactions catalyzed by Cu are hydroge-
nation, CO2 reduction and CO oxidation [1,2]. However, Cu is easily ox-
idized, making the metal unstable which compromises the catalytic
activity [3,4]. One solution to this oxidation problem is to alloy Cu
with a stabilizing metal, such as Au, which is resistant to corrosion
and oxidation. Bimetallic Cu–Au alloys have also been known to im-
prove catalytic properties over their single metal counterparts such as
low-temperature CO oxidation [5,6] and selective hydrogenation [7,8].
Bimetallic catalysts offer a great advantage by offering a way to fine-
tune the catalytic properties ofmetals [9,10]. Catalytic activities of bime-
tallic alloys are mainly determined by their surface composition. It is
desirable to increase the Au surface concentration, while keeping the
cost of the catalysts low. This can be achieved by taking advantage of
the surface segregation, resulting in a greater Au surface concentration
relative to the bulk concentration. By predicting the surface composition
of Cu–Au alloys, we can design and synthesize catalysts with desirable
catalytic properties.

Surface segregation phenomenon in alloy materials causes a differ-
ence in surface chemical composition from the bulk composition [11,
inghamton.edu (G. Zhou).
12]. This process can alter many physical and chemical properties such
as adsorption,wetting, oxidation, corrosion, crystal growth and catalysis
[13,14]. There have been multiple experimental studies regarding sur-
face segregation in copper–gold alloys. Experimental methods used for
the determination of the surface layer composition profile of crystalline
samples include Auger electron spectroscopy — AES [15–17], low-
energy ion scattering — LEIS [18–20], medium-energy ion scattering —
MEIS [21], low-energy electron diffraction— LEED [20], and X-ray crys-
tal truncation rod (CTR) diffraction [22,23]. All of these studies have
showed that Au would enrich the surface. For example, it was found
that the (111) surface of Au concentration of the Cu–Au alloy could
reach 40% at 900 K [16] and 51% at 573 K [17] with a bulk Au concentra-
tion of 20%, and 25% at 386 K [18] with a bulk Au concentration of 10%.
The (110) surface Au concentration was found to be 35% at 660 K [20]
with a bulk Au concentration of 25%, 30% at 386 K [20] with a bulk Au
concentration of 10% and about 27% at 386 K18 with a bulk Au concen-
tration of 10%. With a bulk Au concentration of 25%, the (100) surface
Au concentration of the Cu–Au alloy was 41% at 1000 K [19], 45% at
890 K [22,23] and 36% at 990 K [15]. Moreover, the surface segregation
process in Cu–Au alloys has been studied using different theoretical
methods [24–30]. Most of the theoretical studies do not report the sur-
face composition of the alloys.

The theoretical studies on Cu–Au surface enrichment have been
focused mainly on the (100) surface, while there are a few on the
(111) surface, and the results for (110) are scarce. Although some of
these calculations accurately predict the surface composition for the
specific surface being studied, the potentials have not been thoroughly
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Table 1
Calculated segregation energies (in eV) for a Au impurity in the three low-index Cu ex-
tended surfaces.

Surfaces To layer MEAM DFT-GGA DFT-LDA

Au impurity in Cu(111) 1st −0.807 −0.579 −0.29a

Cu(100) 1st −0.844 −0.494 −0.18b

Cu(110) 1st −0.747 −0.490

a Reference [46].
b Reference [47].
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evaluated by taking other surfaces into account and have other limita-
tions, as described below. Fitting the potential parameter based on
one surface orientation is a big disadvantage as the predictions
may only be accurate for that specific surface but not be for other
surfaces. There have not been many surface composition predictions
of Cu–Au alloys involving multiple surfaces: Hayoun et al. [29] calcu-
lated the surface composition of Cu3Au(100) and (111), and Hou
et al. [30] studied the surface composition of the (111), (100) and
(110) surfaces of Cu3Au. Both of these studies have limitations that
should be considered. Hayoun et al. [29] fitted the parameters of
their potentials to various experimental bulk quantities. They re-
ported that surface quantities, mainly the composition of the outer-
most layer and the existence of buckling, are sensitive to the details
of the potential. This may be due to the fact that they developed
their potential based on experimental bulk data without considering
surface properties. The study also only made predictions of (100) and
(111) surfaces, but not the (110) surface, so there may be some lacking
evidence of how accurately the potential describes the (110) surface.
Hou et al. [30] also developed their potential based on experimental
bulk quantities. Again, since the model potential was fitted to bulk
properties of the Cu3Au alloy, it may be unreliable because surface pre-
dictions can be sensitive to the potential. Furthermore, many of the the-
oretical studies do not publish specific potential parameter details to be
added to a library of developed potentials. There has also been more
focus on controlling the surface composition and structures of alloy
nanostructures, so it is desirable to simulate the surface segregation
phenomena in both extended surfaces and nanostructures, such as
nanoparticles.

To address all of these limitations, we have developed the parame-
ters of the modified embedded-atom method (MEAM) potentials for
Cu–Au alloys and performed the Monte Carlo (MC) simulations of the
equilibrium surface composition of the extended surfaces of Cu–Au
alloys taking into account the three low-index surfaces [(111), (100)
and (110)]. The results are compared with experimental measure-
ments. We have developed the potential parameters to fit both bulk
and surface properties, calculated by the density functional theory
(DFT). In addition, we simulated the surface segregation process in
nanoparticles and report the composition in different regions of
nanoparticles.

2. Computation methods

2.1. DFT calculations

The DFT [31,32] calculations were performed using the Vienna Ab
initio Simulation Package (VASP) [33] with the projector augmented
wave approach [34,35]. We used the DFT method to determine the
bulk properties of the Cu–Au alloys, as well as the various surface segre-
gation energies in the Cu–Au alloys. The generalized gradient approxi-
mation (GGA) with the PW91 functional was used for evaluating the
exchange-correlation energy [36,37]. We used a plane-wave cutoff en-
ergy of 600 eV in all the calculations. The Brillouin-zone integration is
performed using (16 × 16 × 16) Monkhorst-Pack k-point meshes for
the bulk unit cell calculations, and a (5 × 5 × 1) k-point mesh was
used for our surface slab calculations. All of the atoms in our models
were free to relax until the Hellman–Feyman forces were minimized
and each force component acting on the atoms was lower than
0.01 eV/Å.

2.2. The MC method

In this work, we used theMCmethod that was used previously used
by Duan and Wang in the study of surface segregation of Pt–Pd alloys
[38]. At each simulation step, we attempted to exchange the positions
of two randomly chosen atoms from an initial assumed configuration
of the Cu–Au alloys. At a given temperature, the probability PXY of a
configuration transformation (from X to Y) is determined by the
Boltzmann factor (distribution function) of the energy change (ΔE =
EY−EX) of a system,

PXY ¼ exp
−ΔE
kBT

� �
ð1Þ

where kB is the Boltzmann constant and T is the temperature. In our MC
algorithm, the new configurationwas kept if PXY ≥ 1 (energy decreases);
while when PXY b 1 (energy increases), the new configuration was kept
only if PXY was larger than a computer-generated random number,
which ranged from 0 to 1. We repeated this operation millions of
times to yield the thermodynamic equilibrium configurations of the
modeled Cu–Au surfaces.

The energy change ΔE [in Eq. (1)] was evaluated using our devel-
oped MEAM atomic interaction potentials. A screening procedure was
adopted in defining the nearest neighbors for an atom since only the
nearest neighboring interactions were considered in our current
MEAM. Detailed information regarding the MEAM potentials for alloy
systems can be found in Refs. [39–45].

3. Results and discussion

3.1. DFT study of surface segregation in low-index surfaces of Cu–Au alloys

The segregating tendency of the component atoms to the alloy sur-
faces can be gauged by their surface segregation energy. The surface
segregation energy in extended Cu–Au surfaces is computed as the en-
ergy difference between the total energy of the systemswith a segregat-
ing species atom in the surface layer and in the bulk. In this work,
negative surface segregation energy indicates that it is energetically
favorable for the segregating atom to segregate to the surface. Using
the DFT method, we have calculated the surface segregation energy
in the dilute limit as well as in an ordered alloy (L12 Cu3Au) of the
Cu–Au alloys. The three low-index surfaces [(111), (100), (110)] of
the Cu–Au alloys were modeled with surface slabs in periodic super
cells.

In the dilute alloy case, we modeled the Cu–Au surface as a Cu
surface slab containing one Au atom. In all these surface models, we
included seven atomic layers (4 atoms at each layer) and a 10 Å thick
vacuum region perpendicular to the surfaces. Our DFT results in
Table 1 indicate that Au atoms in the bulk of a Cu slab have a strong ten-
dency to segregate to the upper most layer in (111), (100) and (110)
surfaces because of the decrease in energy that we found from the sur-
face segregation energy calculations. For comparison, we also listed in
Table 1 the previous predictions for the segregation energy of an Au
atom to the Cu surface from the DFT calculations with local density
approximation (LDA) [46,47]. The discrepancy in the quantitative
values betweenour and previous studies is probably due to the different
computational surface models employed. We used a 2 × 2 surface unit
cell for our present study whereas the previous DFT-LDA study used a
large 6 × 6 surface unit cell [47]. Nonetheless, it could be seen that our
predicted surface segregation energies follow the same general trend
(preference of Au surface segregation) as those DFT-LDA data [46,47].
Moreover, Wang and Johnson used the DFT-GGA method to calculate
the segregation energy of a Au atom to the surface (specifically, the



Table 2
Calculated segregation energies (in eV) for a Au atom in the three low-index Cu3Au ex-
tended surfaces. The energies correspond to the configurations in Fig. 1.

Surfaces Initial structure Final structure MEAM DFT

(111) A B −0.125 −0.096
A
A

C
D

+0.031
+0.145

+0.014
+0.196

(100) E F +0.168 +0.155
E
E
E

G
H
I

+0.165
−0.302
−0.389

+0.112
−0.323
−0.315

(110) J K +0.033 −0.117
J
J
J

L
M
N

−0.019
+0.018
−0.071

−0.159
−0.105
−0.168
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edge site between (111) and (100) facets) of a Au–Cu particle having 54
Cu atoms and oneAu atom [48]. They found that Auwould prefer to stay
on the surface of theparticle, in agreementwith our results for extended
surfaces.

In its equilibrium form, the Cu3Au alloy adopts an L12 crystal struc-
ture in which one Au atom lies at the corner of a cubic unit cell and
three Cu atoms lie at the face centers of a face-centered cubic lattice.
The lattice parameter of the Cu3Au (L12) crystal was predicted from
our DFT calculations to be 3.791 Å, which is about 1.09% larger than
the experimental data of 3.75 Å [49]. In the ordered alloy case of the
Cu3Au surface slab, we have calculated the surface segregation energies
of various configurations as shown in Fig. 1. In all of our alloy models,
the cells consisted of 8 atomic layers and a 10 Å thick vacuum region
in the direction normal to the surfaces. An 8 layer slab is used in the or-
dered alloy case to allow the atoms to enrich to the distinct top and bot-
tom surfaces. Our DFT results in Table 2 show that all the three surfaces
prefer to have Au enrichment to the surface. More specifically, for the
(111) and (100) surface, there is a tendency for Au atoms to segregate
to the surface layer from the second layer, but it is not energetically fa-
vorable for the (111) or (100) surface to be covered greater than 50%
Au. The results for the (110) surface show that Au atomsprefer to enrich
to both the second and first layer, and it is favorable for the surface to be
covered greater than 50% Au, unlike the case for (111) and (100).

3.2. Developing Cu–Au MEAM potential

We have calculated the lattice parameters of Cu–Au alloys and the
segregation energies of various cases involving Cu, Au and Cu3Au as
Fig. 1. The relaxed atomistic structures of various terminations (top layerwith different composi
l, m, and n] of the ordered Cu3Au crystal. In the figure, the blue balls represent Cu atoms, while
discussed above. Furthermore, we developed the parameters of MEAM
potentials to reproduce the 18 quantitative results obtained from
these DFT calculations for both lattice parameters and surface segrega-
tion energies, which are the values given in Tables 1, 2 and 3. All the
configurations used for calculating the surface segregation energy
are shown in Fig. 1. We report the thus-attained parameters for the
Cu–Au MEAM potentials in Table 4 and the angular screening parame-
ters for the potential in Table 5.

In Table 6, we list the calculated surface energies for the three low-
index surfaces of the pure Cu and Au crystals. Although the calculated
surface energies using MEAM are lower than the previous DFT calcula-
tions as well as experimental measurements, our MEAM calculated
surface energies for Cu and Au are in good agreement with previous
tions) of the (111) [panels a, b, c, and d], (100) [panels e, f, g, h, and i], and (110) [panels j, k,
the gold balls represent Au atoms.



Table 3
Comparison of the calculated lattice constants of Cu3Au (L12), CuAu(L10), and CuAu3 (L12)
bulks using the developed MEAM potential and the DFT method.

Bul
structure

Lattic
parameter

MEAM
(Å)

GGA-DFT
(Å)

Cu3Au (L12) a 3.822 3.791
CuAu (L10) a

c
3.851
3.920

4.101
3.604

CuAu3 (L12) a 3.937 4.062

Table 5
Parameters of theMEAMpotentials for the Cu–Au system: angular screening factors of the
atomic charge density in Cu–Au alloys.

Cu–Cu–Cu Cu–Au–Cu Au–Cu–Cu Au–Au–Cu Au–Cu–Au Au–Au–Au

Cmax

Cmin

2.8000
0.8000

2.5833
0.8333

2.5833
1.0833

3.2500
1.4167

3.5833
1.9167

2.8000
2.0000
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results calculated by Baskes [41]. It is a known fact thatmost atomic po-
tential models predict lower surface energies than experimental data
[41,42]. In this study, we found that the Au/Cu surface energy ratio cal-
culated by MEAM and DFT for the (111), (100) and (110) surfaces are
0.614 and 0.657, 0.626 and 0.751, and 0.6037 and 0.763, respectively.
Hence, the relative difference in surface energy, which could be a
more important factor influencing surface segregation, is not as pro-
nounced as the absolute difference between the MEAM and DFT
methods. More importantly, both the DFT and MEAM calculations
predict a lower surface energy for pure Au in all the three low-index sur-
faces, favoring Au segregation to the surface of the Cu–Au alloys in order
to lower the overall surface energy.

We fitted the MEAM cross-potentials between Cu and Au with the
DFT results (described in Section 3.1) about the lattice parameter of
Cu3Au crystal (L12 crystal structure), CuAu crystal (L10 crystal structure)
and CuAu3 structure (L12 crystal structure). Shown in Table 3 are lattice
parameter, calculated from our developed MEAM potentials, of the
Cu3Au and CuAu3 crystal agrees well with the DFT calculations and ex-
perimental results, but the lattice parameters for the CuAu crystal do
not quantitatively agree. Thismay be due to the fact that we are focused
on reproducing surface segregation energies for the cubic phase rather
than the tetragonal phase. In Table 1, we show the segregation energies
for an Au atom in the (111), (100) and (110) surfaces of Cu crystals
using DFT compared with calculations from our MEAM potentials. We
fitted the MEAM potentials for many structures in both Tables 1 and 2,
however, we cannot reproduce every result exactly and have to make
some compromises. Although the results for segregation of the Au
atom in the Cu slabs differ quantitatively, they agree qualitatively
(having the same positive or negative sign). Both the DFT and MEAM
calculations predict that the Au atoms would segregate to the surfaces
of the Cu single crystals in (111), (100) and (110) surfaces.

We have also performed surface segregation calculations of various
configurations of the Cu3Au ordered alloy with Au segregation. Shown
in Fig. 1 are the different configurations of the Au segregation. We
used an even number of layers to allow Au surface segregation to
occur on both the top and bottom of the slab to represent different sur-
face compositions. Table 2 shows the surface segregation energies cor-
responding to different configurations of the Cu3Au alloy. In the Cu3Au
ordered alloy, the DFT calculations reveal that there is a tendency for
the Au atoms to segregate to the surface in all the three low index sur-
faces. However, two of our MEAM calculated segregation energies dis-
agree with the DFT results, J–K and J–M for the (110) surface. The DFT
calculations suggest that it is energetically favorable for the two outer-
most layers of the (110) surfaces to be enriched with Au, but the two
Table 4
Parameters of theMEAMpotentials for the Cu–Au system: The cohesive energy Ec (eV), the equ
energyα, the scaling factor of the embedding function A, four decaying exponential factors of th
scaling factor of the atomic charge density ρ(0). The detailed information can be seen in Ref. [4

Ec re α A β(0) β(1)

Cu 3.540 2.560 5.110 1.070 3.634 2.200
Au 3.930 2.878 6.341 1.040 5.450 2.200
Cu–Au 3.657 2.703 7.750 – – –
MEAM calculations do not favor a 75% Au outermost layer or 25% Au
in both the 1st and 2nd outermost layers.

3.3. Simulation of surface segregation in extended surfaces of Cu–Au alloys

Due to the high computational costs of DFT, quantitative predic-
tions of surface composition profiles cannot be accomplished. To
overcome this limitation, we combine MC simulations with our devel-
oped Cu–AuMEAM potentials to quantitatively predict the equilibrium
surface composition. First, we set the MC simulation annealing temper-
ature at 900 K to match the common sample temperatures used in
experiments for the (111), (100) and (110) surfaces. We performed
theMC simulations for the three-dimensional periodic cubic simulation
cells containing 256 randomly distributed Cu and Au atoms at 900 K to
determine the lattice constants for the Cu–Au bulk alloy. We can use a
random distribution of Cu and Au atoms because our Cu–Au alloy is in
a disordered phase at 900 K. The lattice constant of the Cu–Au alloy
with the given Au concentration was determined from the dimensions
of the simulation cell that led to zero average pressure from the MC
simulations.

We carried out the MC simulations to quantitatively predict the Au
concentrations in the outermost surface layers of the (111), (100) and
(110) surface of the Cu–Au alloys. We first modeled these three low-
index surfaces using surface slab cells, which have periodic boundaries
in the two directions parallel to the surface and a free boundary in the
direction normal to the surface, which makes two surfaces in each
slab simulation cell. The dimensions of these surface slab cells were de-
termined from the lattice constants of the bulk Cu–Au alloy with the
same composition. Different numbers of atomic layers were used to
make the surface slabs have similar thicknesses of around 30 Å. The
(111) surface slab models contain 15 layers with 48 atoms in each
layer, the (100) surface slab models contain 17 layers with 32 atoms
in each layer, and the (110) surface slab models contain 23 layers
with 48 atoms in each. Starting from these initial structures, we con-
ducted 2 × 106 MC steps at 900 K. Due to the finiteness of the slab
model used in the simulation, the Au composition in the bulk region
(the middle five layers of the slab model) could be altered after the
MC simulation. To correct this,we ran a series ofMC simulations and ad-
justed the overall bulk composition until the correct bulk composition
of 25% at the center of the simulation cells was achieved. In Table 7,
we reported our theoretical predictions of Au segregation profiles in
the (110), (100) and (111) surfaces of the Cu–Au alloys from our MC
simulations.

In addition, we compare our predictionswith experimental and the-
oretical values from the literature. In this study, we predicted that the
Au concentrations in the first and second layer of the Cu–Au surfaces
were 40.2% and 14.3% (unrelaxed), 51.4% and 13.9% (relaxed) in the
(111) surface with 20% bulk Au concentration, 53.6% and 14.6%
ilibrium nearest-neighbor distance re (Å), the decaying exponential factor of the universal
e atomic charge density β(i), fourweighting factors of the atomic charge density t(i), and the
1–43].

β(2) β(3) t(0) t(1) t(2) t(3) ρ(0)

6.000 2.200 1.000 4.910 2.490 2.950 1.000
6.000 2.200 1.000 3.150 1.510 2.600 1.425
– – – – – – –



Table 6
Calculated surface energies of pure Cu (fcc) and pure Au (fcc) crystals using our developed
MEAM potentials. For comparison, we also included the DFT calculation results and
experimental data from the literature. In our calculations, Cu and Au have lattice constants
of a = 3.62 Å and a = 4.07 Å, respectively.

Surfaces
MEAM
(mJ m−2)

DFTa

(mJ m−2)
Experiment
(mJ m−2)

Cu (111)
(100)
(110)

1411
1653
1614

1952
2166
2237

1790b, 1825c

Au (111)
(100)
(110)

866
1035
974

1283
1627
1700

1506b, 1500c

a Reference [50].
b Reference [51].
c Reference [52].

Fig. 2. Snapshots of the equilibrium cubo-octohedral nanoparticles of Cu–Au alloys from
the MC simulations at T = 500 K, (a), (c) and (e) show external views of Cu85Au15,
Cu80Au20 and Cu75Au25 nanoparticles, respectively. (b), (d) and (f) show [001] cross-
sectional views of the same nanoparticles, respectively.
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(unrelaxed), 59.7% and 12.8% (relaxed) in the (100) surface with 25%
bulk Au concentration, and 50.8% and 41.8% (unrelaxed), 54.2% and
39.8% (relaxed) in the (110) surface with 25% bulk Au concentration.
As shown in Table 7, our predictions for the Au concentrations in the
first two layers of the Cu–Au (111) surface agree very well with the ex-
perimental [16,17] as well as the theoretical results [29,30]. The exper-
imental and theoretical results for the (100) surface are the most
abundant. The first layer of the (100) surface in our predictions is slight-
ly more enriched with Au than the experimental results, but the second
layer is depleted of Au, which is consistent with the experimental [15,
19,22,23] and theoretical results [25,27,29,30]. Both the (111) and
(100) surfaces were predicted to have Au enrichment to the first layer
while Au depletion in the second layer. In comparison, our simulation
predicted that Au would enrich both the first and second outermost
layers in the (110) surface, possibly due to the openness of the surface
structure which exposes the atoms in the second layer. Compared to
the experimental report, which used two different annealing tempera-
tures of less than 400 K and 660 K [20] to find the (110) surface compo-
sitions of the alloy, our prediction reveals greater Au segregation to both
the first and second outermost layers in the (110) surface, while previ-
ous theoretical calculations predicted a surface composition that was
between our prediction and the experimental result [30]. Although
the annealing temperature of the experiment differs from that of our
simulations (900 K), the results are still consistent in the fact that
there is Au enrichment in the first and second layers.

Our results in Table 7 show that the surface relaxation could lead to
as high as 11.2 at.% of Au concentration difference in the outermost layer
of the (111) surface as compared to the unrelaxed model. In contrast,
the surface relaxation leads to amodest 5.6 at.% of Au concentration dif-
ference in the outermost layer of the (110) surface as compared to the
unrelaxed model. These results indicate that surface relaxation indeed
affects the extent of Au surface segregation in the Cu–Au alloys, in
which Au atoms have a substantially larger radius than Cu atom. More-
over, our results suggest that the surface relaxation has more pro-
nounced effect on the surface segregation in the closely packed (111)
Cu–Au surface than in the more-open (110) Cu–Au surface. The effect
Table 7
Comparison of the Au concentration in the first two outer most layers of both our predicted rel
[17] (573 K), Ref C [20] (400 K and 660 K, respectively), Ref D [19] (1000 K), Ref E [22,23] (890 K
K), and Ref K [29] (1000 K).

Surface Bulk
Au at.%

Layer Au at.% (unrelaxed)

(111) 20 1 40.2
2 14.3

(100) 25 1 53.6
2 14.6

(110) 25 1 59.8
2 41.8
of surface relaxation on the predicted surface segregation profile has
been extensively examined in a previous study for Pt–Ni alloys [53].
Quite similar to the Cu–Au system, Pt atoms have a much larger size
than Ni atoms in the Pt–Ni alloy systems. As shown here, the same
conclusion (i.e., surface relaxation affects the absolute values of surface
composition profiles but does not change the general trend of
surface segregation) is applicable to the Cu–Au system. More detailed
discussion about the effect of surface relaxation on the predicted surface
segregation profile could be found in the previous study on the Pt–Ni
alloys [53].
axed and unrelaxed Au concentrations with experimental results. Ref A [16] (900 K), Ref B
), Ref F [15] (990 K), Ref G [30] (924 K), RefH [29] (700 K), Ref I [25] (879 K), Ref J [27] (873

Au at.% (relaxed) Experiment
Au at.%

Theoretical
Au at.%

51.4 40A, 51B ~35G, ~55H

13.9 15A, 24B ~20H

59.7 41D, 45E, 36F ~55G, 44I, ~45J,~50K

12.8 18D, 14E, 31F ~10K

54.2 45 C, 35C ~50G

39.8 20 C, 35C



Fig. 3. Predicted equilibrium surface Au concentrations in the cubo-octohedral nanoparticles of (a, b) Cu85Au15. (c, d) Cu80Au20 and (e, f) Cu75Au25 alloys using theMC simulationmethod
at temperature of 500 K. In (a), (c) and (e), the squares represent the Au concentration in the shell (outermost surface layer) and the circles represent the Au concentration in the core
(interior region beneath the shell), which the dashed line represents the overall Au concentration of the nanoparticles. In (b), (d) and (f), the squares represent the Au concentration
at the (100) facets of the shell and the circles represent the Au concentration at the (111) facets in the shell, and the dashed line indicates the equilibrium Au concentration in the
shell of the nanoparticles.
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3.4. Simulation of surface segregation in the nanoparticle surfaces of Cu–Au
alloys

We have performed MC simulations to obtain the equilibrium Au
concentrations in the surface of cubo-octohedral Cu85Au15, Cu80Au20

and Cu75Au25 nanoparticles. In this work, we modeled four different
sized cubo-octahedral nanoparticles which contain 586, 1289, 2406
and 4033 atoms for each nanoparticle of different compositions. The
Cu and Au atoms are randomly distributed in the initial nanoparticle
structures. After carrying out 10 × 106 MC simulation steps at tempera-
tures of T = 500 K, and sampling the Au concentrations in the surface,
core and different surface sites every 1000 steps in the last 5 × 106 steps.

The snapshots of the equilibrium Cu–Au nanoparticles are shown in
Fig. 2. The edges of the nanoparticles have rounded up, due to the in-
creased inward relaxation of the atoms at the low-coordination sites
(edges and vertexes) compared to the atoms at the facet sites, to
lower the total energy. The surface is also enriched with Au atoms.
The Au atoms (yellow), mostly appear at the (100) facets in the equilib-
rium nanoparticle surfaces. It can also be seen from the cross-sectional
view that the core of the nanoparticles has been depleted of Au atoms
and enriched with Cu atoms (blue).
Fig. 3 shows the plots of the calculated average Au concentrations in
the shell (outermost layer), core (beneath the shell), (111) and (100)
facets of the equilibrium Cu–Au nanoparticles as a function of the nano-
particle diameters. The cubo-octohedral shape assumes the fcc lattice
and is a truncated octahedron, which exhibits six (100) facets and
eight (111) facets. Our results in Fig. 3(a, c, e) indicate that the Au con-
centrations in the shell were about 15%–30% higher while the Au con-
centration in the core were about 10%–25% lower, compared to the
overall composition of the nanoparticles. Therefore, we predicted that
the equilibrium Cu–Au nanoparticle would have a Au-enriched shell
and a Cu-enriched core. Our results in Fig. 3(b, d, f) show that the Au
concentrations at the (111) and (100) facets of the equilibrium Cu–Au
nanoparticle surfaces differed. For all of the simulations of the Cu–Au
nanoparticles, the Au concentrations at the (100) facets were found to
be slightly higher than those at the (111) facets. This is consistent
with our calculations that Au segregates to the (100) extended surface
more strongly than the (111) extended surface.

Our results in Fig. 3 also reveal that the size of the nanoparticles af-
fected the surface segregation phenomena in the Cu–Au nanoparticles.
As seen from Fig. 3(a, c, e), both the shell and core become more
enriched with Au as the nanoparticle's diameter increases, revealing
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that the smaller sized nanoparticles inhibit Au enrichment to the sur-
face. As the particle size increases, the number of Au atoms grows faster
than the surface area because of the decrease in surface-volume ratio as
the nanoparticle size increases.We observed in Fig. 3(b, d, f) that the Au
concentration at the (111) facets increases with increasing nanoparticle
size for every Au composition and the Au concentration at the (100)
facets increases with increasing nanoparticle size for 15% and 20% Au
concentration. There is a very slight decrease in Au concentration with
increasing nanoparticle size for the (100) facets at 25% overall Au
concentration, as seen in Fig. 3(f). Although the trend is decreasing,
the Au concentration at the (100) facets does decrease and then in-
crease alternately. Since the (100) facets are already highly saturated
with Au atoms at a small nanoparticle diameter, the fluctuationsmay
indicate deviations from the average maximum saturation at the
(100) facets. Therefore, as the number of Au atoms grow with the in-
creasing nanoparticle size, those Au atoms prefer to segregate to the
(111) facets, thus only increasing the Au concentration at the (111)
facets. The Au concentration at both (100) and (111) facets changes
more dramatically with increasing nanoparticle size at the lower
overall Au composition (15%) of the nanoparticle and changes less
dramatically with increasing nanoparticle size as the overall Au
composition increases.

4. Conclusion

We have studied surface segregation in the low index extended
surfaces of Cu–Au alloys using DFT and MC simulations based on
MEAM potentials. Our DFT results reveal that Au segregates to the out-
ermost layer for all the three low index extended surfaces [(111), (100)
and (110)]. Au also tends to segregate to the second outermost layer in
the (110) surface.We then developed a set of parameters for theMEAM
potential for the Cu–Au alloys based on the DFT calculations, and then
performed MC simulations employing the MEAM potentials. The
MC simulations predict that Au atoms segregate to the outermost
layer of the extended surfaces, and also to the second outermost
layer of the (110) surface. We also predicted from our MC simula-
tions that the equilibrium Cu–Au nanoparticle would have an Au-
enriched shell and a Cu-enriched core. The Au atoms prefer to segre-
gate to the (100) facet, while the Cu atoms are mainly located on the
(111) facet of the nanoparticles. TheMC simulations based onMEAM
potentials quantitatively predict the surface composition of various
Cu–Au alloys, and our predictions agree well with experimental
measurements on many points.
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