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Coordination-averaged atomic energies

In our lattice model, the total energy of the nanoparticle is the sum of all interatomic

interactions of the nearest neighboring atoms pair (i, j):
E=) I'+17", (1)
(i.9)

where [ and []" are the so-called coordination-dependent atomic energies of the atom ¢
(n-fold coordinated) and its neighboring atom j (m-fold coordinated). For monometallic
bulk, 7* is defined as
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where Ej is the energy of an isolated metal atom and FE,., is the cohesive energy of the
z-fold coordinated bulk. It is easy to verify Eq. 1 from Eq. S2 and the definition of E.,.
To apply Eq. 1 in alloy nanoparticles such as the bimetallic bulk composed of metal A and

B, the interatomic interaction between the two metal types should be known. For equimolar



bimetallic bulk AB, the cohesive energy is defined as

where 2N denotes the total number of atoms in the bulk unit cell. Thus,

EP — EAB
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To calculate the Au-Ag interaction, we calculated the E.., of Au, Ag and AuAg bulks in the
diamond phase (DIA), simple cubic phase (SC) and body centered cubic (BCC) phase by
the density functional theory (DFT) PBE functional method. In these phases, there exist

only Au-Ag neighboring pairs in the 1:1 alloy as demonstrated in Fig. S1.

Figure S1: The diamond, simple cubic (NaCl) and body centered cubic structures of AuAg
alloy.

Table S1: The E.,, of Au, Ag and alloy bulk

Phase Au Ag AuAg
DIA 2.32 1.73 2.13
SC 2.84 2.18 2.54
BCC 3.01 2.49 2.79

The DFT results are listed in Table S1. It is worth noting that the EAu49 §g very close

coh



to the half of the sum of E4% and Ei%. In such case, Eq. 4 can be approximatelly cast into
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with the definition of I* in Eq. S2. Hence, the interaction between the neighboring Au and
Ag atoms is I}, + I3,. Though Eq. 5 is a special case of Eq. 4 for the Au-Ag system, it

simplifies the calculation of interatomic interaction between Au and Ag atoms.

The calculation of [ j’lg

From Eqgs. S2 and 5, it is clear that the accuracy of I* depends on the adopted cohesive
energies. We prefer physically measured energies in the calculations of 7?. However not
all cohesive energies of different bulk phases are available. In this study, I3, is derived
from various physical energies in a similar procedure of calculating 7%, which is outlined as
follows.

E!2 is known as 2.95 €V for the face-centered cubic (FCC) silver.? E}, is 0.82 eV from

the dissociation energy of Ag,.® The cohesive energies of other silver bulks without physical

measurements, such as F1, of 1.20 eV in DIA phase, ES, of 2.24 ¢V in SC phase and ES

of 2.95 eV in BCC phase, are taken from KIM database of simulations based on effective
medium theory (EMT) model (KIM ID: MO 118428466217 _002).* It should be mentioned
here that depending on the pseudopotential, the DFT calculations either underestimate
or overestimate the cohesive energies. Therefor, we adopt E.,, from the literature results

of EMT model which aims to fit the physical properties of bulks. In fact, the calculated

cohesive energy of FCC silver bulk by the EMT model is 2.96 €V, which is very close to the



experimental result.
With a initial guess of Ey, 1'2, 18,16, I* and I' can be calculated by Eq. S2. Then all I*

are fitted by Eq. 6 as in Ref. 1.

F=A-z134B. ;723 (6)

Another physical measurement to correct the calculated I#, the energy of removing one atom
from the FCC bulk is used, which is just the sum of E'? and the formation energy of vacancy

Ef

vac*

The latter was measured to be 0.89 eV.® In our model, this energy can be expressed
as

B2 + Bl =By + 111" x 12— 121"? x 13 (7)

Since the Lh.s of Eq. 7 is determined by experimental values, an new Ej can be calculated
with I'2 and I'! fitted by Eq. 6. The calculation process is repeated until Ej is converged.
Such that Ey and [* are iterative solutions to Eqs. S2, 6 and 7. The calculation results are

present in Table S2 with 77,,.

Table S2: The coordination-averaged energies of Au and Ag atoms

Z [Zu [Zg Z I;Zu [Zg
Eyiom  -2.99 -2.72

1 413 -3.54 7 -091 -0.78
-2.46 -2.11 8 -0.81 -0.70
-1.80 -1.55 9 -0.74 -0.63
-1.44 -1.23 10 -0.67 -0.58
-1.20 -1.03 11 -0.62 -0.53
-1.03 -0.89 12 -0.57 -0.49

Eytom is the energy of isolated atom in Ref. 1.
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To verify the reliability and accuracy of low-coordinated I3, as well as Eq. 5, we calcu-
lated the energy of the single Ag adatom desorbing from the Au(111) surface. The energy
is 2.05 eV calculated by our model, which is in nice agreement with DFT (PBE functional)
calculated 2.10 ¢V and much better than the very recent embedded-atom method (EAM)

result 2.35 eV.6



The calculation of I3, and I,

Though the dissociation energy Dy of dimer and EY, are required, the calculation of I?

mainly depends on the cohesive energies of different bulk phases. If all energies involved in

the calculation are physically measured, the [* is non-empirical. In Table S3, we collect the

EBCC ESC

DIA
coh 7 ~coh and E,
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related energy parameters of Pt and Pd to calculate I}, and I7,. The

Table S3: The E,,, of Pt and Pd bulk, D, of Pty and Pdy and E/ of FCC Pt and Pd

vac

EFCC EBC’C ESC EDIA DO Ef

coh coh coh coh vac
Pt 5.84 579 5.39 497 3.147 1.15%
Pd 3.89 3.85 - 3.13  1.03° 1.70°

are also adopted from the EMT simulation results in KIM database. The EE{C are from
experimental results, which are quite close to the EMT results. The derived I}, and I}, are
listed in Table S4.

Table S4: The coordination-averaged energies of Pt and Pd

o Ipe  Ipg 2 Ip  Ipg
Egtom -7.33 -5.56

1 -892 -6.09 7 -1.86 -1.33
-5.24 -362 8 -1.66 -1.19
-3.80 -265 9 -1.49 -1.08
-3.00 -2.11 10 -1.35 -0.98
-249 -176 11 -1.24 -0.90
-2.13 -152 12 -1.14 -0.84
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Model and MC simulations

Previous studies demonstrate that the metallic nanoparticle with faceted structure are stable
and Ringe et al. found that the equilibrium shape of Au-Ag alloy nanoparticles approaches
the traditional Wulff construction.' 3 Therefore, the nanoparticles are modeled in a rigid
three-dimensional lattice with Wulff structures and each lattice site is either unoccupied

or occupied by one metallic atom.!* In the MC simulations, the metallic atom tries to



exchange with the nearest neighbor atom in each MC step. In one MC cycle, all atoms of
the nanoparticle have attempted to exchange sequentially. The exchange is accepted if the
probability of acceptance, p, is larger than a random number between 0 and 1. In our
study, the p under temperature 7" is calculate by

1
p= 1 + eAE/ksT’ (8)

where AF is the energy change of the exchange and kg is the Boltzmann constant. Fig.
S2 shows the structures of 4.5 nm alloy nanoparticles at 300 K after simulated for 10> MC

cycles.

Figure S2: The structures and cross-sections of 4.5 nm alloy nanoparticles at 300 K. (a)
AgyosAuy 15, (b) AgysAug s, and (c) Ag,,5Aug 5. Gold and silver atoms are in yellow and
gray respectively.



Temperature-dependent P

Table S5: P9

type

A
type

9

of 2.6 nm Ag Au,

Pléc‘lg P;‘Q PAg
eage ace core
x 100 K 300 K 600 K 100 K 300 K 600 K 100 K 300 K 600 K
0.10 0.52 0.27 0.18 0.04 0.09 0.10 0.01 0.05 0.07
0.15 0.71 0.37 0.26 0.08 0.15 0.15 0.02 0.08 0.11
0.25 0.90 0.53 0.40 0.24 0.25 0.26 0.06 0.16 0.20
0.33 0.95 0.64 0.50 0.39 0.35 0.35 0.11 0.23 0.27
0.50  0.98 0.78 0.65 0.66 0.53 0.51 0.26 0.40 0.45
Table S6: EZ‘ZG of 3.7 nm Ag Au,
P P Plg
eage ace core
x 100 K 300 K 600 K 100 K 300 K 600 K 100 K 300 K 600 K
0.10 0.70 0.30 0.19 0.10 0.12 0.11 0.02 0.07 0.08
0.15 0.84 0.40 0.27 0.19 0.18 0.17 0.04 0.10 0.13
0.25 094 0.56 0.42 0.38 0.30 0.28 0.11 0.19 0.22
0.33 0.97 0.66 0.51 0.52 0.39 0.37 0.17 0.27 0.30
0.50  0.99 0.79 0.66 0.73 0.56 0.53 0.34 0.43 0.47
Table S7: Pfy‘ge of 4.5 nm Ag Au,
Pl?ig PJACA!] Ag
eage ace core
xr 100 K 300 K 600 K 100 K 300 K 600 K 100 K 300 K 600 K
0.10 0.77 0.31 0.20 0.14 0.13 0.12 0.03 0.07 0.09
0.15 0.87 0.41 0.28 0.24 0.19 0.18 0.06 0.11 0.13
0.25 0.95 0.57 0.42 0.43 0.31 0.29 0.12 0.20 0.22
0.33 097 0.67 0.52 0.57 0.41 0.38 0.20 0.28 0.30
0.50 0.99 0.80 0.66 0.76 0.58 0.54 0.37 0.45 0.47




Stepped alloy surfaces

Figure S4: The Ag atoms are doped on the terrace.
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