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Micro kinetic model for Pd-Au swapping

The modified micro-kinetic model' for initial CO-adsorption induced Pd-Au swapping occurs

at the vertex site of NPs, the results of which are presented in Fig. 4a~b is as follows:

CO(g) + Au-vertex* < 1CO-(Au-vertex*) (R1: 1% CO adsorption)

CO(g) + 1CO-(Au-vertex*) < 2COs-(Au-vertex*) (R2: 2™ CO adsorption )

CO(g) + 2COs-(Au-vertex*) < 3COs-(Au-vertex*) (R3: 3" CO adsorption)

CO(g) + 3COs-(Au-vertex*) < 4COs-(Au-vertex™) (R4: 4™ co adsorption)
4COs-(Au-vertex*) < 4COs-(Pd-vertex*) (R5: 1* Pd-Au swapping, Fig. 4a)

4COs-(Pd-vertex*) < 4COs-(2Pds-vertex*) (R6: 2™ Pd-Au swapping, Fig. 4b)
Because the R1~R4 are in equilibrium, their rate can be written as:
rate(R1) = kip(CO)8iy—vertex — kl_exgg—vertex =0

k+ * *
ggg—vertex = 1/k1— p(CO)eAu—vertex = Klp(CO)QAu—vertex

ra‘te(RZ) = k;p(CO)exg‘L?—UeTtex - kz_ef%ggvertex = 0

k+ X
nggvertex = Z/kz— p(CO)ggg—vertex = Klep(CO)ZQAu—vertex

S2



rate(R3) = k;p(ca)ejggvertex - k?:ejggvertex =0

nggvertex = K1 K;K3p (C0)3 O pu—vertex

rate(R4) = kip(ca)ejggvertex - kgeﬁggvertex

gggvertex = K1K2K3K4P(C0)402u—vertex

where K; is the equilibrium constant for Ri, p(CO) represents the partial pressures of CO. k;" and k;
is the forward and the backward rate constant for Ri, respectively. A binding site at the vertex (Au-
vertex*) is composed of four adjacent Au-Au sites (See Fig. 2f for geometry). In order to activate the
Pd-Au swapping, sequential adsorption of 4 CO molecules of which the process is described in R1~R4,
is required. 0y, _pertex and O1CC, ..., represents a concentration of free adsorption sites at the vertex
of NPs and that of the nCO-adsorbed vertex sites, respectively. The first Pd-Au swapping, RS, occurs in
the presence of 4 CO molecules bound to the vertex site of NPs, 4COs-(Au-vertex*).

The equilibrium constants K; is,

—AG, —(AE; — TAS; + AZPE)
Ki:exp( kT ):exp kT

AE; : Binding energy of CO molecule (see Fig.2f)

AS; : Entropy change involved in CO adsorption

AZPE : Zero point energy change upon CO adsorption = —0.07 eV

Temperature dependent standard entropy of CO was adopted from NIST webbook

(http://webbook.nist.gov).
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The R5 and R6 represents the 1% and the 2™ Pd-Au swapping process at vertex sites of NPs (See

Fig. 4a and 4b), respectively. The rate of each reaction can be written as:

— +n4CO —n4Co
rate(R5) = ks 014y -vertex — K5 Opa-vertex

rate(R6) = kg—g;ggvertex - kgeglgg—vertex
+or— +or— +or—
kfor = k—Texp —_AGi il = k—Texp _(Eacotz' —TAs™ )
h kT h kT

E;T « Forward (+)or backward (=)activation energy for reaction i

ASi+0T— — 0

Applying the “steady-state” approximation, the concentration of the 1* swapped Pd, 859_ 0 texs

is:

d94CO
Pd—vertex __ kFp4co — kirgico =0
dt — M5 VYAu-vertex 6 YPd—vertex —
+
gaco _k_5 4C0

Pd—vertex — k+ Au—vertex
6

And for the 2™ swapping process of Pd,

d94C0
2Pd—vertex __ k+94co _ k_94(;o =0
— 6 YPd-vertex 6 Y2Pd—vertex —
dt
+
g4co _ k_6 gaco

2Pd—-vertex — k= Pd—vertex
6
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The sum of the coverage of 07O, riexs Opg vertexs O254-vertexs and free adsorption sites

(Bpy—vertex) 1s €qual to 1, so that:

* 1COo 2C0 3C0 4C0 4CO0 4C0 —
BAu—vertex + eAu—vertex + 9Au—vertex + eAu—vertex + 9Au—vertex + HPd—vertex + 92Pd—vertex =1L

- e;lku—vertex + Klp(CO)HZu—vertex + Klep(CO)Zezu—vertex + K1K2K3p(60)392u—vertex +

" kd " kF
K1K2K3K4P(C0)49Au—vertex + éK1K2K3K4P(C0)46Au—vertex + éegccigvertex =1

. *
o eAu—vertex

1

kt k
{1 + K;p(€CO) + K K,p(C0)? + K,K,K;p(CO)3 + K, K,K;K,p(CO)* + éK1K2K3K4p(CO)4 + éK1K2K3K4p(CO)4}

The total rate of the initial 1% and 2™ Pd-Au swapping presented in Fig. 4a and 4b, respectively,
is,

ratet°t® = min{rate(R5), rate(R6)}.

Here, upon the 2™ Pd-Au swapping, an internal vacancy is naturally formed. Therefore, the total
equilibrium number of the vacancy, is equal to N, - 8759 .. tex» Where N, is the number of vertex

sites of NPs.

Once the R6 is preceded, an internal vacancy is formed and it penetrates into the NP and
activates further Pd-Au swapping processes in the facets of NPs. The rate of vacancy diffusion is,

therefore,
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k)T RGP kT

_AGJaC> _ kT <_(E[-1'-Ct B TASJac))
h

kT
rate(vacancy dif fusion) = —exp <

E}.. : Activation energy for vacancy dif fusion, 0.21 eV
ASS..=0

The calculated rate of vacancy diffusion is order of 10°/sec-site between 250 K to 400 K.

Under CO oxidation condition, to secure at least one internal vacancy that activates further
swapping processes,
4C0 —
N, - 92Pd—vertex =1

. gAco _ i
** Y2Pd-vertex — N.
v

N, is 12 for unsupported cubo-octahedral NPs, and 8 or 4 for supported NPs (see Fig. 6b).

The minimum equilibrium 6359 ,cr¢ex for facile Pd-Au swapping overall NP surface is

therefore, 8.33 x107, 1.25 x10™, and 2.50 x10™, for each case.
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ES° =-0.86 eV Bl =-0.87 eV B =-0.86 eV EZ% =-0.86 eV

bind

bind bind bind

(b)

Ef* =-0.61eV E =-0.62 eV EZ% =-0.59 eV

bind ‘bind bind

E? =-.0.65¢eV

bind
Fig. S1. The Eping of CO molecules at the vertex sites of Aujs; NP: (a) single-CO binding per single-
vertex site; (b) 4 COs binding per single-vertex site. Irrespective of the number of saturated vertex sites,

the Eving of CO molecule(s) at the first binding vertex site does not significantly change.
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Fig. S2. Calculation scheme of Eping and  E. () Eping Of the nth-binding CO molecule was calculated
with respect to the most stable structure of NPs with #n-1 CO molecules. The average Eping of n CO

Y Epina(mt CO molecules)/n '

molecules was calculated by Epi;(nCO molecules) = (b) The

driving force of Pd segregation was simply calculated by comparing two NPs with different locations of

the Pd atom.
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AE, =044 eV AE, =049 eV AE,,=0.62 eV AE, =0.73 eV

Fig. S3. Preferred location of a Pd atom in a AuPd NP. (a) The most stable locations of a Pd atom in the
Au host NP. Relative energy values corresponding to the Pd location are presented in (b)-(h). AEx.,
denotes the difference in the total energy of (x) and (a). For example, a AE,, of 0.73 eV means that the

total energy of the NP with Pd at the vertex site (h), is 0.73 eV higher than that of the NP with Pd at the

third layer from the surface (a).
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E, =-0.28 eV E,_=-0.29 eV

bind

bind

E,,,=-0.62 eV E,,=-0.62eV =-0. E,,,=-0.72eV E,,=-0.86eV

bind bind

Fig. S4. Energetics and geometry of CO binding on a Au NP.

Fig. S5. Electron redistribution map upon multiple CO adsorption on the vertex site of the Au NP. The

areas highlighted in red or green indicate where the electron density is accumulated or depleted.
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bind bind

Fig. S6. Driving force of Pd-Au swapping in Au-Pd random-alloy nanoparticles. (a, d) AE of Pd surface
segregation calculated without CO. (b, e) AE calculated with single pre-adsorbed CO. (c, f) AE
calculated with four pre-adsorbed CO molecules. AE values calculated in (c) and (f) are not significantly

different from the AE values presented in Fig. 3.
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Fig. S8. Energetics of the first CO oxidation pathway at the Au-Pd interface. The dissociated oxygen

atoms actively oxidize the Au-CO* at the Au-Pd interface.
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ES° =.0.86eV

bind

Fig. S9. The Eying values of CO and O; on the vertex and Au(100) of a Au;47 NP. (a) CO adsorption. (b)

O, adsorption.
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Bottom layer of Au NP
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Fig. S10. Preferred location of the Pd solute atom in the CeO,(111) supported AuPd bimetallic NP.
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