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1. The choice of the functional (PBE) and the core treatment parameter (ECP)

In this study, for the type choice of DFT exchange-correlation potential used in the calculation,
nowadays, the GGA-PW91' and GGA-PBE? functional have been widely employed in the
calculation system of metal catalyst. The PW91 reduces to the second-order gradient expansion for
density variations that are either slowly varying or small, it describes the linear response of the
density of a uniform electron gasless satisfactorily than does local spin density (LSD); however, the
PBE improves upon the local spin density (LSD) description of atoms, molecules, and solid.
Furthermore, in comparison with the PW91, the GGA-PBE enhanced the accurate description of the

linear response of the uniform electron gas, correct behavior under uniform scaling, and a smoother
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potential. Further, the activation free energy of C,H, hydrogenation to C,Hs over Au@Pd;, and
Ag@Pd;, clusters has been calculated using the GGA-PW91 and GGA-PBE functional, respectively.
As listed in Table S1, the activation free energy of C,H,4 hydrogenation over Au@Pd;, and Ag@Pd,
clusters through GGA-PBE functional are 113.3 and 113.0 kJ mol™, respectively, which are closed to
the activation free energy through GGA-PW91 (116.8 and 114.4 kJ mol™, respectively). Thus, the
calculation results using GGA-PBE functional is reliable for the qualitative evaluation of C,H,4
selectivity over different M@Pd and M@Cu core-shell catalysts.

Table S1 The activation free energy (kJ mol'l) of C,H,4 hydrogenation over Au@Pd;, and Ag@Pd;, clusters

through different functional.

Clusters GGA-PBE GGA-PW91
Au@Pd;, 113.3 116.8
Ag@Pd;;, 113.0 114.4

On the other hand, the effective core potentials (ECP) employed in the computations is the core
treatment parameter, which controls how electrons in the lowest lying atomic orbitals are treated.
Four types of treatments of core electrons®® including in All Electron, Effective Core Potential, All
Electron Relativistic, or DFT Semi-core Pseudopots are available in DMol® program. The default
setting, All Electron, treats these in the same manner as valence electrons, and is appropriate for
atoms up to about atomic number 36 (Kr). However, with heavier elements, relativistic effects
become important in the core electrons. One method of incorporating these effects is to use the All
Electron Relativistic option. As the name implies, the core electrons are still included in the
calculation, but scalar relativistic effects are included.®’ This yields a more accurate calculation, but
increases the computational cost. An alternative to all-electron calculations is to use DFT Semi-core

Pseudopots® or Effective Core Potentials.”'® These replace the effects of core electrons with a simple
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potential. Because the core electrons are dropped, the calculation is less computationally expensive,
but because these core potentials include some degree of relativistic effects, they can be very useful
approximations for heavier elements. Currently, DSPPs and ECPs are provided beginning with
element number 21, Sc. For example, in our research system containing C, H, Cu, Ag, Pd and Au, if
you opt to use ECPs or DSPPs, only the core electrons for Cu, Ag, Pd and Au will be replaced; C
and H will be treated as in the all-electron case. Thus, the effective core potential (ECP) is used to

describe the interaction between atomic core and electrons of metal in this study.

2. The stable adsorption configuration of C,H,(x=2-5) species
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Figure S1 The most stable adsorption configurations of C,H,, C,Hs, CHCH3, C,H, and C,Hs species involving
in C,H, selective hydrogenation over different sizes of the M@Pd (M=Au, Ag and Cu), M@Cu (M=Au, Ag and Pd)

as well as the single Cu and Pd clusters.

3. The potential profiles together with the structures of initial states, transition
states, final states involving in C,H, selective hydrogenation over different

composition and size of core-shell nanocluster with good C,H, selectivity
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3.1 Over different sizes of M@Pd(M=Au, Ag and Cu) nanoclusters
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Figure S2  The structures of initial states, transition states, final states of three possible routes involving in C,H,

selective hydrogenation on Au@Pd;, cluster.
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Figure S3  The structures of initial states, transition states, final states of three possible routes involving in C,H,

selective hydrogenation on Ag@Pd;, cluster.
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Figure S4 The structures of initial states, transition states, final states of three possible routes involving in C,H,

selective hydrogenation on Aug@Pds; cluster.
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Figure S5 The structures of initial states, transition states, final states of three possible routes involving in C,H,

selective hydrogenation on Ags@Pds; cluster.
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Figure S6 The structures of initial states, transition states, final states of three possible routes involving in C,H;

selective hydrogenation on Cus@Pds; cluster.
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Figure S7 The structures of initial states, transition states, final states of three possible routes involving in C,H,

selective hydrogenation on Au;3@Pd,, cluster.
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Figure S8 The structures of initial states, transition states, final states of three possible routes involving in C,H,

selective hydrogenation on Ag;3@Pd,, cluster.
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Figure S9 The structures of initial states, transition states, final states of three possible routes involving in C,H,

selective hydrogenation on Cu;3@Pd,, cluster.
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3.2 Over different sizes of M@Cu(M=Au, Ag and Pd) nanoclusters
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Figure S10 The structures of initial states, transition states, final states of three possible routes involving in C,H,

selective hydrogenation on Pd@Cu;, cluster.
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Figure S11 The structures of initial states, transition states, final states of three possible routes involving in C;H;

selective hydrogenation on Aug@Cus; cluster.
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Figure S12 The structures of initial states, transition states, final states of three possible routes involving in C;H;

selective hydrogenation on Ags@Cus; cluster.
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Figure S13 The structures of initial states, transition states, final states of three possible routes involving in C;H;

selective hydrogenation on Pdg@Cus; cluster.
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Figure S14 The structures of initial states, transition states, final states of three possible routes involving in C;H;

selective hydrogenation on Cu;3@Pd,, cluster.
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4. Two-step model of C,H, formation over different sizes of M@Pd(M=Au, Ag
and Cu) and M@Cu(M=Au, Ag and Pd) nanoclusters

Previous studies™*® have proposed a two-step model to describe catalytic processes on solid
surfaces, which can be regard as:

Rgt*=lag  lag=Pg+* 1)

Where Ry and Py are the gas-phase reactants and products, l,q is the adsorption state of the
intermediates. In the present study, this model has been adopted to measure the activity of C,H,
hydrogenation. In this case, Ry and Py correspond to C,;H(g)+H2(g) and C,H4(g), respectively. The

energy profile of the two step model of C,H, hydrogenation is shown in Figure S16.

/}Energy

LC,H,(g)

N
7~

Reaction Coordinate

Figure S16 Two-step model, namely the adsorption of the reactants (C,H,+H;) and associative desorption of the
products (C,H,;) of C,H, hydrogenation to form C,H, process. ng and G,‘%e are the free barriers of the
adsorption of the reactants and its reverse reaction, respectively. Similarly, G&¢ and GgZ¢ are the free barriers of
the adsorption of the products and its reverse reaction, respectively. G7,; and G7, are the free energy of the

transition state for the adsorption of the reactants and the desorption of the products, respectively.

The adsorption rate (rag) and desorption rate (rqe) can be defined as follows:

kT -5 P
r.=—t—e*f P—F;e*(l—zad) (2)

ad h
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kT -
r :BTe "6, (1-1,) (3)

de
Where Pg, Pp, and PP are the partial pressures of the reactant, product and the standard pressure,
respectively. ks and h are Boltzmann constant and Planck’s constant, respectively. G and G3¢
are the effective free barriers of the reactant adsorption and the product desorption, respectively. zq

and zg are the reversibility of the adsorption and desorption, respectively, which can be expressed as

follows:
P°o
Zad: ; (4)
PRQ*Kad
Z, = R0 (5)
“ P9 K

17" “de

Where Ky and Kge is the equilibrium constant of the adsorption and desorption processes,

respectively. Under the steady state condition, the relationship of r=ryg=rq¢e and ¢ +o, =1 can be

obtained, thus, the reaction rate can be written as follows:

p 4
(1-—Fef)
. KT P
T po G 0 G¥ GEiG [ AG+GE (6)
RPN LI LeRT 4 P o T
P R P

AG is the free energy change of the overall reaction, the obtained value from DFT calculations is
-184.1 kJ mol ™.

For C,H, hydrogenation on the different sizes of M@Pd and M@Cu core-shell catalysts, it is
reasonable to assume that the process is controlled by desorption rate but not the adsorption rate.
Thus, the adsorption process reaches quasi-equilibrium and zyq is close to 1. Thus, the reaction rate
can be abbreviated as the Eq. (7), in which the coverage terms of adsorbed species involving in the

selective hydrogenation of C,H, have been expressed as the energetic terms.
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P AG

1_ P @RT
o K, T ( P, )
- 0 Gad 7Gde+Gde Gde (7)
h P R R P P

—e RT +eRT
P

R

Where AG is the activation free energy of overall C,H, hydrogenation to C,Hy reaction; Gg¢ is

the free energy of product desorption. P°, Pg, and Pp are the standard pressure, partial pressures of

reactant and product, respectively. T, kg, h, R are the temperature, Boltzmann constant, Planck’s

constant, and universal gas constant, respectively. G§* and G3¢ are the free energies of reactant

adsorption and desorption, respectively. All free energies in this study are obtained at 520 K.
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