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ABSTRACT: For the last several decades, there has been a
rapid development of nanoscience and nanotechnology. In
particular, nanoparticles (NPs) are applied in various catalyst
problems, where their enormously large surface-to-volume
ratio not only is advantageous for high catalytic performance
but also allows the quantum size effect to play a key role in
modifying their chemical properties. However, when under-
standing the size effect of NPs on the catalytic properties by
employing density functional theory (DFT) calculations, there
has been an obvious experiment−theory gap in simulating
nanocatalysts with realistic sizes. In this study, we developed a
new simulation method based on the cluster expansion model,
namely, CE-np, which enables efficient and accurate
calculations of the intermediate binding energies for various sizes of NPs. We then applied CE-np to investigate the
electrochemical CO2 reduction reaction (CO2RR) of gold NPs (AuNPs). CE-np reproduces not only DFT-level accuracies in
predicting the intermediate binding energies on the NPs and slab surfaces but also the experimental behavior of catalytic activity
and selectivity of AuNP catalysts. Because of the high computational efficiency of CE-np (without sacrificing the accuracy level of
DFT), we performed the most exhaustive search on all possible on-top binding sites of AuNPs to unveil the complicated
relations between the catalytic performance (activity and selectivity) and the NP properties (shape and size). This also highlights
for the first time the catalytic importance of the near-edge sites, that is, active sites on the facets that are very close to the edges.
We anticipate that our methodological development and several new findings on the CO2RR activity of AuNPs will provide
advances in developing CO2 electrochemical reduction technologies based on NPs.

■ INTRODUCTION

Over the last several decades, there has been remarkable
progress in synthesizing, shape-controlling, and characterizing
various metal nanoparticles (NPs).1 Metal NPs often show
unprecedented chemophysical properties that differ from the
bulk states of metals, which is due to a strong quantum size
effect.2,3 This causes metal NPs to exhibit tunable catalytic4−6

and optical properties7,8 as a function of their size and shape.
Among the various possible applications of metal NPs, NP

catalysts have their own impact, which originates from their
extremely high surface-to-volume ratio.9 By optimizing their
size, shape, and compositions, researchers have demonstrated
that the performance of nanocatalysts (catalytic activity and
selectivity) can be significantly modified. To design and
develop new NP catalysts, it is thus required to understand

the detailed interrelation between the NP properties and
catalytic performance.
Density functional theory (DFT) calculations have been

successfully employed to investigate the complex reaction
mechanism of heterogeneous catalysts.10 Density functional
approximation for the exchange−correlation energy enables a
reasonably accurate description of the chemical reaction
energetics at an acceptable computational cost. Using the
current computing power, however, the system size available in
routine DFT calculations is still limited to approximately 102 to
103 atoms. Consequently, for NP systems, where translational
symmetry is broken and periodic boundary conditions thus
cannot be applied, the practically available size for DFT
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calculations is limited to ca. 2−3 nm (Figure 1). However, such
a size regime is near the lower bound of the experiments, and

the nanocatalyst size often increases to tens of nanometers.
Thus, there exists an obvious experiment−theory gap in the
length scale.
To bridge such an experiment−theory gap, we here develop

an efficient way to calculate the adsorption energies of reaction
intermediates on the surface of a nanocatalyst, even for a size of
tens of nanometers. As an effective Hamiltonian, we adopt the
cluster expansion (CE) method,4−6,8,11 which was originally
developed to investigate various configurational problems in
alloy systems.12,13 As the CE model is based on an extended
Ising-like model, which is directly related to the lattice gas
model, there is a natural relationship between the CE model
and surface adsorption problems.3,14 Consequently, many
previous researchers developed CE models to investigate
catalytic problems.15−17 Previous CE models mostly construct
clusters on the catalyst surface, and thus, their applications have
been limited to the case when the catalyst shape and size are
fixed to conveniently define the catalyst surface geometry.
In this work, we hence expand the CE model to simulate

nanocatalysts with various sizes and different shapes, namely,
CE-np. This can efficiently estimate adsorption energies at all
exposed on-top sites of the nanocatalysts with different particle
sizes, which is applied to obtain a comprehensive understanding
on the size effect of nanocatalysts for the electrochemical
CO2RR.

■ THEORETICAL METHODS
Brief Review of the Original CE Method. Within the

framework of the CE method, the formation energy of various
bulk alloys is expressed as a series of orthogonal cluster
correlation functions Φα(σ), which is constructed by multi-
plying occupation variables (σ) belonging to the α cluster

∑

∑ ∑ ∑

σ σ

σ σσ σσσ

= Φ

= + + + +
α

α αE V

V V V V

( ) ( )

. . .
i
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f

0
, , ,

(1)

where the summation excludes double counting.
For a binary AB alloy, as an example, the occupation variable

(σi) of a site i is given by either +1 or −1, depending on
whether the site is occupied by an A metal or B metal,
respectively. Φα is then defined by the multiplication of σi
values, consisting of a distinct N-body geometrical framework,
that is, a cluster. Consequently, CE can be understood as a
generalized Ising-type model.

Vα defines the cluster interaction energy, which is usually
parameterized against the DFT energies. In particular, as large
enough Vα values are only meaningful in the summation of eq
2, such Vα values are referred to as effective cluster interaction
(ECI). The choice of clusters with a significant contribution to
Ef(σ) is important when constructing the CE model.

Expansion of CE to NP Catalysts: CE-np. To describe
catalytic problems on the crystalline surface, previous studies
have demonstrated that the adsorption energies on the slab
surface can be modeled using a two-dimensional CE
Hamiltonian.18 The presence and absence of an adsorbate at
site i is here denoted using the occupation variable of σi = +1
and σi = −1, respectively, which successfully captures the
adsorption energy variations depending on the adsorbate
coverages and configurations.
In our CE model describing the NP catalysts (hereafter

referred to as CE-np), we define occupation variables in the
same manner but simply invert the convention to σi = −1 and
σi = +1, respectively, for the presence and absence of an
adsorbate. Instead of constructing two-dimensional clusters on
the surface, we also consider three-dimensional clusters (as
done in the original CE for alloys) and model the energy of the
entire system of “NP + adsorbates”. Thereby, a cluster is
defined to consist of not only the exposed sites on the NP
surface (where σi can be either −1 or +1) but also the internal
sites inside the NP (where σi is always +1 because no adsorbate
is allowed).
When an adsorbate is present on the surface site μ, the

clusters describing the energy of such a NP are composed of
those that include site μ and of others. Then, using eq 1, the
total energy of NP with an adsorbate, ENP−ads, can be written as
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Similarly, we express the energy of the same NP but without
an adsorbate at the surface site μ, by employing different
occupation variables of σ ̃, and we bisect the entire cluster
summation into one for clusters that included site μ and one for
the others
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Using eqs 2 and 3, we now define the adsorption energy of
Eads simply by subtracting eq 3 and the reference energy of the
free adsorbate, Eads

0 , from eq 2. It is noted that all of the
occupation variables should remain unchanged with or without

Figure 1. Dramatic increase in the number of atoms (Natom) with an
increase in the NP diameter (DNP) limits the direct DFT calculations
for the realistic sizes of NPs larger than ca. 3 nm.
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an adsorbate, except for the occupation variable at the
adsorption site μ; σi = σ̃i for i ≠ μ while σμ = −σ̃μ = −1.
Thus, the second parenthesized terms of the right-hand side of
eqs 2 and 3 are the same, yielding a simple expression of Eads as
follows:

∑ ∑ ∑
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where the primed values are defined as V0′ = −Eads
0 , Vμ′ = 2Vμ,

Vμj′ = 2Vμj, and Vμjk′ = 2Vμjk. Equation 4 shows that the
adsorption energy at the site μ of the NP can be described
using the conventional CE formalism but restricting the
summation range to only the clusters that include site μ. We
refer this subset of the clusters as “reduced clusters”, as
illustrated in Figure 2.

However, because of the loss of translational symmetry of the
lattice, many sites in the NP system become nonequivalent
compared with the bulk system. Previously, to investigate the
configurational thermodynamics of alloyed NPs,11 Wang et al.
suggested distinguishing nonequivalent clusters based on the
point group symmetry of NP. Similarly, a strategy to construct
a layer-wise CE was also suggested to study alloy surfaces.19

In our CE-np, we distinguish only the two-body clusters by
differentiating the undercoordinated surface sites from the fully
coordinated internal sites of the NP. A cluster consisting of “1
surface site + 1 internal site” is distinguished from a cluster
consisting of 2 surface sites, even though they have the same
interdistance (Figure 3). Compared with the previous method
based on point group symmetry, our method leads to far fewer
classifications of nonequivalent clusters for the same size of the
NP. This is a practical choice to reduce the number of fitting
parameters in the CE model Hamiltonian with distinguishing
various sizes of NPs using a single form of model Hamiltonian
in a convenient manner.

We note that our CE-np method can efficiently describe the
adsorbate binding energies to various sizes and shapes of NPs
but is limited to describe the binding energies only at the low-
coverage limit.

ECI Selection. To construct the CE Hamiltonian in
practice, we need to parameterize the energetics of the system
using a truncated set of ECIs. However, in general, it is not
even known how many ECIs should be kept in the CE
Hamiltonian,20 thus indicating the difficulty of the ECI
selection problem.
To find an optimal and reliable set of ECIs preventing both

underfitting and overfitting, we here employed the genetic
algorithm (GA) and minimized the cross-validation (CV)
error21,22

∑= −
=

′N
E ECV

1
( )

i

N
i i2

t 1
ref CE

( ) 2
t

(5)

where Eref
i is the reference energy of the training set (usually

DFT energy) and ECE′
(i) is the predicted value using CE fitted

against the Nt − 1 training set values where Eref
i is excluded

(where Nt is the total number of entities in the training set).
During our GA operations, as suggested in a previous

study,23 each “gene” consists of 1’s and 0’s that indicate which
ECIs will be included in the energy expression; thus, each gene
represents a particular candidate CE model by a string. We first
randomly initiate Np

2 number of genes, which is called an
“initial gene pool”. Among the initial gene pool, we select Np
parents’ genes with the highest CV scores (referred as a
“dominant gene pool”) and generate Np

2 children’s genes by
crossover and mutating the parents’ genes. To increase the
diversity of the new population, we randomly select Mp parents’
genes from the “initial gene pool”, namely, a “randomly selected
gene pool”; one parent from the “randomly selected gene
pool”, and the other parent from the “dominant gene pool”
breed another Np × Mp children’s genes. Then, among the total
Np(Np + Mp) number of children’s genes, we select Np next-
generation parents’ genes with the highest CV scores to breed
the following generation. Details of the GA and genetic
operations of the crossover and mutation are shown in Figure
4.

DFT Calculations for Training Sets. To prepare the
training set energies Eref

i in eq 5, we performed DFT
calculations as implemented in the SIESTA code.24,25 To

Figure 2. (a) Using the CE model, the absence and presence of
adsorbate can be distinguished using different occupation variable of σi
= −1 (yellow) and σi = +1 (blue), respectively. (b) Adsorbate binding
energy is expressed as the difference between the energy of “NP with
an adsorbate” (left) and the energy of “NP without an adsorbate”
(right). During this subtraction, the energy contribution from the
clusters without the adsorption site included (e.g., 4, 5, 6) vanishes,
and thus, the binding energy is expanded using only the clusters with
the adsorption site included (e.g., 1, 2, 3)“reduced clusters”.

Figure 3. Depending on the sites that construct the cluster either from
surface sites (yellow) or internal sites (green), the clusters become
inequivalent, even when they have the same shape. In our CE-np, the
two-body clusters consisting of “1 surface site + 1 internal site” (black;
1) are treated differently than the two-body clusters consisting of “2
surface sites” (blue; 2). This effectively accounts for the effect of the
loss of lattice translational symmetry in NPs.
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describe the exchange−correlation functional, we used the
generalized-gradient approximation by Perdew, Burke, and
Ernzerhof (PBE)26 and the numerical atomic orbitals27 as the
basis functions describing the valence electrons. The inter-
actions between the valence electrons and the core electrons
were treated using norm-conserving pseudopotentials, includ-
ing nonlinear partial-core corrections.28 We set an energy cutoff
value of 250 Ry, and all structures were fully optimized (in the
presence and absence of the adsorbate) until the atomic forces
converged to less than 0.01 eV/Å.

■ RESULTS AND DISCUSSION

CO2 Electrochemical Reduction Reaction (CO2RR)
Versus Hydrogen Evolution Reaction (HER). Using our
CE-np model described above, we now investigate the CO2-to-
CO electrochemical reduction, CO2RR, of gold NP (AuNP)
catalysts. To mitigate the anthropogenic climate change,
developing technologies to convert CO2 into other useful
chemical forms is considered one of the most urgent
challenges.29−33 Unlike other catalytic problems, where nano-
structuring is usually advantageous for increasing the catalytic
activity because of the substantial increase in the surface-to-
volume ratio, previous experiments have shown that nanosizing
the CO2RR nanocatalysts is complicatedly related to the
catalytic performance:34 sometimes it increases the activity,13

sometimes it significantly degrades the selectivity by signifi-
cantly increasing the activity of the hydrogen evolution reaction
(HER),35,36 and sometimes it substantially alters the product

distribution.37 To develop a comprehensive understanding of
the size effect of nanocatalysts on the electrochemical CO2RR,
we here apply our CE-np method, which allows exhaustive
investigations of all possible on-top binding sites of nano-
catalysts with a wide range of particle shapes and sizes.
From previous studies, it is widely known that CO2RR to CO

occurs via the following three elementary steps.38−40 Thus, it is
important to model the adsorption energies of COOH and CO
to the catalyst surface.

* + + + → * + ++ − + −CO (g) 2[H e ] COOH [H e ]2
(R1)

* + + → * ++ −COOH [H e ] CO H O(aq)2 (R2)

* → * +CO CO(g) (R3)

However, the HER via proton reduction is competitive with
CO2RR, which deteriorates the product selectivity. The
reactivity of the HER is usually calculated using the Volmer−
Heyrovsky type of reaction pathway, where the adsorption
energy of H is important

* + + → * + ++ − + −2[H e ] H [H e ] (R4)

* + + → * ++ −H [H e ] H (g)2 (R5)

As a training set, we thus calculated the adsorption energies
of COOH, CO, and H on AuNP using DFT. We denote the
binding energies at the surface site i as ΔEb@i

COOH, ΔEb@i
CO, and

ΔEb@i
H , respectively, where •COOH, CO, and 1/2H2 are used as

Figure 4. (a) Flowchart showing the details of GA utilized to select ECIs. (b) Details of the CV score evaluation and genetic operations (mutation
and crossover).
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reference states of free adsorbates. Because of the practical
convenience of constructing clusters only using the lattice sites
of NP, we restrict our discussion to the binding energies for the
case of an adsorbate in an on-top position. This approximation
may bring an artifact in describing the H binding because it is
known to adsorb to the hollow or bridge sites.17,41 However,
we note that the COOH and CO are known to mostly bind to
the on-top site. As such, we conceive that the CO2RR, which is
the major focus of this work, can be reasonably described using
our CE-np method, and the relative activity and/or trend of the
HER can also be reasonably captured.
In the training set, we included three different shapes of fcc-

packed AuNPs, (i) octahedron, (ii) cube, and (iii) cuboctahe-
dron (Figure 5a−c), with sizes varying from 32 to 309 atoms

(corresponding to the range from ∼1.1 to ∼2.4 nm). In detail,
we employed four different sizes of octahedral AuNPs (# of
atoms = 44, 85, 146, 231), three different sizes of cuboctahedral
AuNPs (# of atoms = 55, 147, 309), and five different sizes of
cubic AuNPs (# of atoms = 32, 63, 108, 172, 256) as shown in
Figures S1−S3.
At the external surface of each NP with a certain size, there

exists a number of symmetrically inequivalent adsorption sites,
all of which are under the DFT investigations of adsorption
energies. In total, we calculated 186 different binding energies
of COOH, CO, and H on various shapes and sizes of AuNP, all
of which are listed in Tables S1 and S2. We also show the
representative DFT optimized structures of AuNPs with an
adsorbate in Figures S4−S6.
Construction and Validation of CE Hamiltonian. We

construct the CE Hamiltonian by considering up to 16th
nearest-neighbor pairs and triplets and minimize the CV error
using GA. The change of CV error over the course of the
optimization process is shown in Figure S7. The selected ECIs
using GA consist of 3 doublets and 19 triplets to describe the
COOH binding energies, 7 doublets and 10 triplets to describe
the CO binding energies, and 2 doublets and 16 triplets to
describe the H binding energies (Figures 6a and S8−S10).
The binding energies predicted using the optimized CE-np

method, ΔEb(CE‑np), are compared with the reference binding
energies from DFT, ΔEb(DFT), in Figure 6b. For COOH and
CO, we find that CE-np predicts the binding energy with a
nearly perfect accuracy (ΔEb(DFT)COOH = 1.0000 × ΔEb(CE‑np)

COOH with R2

= 0.94 and ΔEb(DFT)CO = 1.0000 × ΔEb(CE‑np)CO with R2 = 0.94).
However, CE-np slightly underestimates the H binding energy,
although the error is still within an acceptable range (ΔEb(DFT)H

= 1.0361 × ΔEb(CE‑np)H with R2 = 0.85).
To assess the critical importance of the CE-np method in

predicting binding energies, we show the change in binding
energies with respect to the coordination number (CN) or the

generalized CN in Figure S11. It clearly shows that a rather
simple idea, that is, assuming that a less-coordinated site would
have a stronger binding, is quantitatively erroneous in this case,
demonstrating R2 values of ∼0.7 for COOH and CO bindings
and <0.1 for H bindings. This is presumably ascribed to the
complicated NP−adsorbate interaction, where the covalent and
metallic characters are coexisting.42

To further validate our CE-np model, we examine the change
in predicted binding energies at the center of facets with
increasing AuNP sizes (Figure 7). We find that the COOH (or
CO) binding energy from CE-np converges to −1.67 (or
−0.51) eV at the center of the (111) facets of octahedral and
cuboctahedral NPs, which is compared with the DFT binding
energy of −1.60 (or −0.44) eV calculated using the Au(111)
slab model with 1/16 monolayer (ML) coverage (Figure 7a).
Similarly, the COOH (or CO) binding energy from CE-np
converges to −1.80 (or −0.75) eV at the center of the (100)
facets of cubic and cuboctahedral NPs, which is compared with
the DFT binding energy of −1.70 (or −0.72) eV calculated
using Au(100) slab model with 1/18 ML (Figure 7b). For the
case of H, the binding energies converge into 0.26 eV for the
(100) facet and 0.21 eV for the (111) facet of AuNP, which are
comparable with the values of 0.26 and 0.18 eV from the (100)
and (111) slab models, respectively.
We then investigate the change of predicted binding energies

at the middle of the edges with increasing size of AuNPs
(Figure 7c). We find a converging behavior of ΔEb(CE‑np)

COOH ,
ΔEb(CE‑np)

CO , and ΔEb(CE‑np)
H to −1.74/−1.80/−1.81 eV, −0.68/−

Figure 5. Three different shapes of AuNPs considered to generate
training sets: (a) octahedron consisting of (111) facets, (b) cube
consisting of (100) facets, and (c) cuboctahedron consisting of (111)
and (100) facets.

Figure 6. (a) Selected ECIs for describing COOH, CO, and H binding
energies, and (b) correlation between the predicted binding energies
using CE-np, ΔEb(CE‑np), vs DFT binding energies, ΔEb(DFT), for
COOH (red), CO (blue), and H (green).
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0.87/−0.78 eV, and 0.14/0.19/0.14 eV, respectively, for the
edge of octahedral/cubic/cuboctahedral NPs. These are
comparable to the values calculated at the edge of the stepped
surface of the (211) slab, which are −1.74 eV for COOH
binding, −0.74 eV for CO binding, and 0.21 eV for H binding.
This validates the previous theoretical attempt, which tries to
model the binding energy at the edge of the AuNP using a
stepped surface.13

In addition, we investigate the binding energy change at the
corner site of NPs with increasing size in Figure 7d. We find a
converging behavior of ΔEb(CE‑np)COOH , ΔEb(CE‑np)

CO , and ΔEb(CE‑np)H to
−1.83/−1.89/−1.96 eV, −0.90/−0.90/−0.95 eV, and 0.16/
0.06/0.13 eV, respectively, for the corner site of octahedral/
cubic/cuboctahedral NPs. We find that the Au13 cluster model,
which predicts ΔEb(CE‑np)COOH , ΔEb(CE‑np)CO , and ΔEb(CE‑np)

H of −2.22,
−1.20, and −0.20 eV, respectively, shows a strongly over-
binding tendency, implying that the previous theoretical
attempt to model the corner site using Au13 cluster13 is
erroneous because of a strong finite-size effect.
Catalytic Activities of AuNPs. With the predicted

ΔEb
COOH, ΔEbCO, and ΔEb

H values from the CE-np model in
hand, we model the site-specific catalytic activities of different
shapes and sizes of AuNP as a function of the external bias
potential of U. Using the previously established strong linear
correlation between binding energies (ΔEb) and binding free
energies (ΔGb)

42,43 for adsorbate binding cases to the metal
surfaces, which are shown in Figure S12, we can easily calculate

ΔGb
COOH, ΔGb

CO, and ΔGb
H. Additionally, from the previous

study using the computational hydrogen electrode method,44

we have formulated the relationship between the binding free
energies and the reaction free energies of the CO2RR
elementary steps of R1, R2, and R3 at the active site i;
ΔGi

(R1)(U) = 2.02 + eU + ΔGb@i
COOH, ΔGi

(R2)(U) = −1.07 + eU +
ΔGb@i

CO − ΔGb@i
COOH, and ΔGi

(R3)(U) = −0.50 − ΔGb@i
CO ,

respectively (Figure S13). It is noted that the external bias
potential is defined versus the reversible hydrogen electrode
(RHE). Similarly, we calculate the reaction free energies of the
elementary steps of the HER by following the procedure
established in our previous work,43 ΔGi

(R4)(U) = eU + (ΔGb@i
H

+ 0.23) and ΔGi
(R5)(U) = eU − (ΔGb@i

H + 0.23), where the
constant shift of 0.23 eV is introduced to mitigate the
overbinding tendency of the PBE functional43 (Figure S14).
We then define the thermodynamic barrier as the reaction

energy of the largely disfavored elementary step:

Δ = Δ Δ

Δ

G U G U G U

G U

( ) max{ ( ), ( ),

( )}
i i i

i

CO RR (R1) (R2)

(R3)

2

(6)

Δ = Δ ΔG U G U G U( ) max{ ( ), ( )}i i i
HER (R4) (R5)

(7)

which provides a measure of catalytic activity at the site i; Ai =
−ΔGi(U). Then, the overall catalytic activity of the NP, that is,
current density, can be formulated as45

∑ β= − Δ
=

j U
S

j G U( )
1

exp[ ( )]
i

N

i
CO RR

0
CO RR

1

CO RR2 2
surf

2

(8)

∑ β= − Δ
=

j U
S

j G U( )
1

exp[ ( )]
i

N

i
HER

0
HER

1

HER
surf

(9)

where β = 1/kBT and Nsurf is the number of surface atoms
exposed on the NP. The prefactors of j0

CO ER2 and j0
HER contain

all complicated details, including the reaction conditions, such
as the local concentration of the reactant/product at the
reaction plane and pH; thus, they will be considered system-
and condition-dependent variables.
We also simply assumed that the surface area (S) is

proportional to the number of exposed atoms at the surface
(Nsurf) with a proportional coefficient of σ; that is, S = σNsurf.
We thus rewrite eqs 8 and 9 as

∑ β= ′ − Δ
=

j U
N

j G U( )
1

exp[ ( )]
i

N

i
CO RR

surf
0

CO RR

1

CO RR2 2
surf

2

(10)

∑= ′ − βΔ
=

j U
N

j G U( )
1

exp[ ( )]
i

N

i
HER

surf
0

HER

1

HER
surf

(11)

where σ′ =j j /0
CO RR

0
CO RR2 2 and j0′HER = j0

HER/σ. We further
define the total current density, jtot(U) ≡ jCO2RR(U) + jHER(U),
and the Faradaic efficiency (F.E.) of CO2RR, F.E.(U) ≡
jCO2RR(U)/jtot(U).
In this study, we determine the prefactors of ′j0

CO RR2 and
j0′HER to reproduce the experimental jtot(U) and F.E.(U) of the
previous experimental data by Mistry et al.35 as shown in Figure
S15. Here, the spherical AuNPs in the experiments are
considered as octahedral AuNPs. This leads to
′ =j 120 mA/cm0

CO RR 22 and j0′HER = 2.4 × 10−15 mA/cm2.

Figure 7. Changing of binding energies calculated using CE-np,
ΔEb(CE‑np) at the high-symmetric sites of AuNP with an increasing
number of atoms in the NPs (Natoms), that is, NP size; (a) binding at
the center of (111) facets of octahedral and cuboctahedral AuNPs, (b)
binding at the center of (100) facets of cubic and cuboctahedral
AuNPs, (c) binding at the middle of the edges of octahedral and
cuboctahedral AuNPs, and (d) binding at the corner of octahedral,
cubic and cuboctahedral AuNPs. For comparison, DFT calculated
binding energies using (111), (100), and (211) slab models are shown
as dotted lines in (a−c), respectively. For the comparison of binding
energies at corner sites, DFT calculated binding energies using Au13
cluster are shown using cross marks (×).
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Simulated Linear Sweep Voltammetry and Active
Centers. Using eqs 10 and 11, we calculated the voltage-
dependent current density for CO2RR and HER in Figure 8a,b.
Using CE-np, we investigate five different shapes of fcc-packed
NPs: octahedron, truncated octahedron, cube, truncated cube,
and cuboctahedron (Figure 8c).

For CO2RR, as shown in Figure 8a, we find that the shape
dependency on the on-set potentials is rather marginal but that
the maximum current is strongly dependent on the shape that
follows the order of octahedron > truncated octahedron >
cuboctahedron > cube > truncated cube. Here, it should be
noted that only the kinetic current is taken into consideration
in our model. Thus, the limited maximum current under high
overpotential regime in Figure 8a is not because of the diffusion
limit but because of the non-Faradaic CO desorption step; the
energetics of CO desorption step is independent on the bias
potential while the other Faradaic steps become substantial
downhill under high overpotential. By increasing the NP size,
we find that the on-set potential decreases from −0.55 VRHE for
3 nm NPs to −0.45 VRHE for 9 nm on octahedral NPs. More
detailed analyses of the size dependency are discussed below.
For the HER, as shown in Figure 8b, we find that the on-set

potentials are largely dependent on the shape of NPs and that

an exponential increase of the kinetic current density is
obtained upon the increase of overpotential because of the lack
of non-Faradaic step during the HER. We find that the on-set
potential of the truncated cube is the smallest, followed by the
order of truncated octahedron, cuboctahedron, cube, and
octahedron for 3 nm AuNP, whereas this order is changed to
cuboctahedron < truncated octahedron < truncated cube <
cube < octahedron for larger sizes.

Active Centers: Importance of Near-Edge Sites. To
investigate the location of the active site, we color each surface
site of NPs depending on the site-dependent catalytic activity of
Ai in Figures 9 and 10. For CO2RR, as shown in Figure 9, we

find that the facets are mostly active; in particular, the (111)
facet shows a higher activity than does the (100) facet. This

Figure 8. Simulated linear sweep voltammetry for the partial current
densities of (a) CO2RR and (b) HER for 3, 5, and 9 nm sized AuNPs
with various shapes. Five different shapes of fcc-packed AuNPs are
considered, which are octahedron (Octa; red), truncated octahedron
(Tocta; yellow), cube (Cube; blue), truncated cube (Tcube; cyan),
and cuboctahedron (Cubo; green) as shown in (c).

Figure 9. Colormaps showing the site-dependent catalytic activities
(Ai) of CO2RR for five different shapes of AuNPs. Here, AuNPs with
the size of 9 nm are representatively shown. The higher value of Ai
means the higher catalytic activity at the considered active site, i.

Figure 10. Colormaps showing the site-dependent catalytic activities
(Ai) of the HER for five different shapes of AuNPs. Here, AuNPs with
the size of 9 nm are representatively shown. The higher value of Ai
means the higher catalytic activity at the considered active site, i.
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explains the aforementioned shape-dependent activity trend: an
octahedron consisting of only (111) facets shows the largest
activity, whereas a cube consisting of only (100) facets shows
the smallest activity. Truncated octahedron, truncated cube,
and cuboctahedron, all of which consist both (111) and (100)
facets, show intermediate activity, and their relative activity is
correlated with the ratio of exposed (111) facets to (100)
facets, as shown in Figure S16. This is different from the
previous theoretical discussions claiming the edge and corner of
AuNP as the CO2RR active sites, where the high-symmetric
binding sites of the NP surface were only considered.13,46,47

Furthermore, it is more interesting to note that the facet sites
close to the edges are more active than are the sites at the
middle of the facet, which can be described as near-edge sites.
This shows the importance of a finite-size effect and shape
dependency in identifying the catalytic active site of NP, which
have not been properly examined in previous studies because of
large computational costs.
As shown in Figure 10, we further find that the (100) facet

sites close to the edge consisting of (100) and (111) facets
(which are also a certain type of near-edge sites) are particularly
active for the HER. Such near-edge sites are formed in
cuboctahedral, truncated cube, and truncated octahedral NPs,
which show the largest HER activities in Figure 8. This suggests
that minimizing the simultaneous exposure of (100) and (111)
facets is important for suppressing the HER.
Size-Dependent Catalytic Activity and F.E. Figure 11a,b

shows the change of the current density j as a function of NP
size under the bias potential of U = −1.2 VRHE for CO2RR and
HER. Overall, we observe that the octahedral and truncated
octahedral NPs are highly active for CO2RR (due to the large
exposure of (111) facets) but that the cuboctahedral and

truncated octahedral NPs are highly active for the HER (due to
the large exposure of near-edge sites between (100) and (111)
facets). When varying the NP size, both the CO2RR and HER
activities show a monotonic decaying tendency after the particle
size becomes larger than a certain critical size because of the
decrease of the surface-to-volume ratio.
In Figure 12, we show the calculated F.E. We first note that

the calculated F.E. of cuboctahedral NPs shows good

agreement with the previous experiment by Mistry et al.35 as
shown in Figure 12a, because we derived the prefactors of
′j0

CO RR2 and j0′HER in our model from the same experimental
data. We also find that the cubic and octahedral NPs show a
nearly perfect selectivity toward CO2RR as shown in Figure
12c,e regardless of the NP size, because of the absence of the
simultaneous exposure of (100) and (111) facets, while the
truncated octahedral NPs show a limited CO2RR F.E. of ∼75%.
We further find that the truncated cubic NPs also show a large
enough F.E. for CO2RR.
Overall, we conclude that the octahedral NPs are superior in

CO2RR, which show the largest partial current density of jCO2RR

with high selectivity. In terms of maximizing the activity, our
CE-np model suggests the use of 2−4 nm octahedral NPs (see
Figure 11). However, if one considers a possible deformation
path of octahedral NP into truncated octahedral NP by
displacing highly undercoordinated corner atoms, it would be
more desirable to use ∼5 nm octahedral NPs, which would
allow the high selectivity to be retained, even after deformation.

■ CONCLUSIONS
In summary, we developed a CE method for predicting the
adsorbate binding energies to the NP surface: CE-np. By
introducing two important concepts of (1) summation over the

Figure 11. Change of the current densities, j, of (a) CO2RR and (b)
HER as a function of NP size (DAuNP) for five different shapes of
AuNPs.

Figure 12. Change of the Faradaic efficiencies, F.E., of CO2RR (red)
and HER (blue) as a function of NP size (DAuNP) for five different
shapes of AuNPs: (a) cuboctahedron, (b) truncated cube, (c) cube,
(d) truncated octahedron, and (e) octahedron. For comparison,
experimental values are shown as cross marks (×) in (a), which are
obtained from ref 35.
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“reduced clusters” and (2) simple treatment of nonequivalent
sites by bisecting the sites into surface and internal sites, the
adsorbate binding energies from DFT calculations were
successfully modeled using a CE-type Hamiltonian.
We then applied our CE-np method to investigate the CO2

electrochemical reduction reaction of AuNPs. On the basis of
the accurate and efficient description of adsorbate binding
energies of CE-np, we simulated voltage-dependent current
densities for five different shapes of fcc-packed AuNPs
(octahedron, truncated octahedron, cube, truncated cube, and
cuboctahedron) with sizes ranging from 2 to 10 nm. By
exploring the site-dependent activity at all exposed on-top
binding sites for different shapes and sizes of AuNPs, which is
practically unavailable for DFT calculations, our simulation
results elucidated the catalytic importance of near-edge sites
that are actually facet sites but are close to the edges: (1)
CO2RR is active at the near-edge sites on (111) facets, and (2)
HER is active at the near-edge sites formed by two (111) and
(100) facets. This led the octahedral AuNP, which is enclosed
only by (111) facets without (100) facets, to exhibit not only
the largest CO2RR activity (i.e., high activity) but also the
smallest HER activity (i.e., high selectivity).
We believe that our CE-np method, which can be generally

employed for various nanocatalytic problems, provides an
accurate and efficient route to investigate the catalytic activity of
NPs with realistic sizes, particularly when the adsorbate binding
energies barely correlate with the local coordinating geometry,
such as the CN. Furthermore, our CE-np simulation results on
the CO2RR bring new insight into the active site of AuNPs,
which can be utilized to design highly efficient and selective
NP-based CO2RR catalysts.
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