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Coordination Dependent Kinetics in the Catalysis of Gold Nanoclusters

Forrest H. Kaatz (1) Dmitry Yu. Murzin(2) and Adhemar Bultheel(3)

Abstract

A coordination-based kinetic model was used to explore the turnover
frequency (TOF) in the oxidation of carbon monoxide on gold poly-
hedral nanoclusters. The Debye energy model was used to determine
the Gibbs energy of bare nanoclusters. An empirical energy model
derived from density functional theory (DFT) and thermodynamics
was used to determine the size dependence of the Gibbs adsorption
energy. A thermodynamic approach was used to model the kinetics
of CO oxidation on gold nanoclusters. The adsorption was modeled
with a Langmuir-Hinshelwood (L-H) mechanism, and also a mech-
anism (Eley-Rideal, E-R) where oxygen interacts with sites on the
cluster support. The coordination, shape, and the Gibbs energy of adsorption were found to be important
factors in replicating experimental TOF dependencies. The data from the L-H mechanism was shown to
model the experimental results more closely. The mass activity of icosahedra for this reaction shows a good
similarity with the experimental data. This work provides guidance for different distributions due to shape
and size when determining the TOF and the mass activity.

Keywords: catalysis; reaction kinetics; coordination; nanoclusters; mass activity; Au

Introduction

It was suggested long ago by Boudart that catalytic reactions depend on structure and shape
and thus the coordination of the catalyst [1]. Later, Falicov and Somorjai, proposed that
coordination sensitive edge and kink sites would be most likely responsible for structure
sensitive reactions [2]. Nanocluster synthesis has reached the stage where narrow particle
size distributions of the desired shapes of many elements and alloys may be achieved [3].
This allows experimentalists to fine-tune catalytic reactions so that specific shapes, sizes,
and thus the coordination of the catalyst is known. The current work focuses on modeling
the kinetics, or turnover frequency, TOF and mass activity, of surface sites showing that
they strongly depend on the shape and structure of nanoclusters. More specifically, we
study the oxidation of carbon monoxide on gold nanoclusters with specific sizes and shapes.
Although the size range we investigate (2-6 nm) has not been shown to experimentally
produce polyhedra, we argue that model structures are useful for showing trends and data
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in this size range. Further work may elucidate the contribution of defects and non-uniform
structures.

Gold catalysis started to be widely studied about thirty years ago [4]. Although bulk
gold is normally inert, Haruta, et al. showed in 1987 that nanogold is an effective catalyst
[5, 6, 7], with a potential to be used in chemical, biomedical, and plasmonic applications [8].
In particular, Haruta’s group measured the TOF for the oxidation of carbon monoxide on
gold nanoparticles [9, 10]. Coordination and size dependent CO oxidation was explored in
this work using a kinetic modeling approach.

Recently, coordination specific magic formulas for the surface sites of 19 different nan-
oclusters were determined [11, 12]. These magic formulas can assist the understanding of
the coordination and size dependent surface behavior of nanoclusters. In the size dimension
of the mesoscale, neither atomic nor bulk concepts apply, and activity reflects the surface co-
ordination of the specific cluster being studied. While the exact dimensions of the mesoscale
are ambiguous, a good approximation is nanoclusters with diameter D ∼ 5− 100 nm. Den-
sity functional theory, (DFT) studies on the surface states of nanoclusters show that when
D ∼ 3 nm for gold [13], and about D ∼ 2 nm, for platinum [14], the transition of surface
states from the atomic to bulk has occurred. In addition, Hoover et al. calculated that the
difference in entropy between the thermodynamic prediction and the exact entropy is less
than kB (Boltzmann’s constant) when the number of atoms, N > 400, for close packed cubes
[15]. Similarly, an estimate of D as a lower limit of the mesoscale can be made from thermal
fluctuations [16]. For a cube of diameter D and side S, with ρ atoms per unit volume,
the thermal fluctuations are about δT/T ≈ (ρS3)−1/2. For solids and liquids, ρ ≈ 50/nm3.
Assuming fluctuations of 10−2, this gives S ≈ 5 nm. The size dimension in this study is in
the range D ∼ 2 - 6 nm. This size regime is of current interest and active research [17].

The thermodynamics of nanoscale systems was studied many years ago by Hill [18].
However the scaling of Hill’s nanothermodynamics and the formulation by Gibbs has recently
been shown to be equivalent [19], for surfaces of constant curvature, or spheres. We study
polyhedra, where the thermodynamic properties deviate from spherical by the scaling of the
anisotropy of the polyhedra [20]. Thus, our modeling based on Gibbs thermodynamics is
assumed to be accurate with scaling of the anisotropy of the different polyhedra.

The potential non-metallic character of gold clusters was discussed by G.C. Bond [21] who
collected the available literature confirming that below a certain size gold clusters exhibit
non-metallic and non-conductive features. The critical size for the transition between the
non-metallic and metallic behaviour depends among other parameters on the support and the
preparation method. It seems that there is no general agreement at which size high catalytic
activity is associated with the non-metallic character with the corresponding values ranging
between 1.5 and 2.5 nm. An apparent difficulty in assessing the transition between the
metal to non-metal is inaccessibility of reliable DFT calculations for clusters of such size.
In any case, very small gold nanoparticles (1-2 nm) should be essentially non-metallic still
exhibiting low reactivity. The reactivity of gold nanoparticles should be thus discussed in
terms of CO and oxygen binding for nanosized clusters as done in the current work, as this is
central to understanding the enhanced catalytic properties for supported Au nanoparticles
compared to bulk Au, see for example [13] as already mentioned.

Different kinetic models for CO oxidation over gold were evaluated in [22] considering
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both molecular or dissociative oxygen adsorption. In the latter case the specific role of the
support should be emphasized as homolytic dissociation of oxygen requires two sites, one
on the surface of a gold cluster and another one on the support. The kinetic model for
the dissociative adsorption also included the so-called jumps of atomically adsorbed oxygen
between the sites. An alternative conventional mechanism also discussed in [22] relies on the
concept of an unlimited adsorbed overlayer. A detailed analysis presented in [22] confirmed
that the conventional approach can be safely applied for the cases when the reaction itself is
not rapid, which often is the situation observed experimentally. Subsequently in the current
work, the Langmuir-Hinshelwood type of models developed for extended surfaces was applied
neglecting the lateral interactions between the adsorbed species. Such interactions according
to [22] even if present, do not seem to be critical for interpretation of the experimental data
on CO oxidation.

Adsorption energy depends linearly on what is defined as the generalized coordination
[23, 24]. For the adsorption of CO on gold, a few studies have been done [25, 26]. In
particular, the reference [26] studied neutral, anion, and cation gold clusters with DFT
calculations of the adsorption energy of CO and O2. Gold anion clusters are thought to
mimic charge redistribution from an oxide substrate [26, 27, 28]. Furthermore, the Gibbs
adsorption energy has been calculated by several authors using a DFT approach [29, 30].
Unfortunately, the size range of interest for the TOF is rather large for DFT, and a range of
sizes is required. For the bare clusters, we calculate the Gibbs energy using the Debye model,
which has been applied to structural transitions in Ag-Au nanoparticles [31]. A coordination
approach using empirical energy methods, derived from DFT, along with thermodynamics to
complete the Gibbs adsorption energy calculation is provided herein [32, 33]. This enables
the determination of ∆G as a function of size and coordination, with a unique approach
different from that reported in the literature so far.

At this point some comments can be made regarding analysis of DFT-related catalytic
calculations. Adsorption of reacting molecules depends on DFT functionals and as recently
shown by [34] and by [35], systematic errors can occur in the DFT calculations. It is not
completely clear how these errors affect the adsorption energies of CO and O2 on gold
nanoclusters as the specifics of adsorption with nanocluster coordination has not been de-
termined. The data used herein [26], may need to be revised in the future but at the present
time, they are the most accurate. With regard to the TOF on nanoclusters, some work has
been done using DFT and kinetic Monte Carlo studies of the TOF on platinum nanoclusters
[36]. This may provide an alternate approach to study the oxidation of CO on gold. For gold
nanoclusters, some previous work indicates that corner and kink sites are important in this
reaction [37, 38]. Our goal is to elucidate the importance of coordination, size, and shape
on the TOF and mass activity for the oxidation of carbon monoxide on gold nanoclusters.

Methods

The novel methods proposed in this work are divided into sections to clarify the procedures.
The Gibbs energy calculation will be discussed first.
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Gibbs Energy

G is defined below as the size dependent Gibbs energy of the cluster. Because of adatoms,
like CO or O2, being bonded to the outer shell atoms there is an increase in G that is called
the adsorption energy and is denoted as ∆G. This can be split up over different coordination
types of the atoms on the outer shell bonding to adatoms. For example, a kink atom adds
to the adsorption energy with an amount ∆Gk. Similarly an edge atom adds ∆Ge, while a
facet atom contributes ∆Gf then [39]:

∆G =
∑

o∈{f,e,k}

∆GoNo

where No is the number of atoms in the outer shell of the indicated type. The total number
of atoms in the outer shell bonded to adatoms is defined as Ns = Nf + Ne + Nk, resulting
in:

∆G = ∆Gf · (1− fe − fk) + ∆Ge · fe + ∆Gk · fk where fo = No/Ns, o ∈ {e, k}, (1)

with the Gibbs energy fraction expressed through the edge and kink sites which have explicit
coordinations for specific structures - as detailed in Table 1. In Table 1, n refers to complete
shells of atoms in the clusters. Note that equation (1) applies to adsorption to on-top sites,
otherwise not all adatoms will be bonded to atoms in the outer shell. Also, equation (1) refers
to clusters with complete shells and treats all facet atoms as having similar reactivity, which
is probably simplifying reality. Recently, increased control of kink, edge, and facet synthesis
of nanocrystals has been demonstrated, although controlled size growth of polyhedra for
2 nm < D < 10 nm remains challenging [40].
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cn fcc Truncated Cube cn Icosahedron cn octahedron
5 12n− 12 6 12 4 6
7 24 8 30n− 30 7 12n− 12

8 12n2 − 12n− 18 9 10n2 − 30n+ 20 9 4n2 − 12n+ 8

NS 12n2 − 6 NS 10n2 + 2 NS 4n2 + 2

NT 4n3 + 3n2 + 3n− 7 NT
10
3
n3 − 5n2 + 11

3
n− 1 NT

2
3
n3 + 2n2 + 7

3
n+ 1

cn Decahedron cn fcc Cuboctahedron
4 5 5 12

6, 8 5n− 3, 10n− 10 7 24n− 24

9 5n2 − 15n+ 10 8, 9 6n2 − 12n+ 6, 4n2 − 12n+ 8

NS 5n2 + 2 NS 10n2 + 2

NT
5
6
n3 + 5

2
n2 + 8

3
n+ 1 NT

10
3
n3 − 5n2 + 11

3
n− 1

Table 1: Formulas for nanocluster shapes [11, 12]. The variable cn refers to the ordinary
coordination number and n the number of shells in the cluster.

Two fundamental relationships on a per-particle basis will be applied. For the Gibbs
energy and adsorption constant, Ka, it holds:

Ka = exp

(
−∆G

RT

)
,

where R is the gas constant and T is the temperature in Kelvin. In addition, Brønsted-
Evans-Polanyi relationships are widely used in homogeneous and heterogeneous catalysis
[39, 41] using a relationship for reaction constants k and equilibrium constants K as follows:

k = gKα, 0 < α < 1, (2)

where g and α (Polanyi parameter) are constants. The Polanyi parameter is unitless and a
proper fraction, as given originally by Brønsted [42]. In the current work the BEP relation-
ship was used linking kinetics with thermodynamics through eq. (2). Equation (2) reflects
the original proposal of Brønsted who was considering decomposition of nitroamide. Exten-
sion of this approach by Evans and Polanyi as well as Horiuti to activation energy analysis
allowed utilization of the linear free energy relationship (LFER) to calculate the activation
energy of many reactions, catalytic ones or proceeding without any catalyst through the
following relationship

∆E ∼ α∆Q (3)

where α is the Polanyi parameter. The BEP approach was successfully used to examine
many reactions on metal surfaces including hydrogenation and dehydrogenation of ethylene
[43], ammonia synthesis [44], and even reactions on metal oxides, as for example different
oxidation reaction [45], including oxidation of CO [46].
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In a general case the slope of eq. (3) and thus the value of Polanyi parameter can be
different depending on the crystallographic face [47], as demonstrated for the activation
energy of CH, CO and trans COOH dissociation reactions on (100), (110) and (111) surfaces
of several metals. In the latter case the BEP relation was valid when the overall transition
state (TS) is not varying at the conditions for which LFER is applied.

Oxidation of CO on gold clusters and the applicability of LFER was recently assessed
[48]. It was concluded that all the reaction barriers relevant for CO oxidation exhibit linear
scaling relationships with CO and oxygen binding strength. The authors explored planar
clusters of different size concluding that only extremely small clusters with just 3 to 5 gold
atoms are different from larger ones because of their significantly different local surface atoms
arrangement. In the current work it was considered that clusters of different shape display
the same Polanyi parameter, based on similar transition states, thus a single value of the
Polanyi parameter equal to 0.5 was taken in our calculations.

We then have:
k = k′aexp

(
−α
(
fn,e · χe(D) + fn,k · χk

(D)
))
,

where

χe(D) =
∆Ge(D)−∆Gf (D)

RT
, χ

k
(D) =

∆Gk(D)−∆Gf (D)

RT
,

and

k′a = g exp

(
−α∆Gf

RT

)
.

The χe,k calculations are important for the determination of the TOF, as is shown below.
The explanation of the method to calculate ∆G is provided below.

Debye Energy Model

The Gibbs free energy of the bare catalyst can be described through the Debye model, which
has successfully modeled the size dependence of the Gibbs energy [31, 49, 50, 51],

Gclean = F + PVm

where F is the free energy and PVm is the non-zero pressure volume term, with Vm the
molar volume. If one studies the original Debye model, [49], a Morse potential is used and
gold is not considered, as this is hardly an appropriate potential for gold. Nevertheless, the
Debye model was successfully used for structural transitions in Ag-Au alloy nanoparticles
[31], and was used here for gold clusters. In the Debye model the free energy is

F (T, V ) = Ecoh(V ) + ED(V, T )− T SD(V, T )

where Ecoh is the cohesive energy. The Debye model gives the vibrational lattice energy ED
and the entropy SD as

ED(T, V ) = 3kBTB(Θ/T ) + 9kBΘ0/8
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where B(Θ/T ) is the Debye function, in terms of the Debye temperature Θ. For gold
Θ0 = 176K [52].

B(Θ/T ) = 3(T/Θ0)3

∫ Θ0/T

0

(
x3

ex − 1

)
dx

and SD is

SD(V, T ) = 4kB

[
B(Θ/T )− 3

4
ln(1− e−(Θ0/T ))

]
.

For a nanocluster, the following changes are noted where xs and ωs are the surface vibra-
tional amplitude and frequency [53]

xs
xb

= 1.43 and
ωs
ωb

= 0.404

where the subscript b refers to the bulk. These results are qualitatively in agreement with
more recent data [54], showing a linear relationship with the diameter of the nanoclusters,
or proportional to the bulk as shown here.

Then the vibrational lattice energy of a surface atom is

Es
D(V, T ) =

(
xs
xb

)2

ED(V, T ) = 6.135kBT B (Θ/T ) .

In statistical mechanics terms, when the vibrational frequency changes one gets [51]

∆SD = 3kBln(ωb/ωs)

and the vibrational entropy change of a surface atom is

SsD(V, T ) = SD(V, T ) + ∆SD = 4kB

[
B

(
Θ

T

)
− 3

4
ln(1− e−(Θ0/T ))

]
+ 2.719kB.

Then the free energy of the bulk and surface terms is

F (V, T ) = NTE(V ) + (NT −Ns)[ED(V, T )− TSD(V, T )] +Ns[E
s
D(V, T )− TSsD(V, T )]

or

F (V, T ) = Ecoh +
3RT

103
ln

(
1− exp

(
−Θ0

T

))
− RT

103
B

(
Θ

T

)
+

4αsdRT

103D

(
3B

(
Θ

T

)
− 2.719

)
where the units of F (V, T ) are kJ/mol. The size and shape dependence of the cohesive
energy is

Ecoh = Eb

(
1− 3αsd

D

)
here Eb = −367.6 kJ/mol for Au and dAu = 0.292 nm. The shape factor αs is defined as
S ′/S, where this ratio represents the surface area of the polyhedron relative to a sphere [55].
The pressure volume term in terms of the Laplace-Young equation is [56]:

P =
4f

D
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Shape As Shape Factor αs

Icosahedron (5
√

3)(n · r(cn))2 1.065

Cuboctahedron (6 + 2
√

3)(n · r(cn))2 1.105

Octahedron (2
√

3)(n · r(cn))2 1.183

Truncated Cube 12(n · r(cn))2 1.24

Decahedron 5
√

3
2

(n · r(cn))2 1.254

Table 2: Values for As, the surface area of the polyhedra, and αs, the shape factor. The
term n is the number of shells, and the term r(cn) is defined below in equation (6).

where f = 2.097 J/m2 and for gold Vm = 10.2 cm3/mol.
Then for PVm one gets for gold

PVm =
4f

D
Vm =

21.34

D
kJ/mol

with D in nm. Here D is the effective diameter, or largest distance across the nanocluster,
which we use computationally, and can also be determined experimentally.

A. B.

Figure 1: A. Gibbs energy for the five gold shapes under consideration. B. Size range of
interest in this manuscript.

Gibbs Energy of Adsorption

The change in free energy upon adsorption is [33],

∆Gad(T, P ) = G(T, p,Nad)−Gclean(T, p, 0) =
NadRd

2
Au

103kBAs
(Ead −∆µad(T, p)) (4)
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where Ead is the energy of adsorption of adsorbates (in eV) calculated by DFT, dAu =
0.2884 nm and R/(103kB) is a conversion factor to give kJ/mol. In reference [33] the factor
Rd2

Au/(103kBAs) in the Gibbs adsorption energy, equation (4), was left out. This may be
relevant for DFT calculations, but cannot be correct for clusters as the term Nad (number
of adsorbates) rapidly causes the Gibbs energy to become larger than the entire cluster, see
Figure 1. Thus the scaling factor to modify the adsorption energy is used. This factor causes
the facet Gibbs energy to become horizontally constant with large cluster size, and the edge
and kink Gibbs energy to approach zero for large clusters. When this factor is included,
the surface Gibbs adsorption energy is an appropriate fraction of the total cluster Gibbs
energy. Note that in equation (4), the term Gclean(T, p, 0) is determined by the analysis in
the preceding section. We emphasize that Gclean was determined in the previous section
to provide a relevant scale of magnitude of the Gibbs adsorption energy versus that of the
clean nanocluster.

The chemical potential µ is defined as follows [32]:

µ =

(
∂G

∂N

)
T,p,N

=
G

N

using Maxwell’s thermodynamic relations

dG =

(
∂G

∂T

)
p

dT +

(
∂G

∂p

)
T

dp = −SdT + V dp.

Considering the ideal gas law pV = NkBT one gets(
∂G

∂p

)
T

= V =
NkBT

p
.

In turn, a finite pressure change from p to p0 results in

G(T, p)−G(T, p0) = NkBT ln(p/p0).

Combining the above equations gives

∆µad(T, p) = µad(T, p
0) + 1/2kBT ln(p/p0). (5)

The zero reference state was chosen to be the total energy in an isolated molecule i.e.
µad(T, p

0) = 1/2Ei where i refers to the isolated molecule. Then using E = G = H − TS
we have

µad(T, p
0) = 1/2[Had(T, p

0)−Had(0, p
0)]− 1/2T [Sad(T, p

0)− Sad(0, p0)],

where H and S are obtained from thermochemical tables at p0 = 1 atm [57]. For O2

one obtains µO2(T, p
0) = −0.274 eV, while for CO it is −0.262 eV at 300K. From the ex-

perimental data [10], we have that the total pressure is 40 Torr, with a 1:5 molar ratio
of CO:O2. Thus we have that the partial pressures are pCO = 8 Torr and pO2 = 32 Torr.
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Using this data, one gets that ∆µCO = −0.321 eV and that ∆µO2 = −0.315 eV, from eq. (5).

To allow for small deviations from the average bond length, i and j are defined as nearest
neighbors, which are separated from the rest by requiring that rij < rc where rc is a threshold
value, appropriate for the nanocluster. The value for rc must be less than the distance
for second nearest neighbors and varies with the crystal structure [12]. For fcc crystals,
rc < 1.41 · rmin, where rmin is the smallest bond length [12]. The value 1.41, is the scaled
distance factor for second nearest neighbors, when the nearest neighbors are scaled to unit
distance. Thus,

A(i, j) =

{
1, if rij < rc and i 6= j
0, otherwise

describes the adjacency matrix for the cluster, and

E(i, j) =

{
rij, if rij < rc and i 6= j
0, otherwise

describes the Euclidean matrix for the cluster. An adjacency matrix and Euclidean matrix
are used to determine the diameter, D, of the nanoclusters [11], where the bond length in
the clusters depends on the average coordination, see reference [53]:

r(cn) =
2rB(

1 + exp
(

12−〈cn〉c)
8·〈cn〉c

)) . (6)

Here rB is the bulk bond length (0.2884 nm) and 〈cn〉c is the average coordination of the
cluster. A linear relationship between D and n, the number of cluster shells, as is shown in
Table 3:

D(n) = a · rB · n+ b.

a b Nanocluster
2.404 −0.3632 Au truncated cube
2.000 −0.0382 Au cuboctahedron
2.000 −0.0292 Au icosahedron
1.648 −0.0462 Au decahedron
1.415 −0.0428 Au octahedron

Table 3: Linear constants for D(n).

These relationships produce diameters in agreement with other data. For the cuboctahedra
with N equal to 55, 561, and 923 one gets diameters of 1.12 nm, 2.85 nm, and 3.43 nm,
fairly close to published results for 55 atoms of 1.1 nm [58], for 561 atoms, 2.7 nm [13], and
for 923 atoms, 3.5 nm [58].
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The energies of adsorbates have been shown to scale linearly with generalized coordination
[23, 24]. According to a DFT model for energies of adsorbates [23]:

CN i =
∑ cnj · nj

cnmax

(7)

where the sum is over all nearest neighbors of i, cnmax = 12 for top sites, 18 for bridge sites
and has other values for other types of sites [23]. In this equation nj is the number of nearest
neighbors, and cni the coordination number of site i, hence each neighbor j of atom i has a
weight of nj/cnmax associated with the site. The current approach gives data for octahedra
which agrees well with the data of [59], see their Figure 1. Adsorbate energy is linear with
generalized coordination [23]:

Ead = CN0 +m · CN i. (8)

Here CN0 is the linear intercept and CN i is defined as in equation (7). Table 4 below shows
the values of the linear fits as determined by equation (8). These are determined from DFT
calculations from reference [26].

species CN0 (eV) slope m charge
Au-CO [26] −1.44 0.15 neutral
Au-CO [26] −1.38 0.14 anion
Au-O2 [26] −0.94 0.16 neutral
Au-O2 [26] −0.93 0.15 anion

Table 4: Linear fit of Ead for adsorption for neutral and anionic gold clusters.

Langmuir - Hinshelwood Mechanism

In general, the TOF for reactions may display structure sensitivity which rises or decreases
with size, or passes through a maximum [60]. Alternatively, there are structure insensitive
reactions with size independent TOF. The Au-CO TOF has been experimentally observed
to pass through a maximum for D ∼ 2-5 nm [9, 10]. The literature discusses several types of
reactions, including a two-step sequence and its corollary, the Eley-Rideal reaction, and the
Langmuir-Hinshelwood (L-H) mechanism [61]. The L-H mechanism is relevant for surface
reactions [62], and can be presented for molecular adsorption of both reactants:

1. A + * ↔ A* (quasi-equilibrium)
2. B + * ↔ B* (quasi-equilibrium)
3. A* + B* → C + 2*

A + B → C

(9)

where A and B are reactants, C is the product, and * is a surface vacancy site. The Au-CO
oxidation follows a L-H mechanism [63, 64] with dissociative adsorption of oxygen, as shown
below:
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1. CO + * ↔ CO* (quasi-equilibrium)
2. O2 +2* ↔ 2O* (quasi-equilibrium)
3. CO*+ O* → CO2 +2*

2CO + O2 → 2CO2

(10)

so that in the general scheme of equation (9) above A is CO and B is O2.

From the quasi-equilibria:

K1 =
θCO

PCO · θv
or θCO = K1PCOθv

K2 =
θ2
O

PO2 · θ2
v

or θO =
√
K2PO2θv

where θCO, θO, and θv are respectively the coverage of CO, O, and the fraction of vacant
sites. The balance equation is:∑

θi = 1 or θCO + θO + θv = 1 or θv(K1PCO +
√
K2PO2 + 1) = 1

The reaction rate for the general form of the L-H mechanism is [61]

v(D) = k3θCO · θO =
k3K1PAK2PB

(1 +K1PA +K2PB)2
,

while for the specific case of CO oxidation the TOF is

v(D) =
k3K1PCO

√
K2PO2

(1 +K1PCO +
√
K2PO2)

2

where

K1(D) = KA exp
{
−
(
fe · χAe (D) + fk · χAk (D)

)}
= KA exp

{
−
(
ξAe,k(D)

)}
,

K2(D) = KB exp
{
−
(
fe · χBe (D) + fk · χBk (D)

)}
= KB exp

{
−
(
ξBe,k(D)

)}
,

where k3 is the reaction rate constant for step 3, PA and PB are partial pressures or concen-
trations (for liquids) of A and B. For reaction 3 one gets

k3(D) = KC exp
{

(1− α)
[
fe ·
(
χAe (D) + χBe (D)

)
+ fk ·

(
χAk (D) + χBk (D)

)]}
.

After some simplification [61]

v(D) =
p1 exp

{
(−α)

[
fn,e ·

(
χAe (D) + χBe (D)

)
+ fn,k ·

(
χAk (D) + χBk (D)

)]}
[1 + p2 exp{−[ξAe,k(D)]}+ p3 exp{−[ξBe,k(D)]}]2

(11)
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where

p1 = k3KCOPCO
√
KO2PO2 = k3p2p3 and p2 = KCOPCO and p3 =

√
KO2PO2

where p1 is a frequency and p2, p3 are related to the rate constants and partial pressures
of A and B, or CO and O2 [39, 61]. Here, n refers to the dependence on complete shells of
nanoclusters. We find that α affects the full width half maximum, FWHM, p1 affects the
peak intensity, and p2, p3 affect the center of the peak position. From the experimental
data [10], we have that the total pressure is 40 Torr, with a 1:5 molar ratio of CO:O2. It
is apparent that KCOPCO and KO2PO2 are both dimensionless. Using atm instead of Torr
for units of pressures it holds that PCO ≈ 0.01 atm and PO2 ≈ 0.04 atm. We allow some
variation for the shape of the polyhedra and differing K values.

The L-H mechanism (eq. (10)) assumes that oxygen is adsorbed on gold with dissociation,
which contradicts several studies in the literature suggesting that oxygen atoms are adsorbed
at the interface between the metal and the support while not competing with CO for the
active sites on the surface of gold clusters. To compare the cluster shape effect in the case of
different mechanisms, a mechanism different from L-H in terms of oxygen involvement was
thus considered.

1. CO + * ↔ CO* (quasi-equilibrium)
2. CO* + O2 + *s ↔ CO2 + * + O*s

3. CO*+ O*s → CO2 + * + *s

2CO + O2 → 2CO2

(12)

From the quasi-equilibria:

K1 =
θCO

PCO · θv
or θCO = K1PCOθv.

In mechanism (eq. (12)) the first step corresponds to molecular adsorption of CO on the
metal sites, while the second one addresses the reaction of adsorbed CO with oxygen leading
to the product and an oxygen atom located at the metal-support interface. In the subse-
quent step this oxygen atom reacts with adsorbed CO releasing the product and recovering
the active sites both on the metal surface (*) and at the interface (*s). The steady-state
approximation for the steps 2 and 3 gives:

k2θCOPO2θ
∗s
v = k3θCOθ

∗s
O .

Thus we have

θ∗sO =
k2PO2

k3

θ∗sv .

The reaction rate is then

v =
k2K1PCOPO2

(1 +K1PCO)(1 +
k2PO2

k3
)
.
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The Gibbs energy balance is

2 ∆G1 = ∆GCO∗ −∆GCO

1 ∆G2 = ∆GCO2 + ∆GO∗s −∆GCO∗

1 ∆G3 = ∆GCO2 −∆GCO∗ −∆GO∗s .

The equilibrium constant of the adsorption step is

K1 = exp (−∆G1/RT ) = exp (−(∆GCO∗ −∆GCO)/RT ).

We then have

K1(D) = Ko
1 · exp [−(fn,e · χCOe (D) + fn,k · χCOk (D))] = K0

1 · exp [−ξCOe,k (D)]

where χCOe is the Gibbs energy of CO adsorption on edges divided by RT . The rate constant
of the second step can be separated into the cluster size independent part corresponding to
adsorption of oxygen on the support and the cluster size dependent part reflecting adsorption
of CO on gold:

k2 = g2 · exp (−α2∆G2/RT ) = k0
2 · exp [α2 · ξCOe,k (D)].

A similar expression follows for the size/shape dependent rate constant of the third step
finally results in

v(D) =
q1q2 exp [(α2 − 1)(ξCOe,k (D))]

[1 + q1 exp(−ξCOe,k (D))][(1 + q2
q3

exp (α2 − α3)(ξCOe,k (D))]
(13)

where q1 = K0
1PCO, q2 = k0

2PO2 , and q3 = k0
3. It is evident that q1 is dimensionless, and q2, q3

have units of s−1. Also, when the Polanyi parameters of steps 2 and 3 are equal to each
other eq. (13) is reduced to the reaction rate expression corresponding to the Eley-Rideal
(E-R) mechanism. Similar to the L-H mechanism, we find that q1 shifts the peak position,
while adjusting q2 affects the peak intensity. We comment that without loss of generality,
technically equations (11, 13) are expressed for one mole of oxygen. To compare with the
TOF of CO, one should have v(CO) = v(D)/2, but this only changes the value of p1 and q2.

Results and Discussion

Au-CO Oxidation

We use nanoclusters based on shells of atoms, which is possibly an ideal case, given that dis-
order may occur in clusters. It is known that gold clusters under CO adsorption are dynamic
[65]. In other words exposure to CO causes gold nanoclusters to change morphologically,
although annealing may help recover the structure. Likewise exposure to O2 can change
the morphology of gold clusters [66]. Recent scanning transmission electron microscopy
(STEM) experiments may provide a methodology for observing these dynamic features [67].
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Defects and morphological changes to clusters can modify the coordination and dynamics of
adsorption, but as a first case approach, we use complete shells of atoms to determine the
size and shape dependence of the TOF. Further studies may determine the role of defects
and morphological changes to the TOF.

The data is shown in Figure 2, where the χ values for the five shapes considered are
displayed. While clusters with 20 atoms have been fabricated as tetrahedra [68], it is still
challenging to synthesize faceted gold clusters in the size range 2 nm < D < 10 nm. Icosahe-
dra and cubes were chosen here as examples of clusters with (111) and (100) surfaces, while
cuboctahedra have both and are used extensively for DFT modeling. Experiments reveal
that the top site on gold surfaces is preferred for CO adsorption [69]. Many studies of Au-
CO catalysis of nanogold on oxide substrates indicate that low coordinated sites also drive
the reaction [38, 70, 71, 72]. In the case of the truncated cube, edge sites have cn = 5, (see
Table 1), while kink sites have cn = 7. Normally, the fcc cube has 3-fold coordinated corner
atoms [11]. When these are removed, the ‘subsurface’ atoms underneath in the truncated
cube are 7-fold coordinated, while in both cases the edge atoms are 5-fold coordinated [12].
The calculated ∆G values were used to determine all the χe and χk, needed for the turnover
frequency computation. These Gibbs adsorption energies were determined from MATLAB
code using equation (4) above. As is mentioned in equations (10) and (12) above, the χe,k
values are important for the calculation of the TOF as defined previously.

15



A. B. C.

D. E.

Figure 2: χk and χe versus D for adsorption for the five structures considered A. Au-
CO and O2 on truncated cubes. B. Au-CO and O2 on cuboctahedra. C. Au-CO and
O2 on icosahedra. D. Au-CO and O2 on decahedra E. Au-CO and O2 on octahedra. In
this and subsequent Figures, the data are calculated points related to n complete shells of
nanoclusters.

In Figure 3 below, models of adsorbed CO on gold clusters, for the five shapes are given.
For O2, the adsorption energy is negative when the generalized coordination number CN i <
6.
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A. B. C. D. E.

F. G. H. I. J.

K. L. M. N. O.

Figure 3: Nanoclusters with adsorbed CO on kink, edge, and facet sites. Here the color
gold represents a gold atom, black represents carbon, and red oxygen.

A. B. C.

Figure 4: O2 facet sites on truncated cubes, and on edge sites of icosahedra and decahedra.
In this model, all adatoms are on the on-top sites to simplify the calculations. Reference
[73] also has O2 adsorbed on the ontop sites for small gold clusters.

In agreement with previous work [61], we find both the L-H and E-R mechanisms have
peak positions which vary with the different polyhedra. In Figure 5A below the TOF was
computationally modeled using the calculated Gibbs adsorption energy and equation (11).
The experimental data from [10], exhibit rather wide error bars in the measured diameters
of the gold clusters. The line fit to the experimental TOF is a line best fit by eye [10].
The TOF plots for the five shapes studied, in Figure 5, were made under the approximation
that only one shape at a time is observed for the experimental conditions. Also, we note
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that the experimental data that generated the TOF had spherical nanoparticles instead of
faceted polyhedra [7, 10]. In Figure 5B, we show the results for the E-R mechanism and
equation (13). While the better fits to the data are from the octahedra and decahedra
(perhaps due to more data points), it remains that a possibly fair criticism of the model is
that the χ values may not be large enough to account for the sharp experimental peak in
the TOF.

A. B.

Figure 5: A. TOF data fit to equation (11), for separate distributions of shapes with anion
gold clusters. Experimental data from [10]. B. TOF data fit to equation (13) and the E-R
mechanism.

Structure p1 p2 p3 q1 q2 q3

Cuboctahedra 13 1.0 10 0.35 1.0 10.0
Cube 17 10 0.7 0.30 3.0 10.0

Icosahedron 25 1.1 17 0.20 1.3 10.0
Octahedron 34 0.8 17 0.15 1.5 10.0
Decahedron 95 0.8 30 0.10 2.0 10.0

Table 5: Shape parameters for the Au-CO oxidation TOF via the L-H mechanism (pi) and
the E-R mechanism (qi) (modeling parameters for Figure 5A and Figure 5B). This data
assumes only one shape is present in the sample for any given experiment.

A typical value for the Polanyi parameter (i.e. α = 0.5), was chosen similar to [61] for
both the L-H and E-R mechanisms. No experimental TOF has been also ascertained for
a distribution involving only one type of polyhedra. In Figure 5, the fits for the TOF
curves with either a Gaussian curve or a lognormal are given. The icosahedron, truncated
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cube, octahedron, decahedron, and the cuboctahedron are asymmetric and better fit to
a lognormal (R2 > 0.91), while the experimental data are better fit to a Gaussian. The
lognormal has a mean and variance given by:

µ = exp

(
µ+

σ2

2

)
σ2 = [exp(σ2)− 1]exp(2µ+ σ2)

where µ and σ are related to the lognormal distribution.

Structure µ LH σ LH µ ER σ ER

Exp Fit 2.937 0.181 2.937 0.181
Octahedron 2.998 0.666 2.959 0.881
Decahedron 3.584 0.496 3.793 0.739
Icosahedron 3.286 0.527 12.329 15.148

Cuboctahedron 3.317 0.918 20.922 36.282
Truncated Cube 3.999 1.456 NA NA

Table 6: Mean and standard deviation for the Au-CO oxidation TOF via the L-H mechanism
(modeling parameters for Figure 5A), with gold anion clusters. The last two columns refer
to the E-R mechanism of the clusters, Figure 5B.

The TOF is modeled with anionic gold clusters, with anions mimicking the effect of a gold
cluster on an oxide substrate. Although the experimental TOF has a narrow FWHM, the
error bars in the size estimation are wide and within the simulated data. Our simulations
suggest that coordination and values for χ or ∆G are important factors in determining the
experimental data. Although free standing anionic nanoclusters were modeled here, similar
results might be expected for deposited half-clusters on a substrate.

The mass activity is basically the product of the dispersion and the TOF [74]

MAAu =
F

AWAu

NS

NT

v(D)

103
(A/mgAu) (14)

where F is the Faraday constant, 96,485 C/mol, and AWAu is the atomic weight of gold,
196.967 g/mol. In principle, this gives an exact form of the mass activity. The clusters
with a narrow TOF, or icosahedra, have a good correlation with mass activity from the
experimental data of the CO oxidation reaction. Note that the experimental data are in
arbitrary units, which were reduced by 20 for comparison with equation (14) [10]. Although
we model the MA based on the TOF of individual polyhedra, we note that an alternative
method based on specific activity and surface area has been used for the oxygen reduction
of platinum nanopolyhedra [75]. We acknowledge that a more detailed understanding of the
kinetic parameters K, used for the TOF may result in maxima of the MA differing for the
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specific polyhedra studied. The data for the polyhedra not shown did not result in a peak
in the mass activity.

A. B.

Figure 6: A. Mass activity data fit to equation (14), for separate distributions of shapes
with anion gold clusters and the L-H mechanism. Experimental data from [10]. B. Mass
activity data fit to equation (14) and the E-R mechanism.

Structure µ LH σ LH µ ER σ ER

Exp Fit 3.205 0.738 3.205 0.738
Octahedron 2.879 0.740 2.857 1.270
Decahedron 3.521 0.559 3.695 0.766
Icosahedron 3.055 0.585 NA NA

Table 7: Mean and standard deviation for the mass activity via the L-H mechanism (mod-
eling parameters for Figure 6A), with gold anion clusters. The last two columns refer to the
mass activity for the E-R mechanism for the clusters, Figure 6B.

To account for several shapes with independent distributions, one can sum over the mor-
phology [76]:

v(D) =
∑
i

ρi · vi(D),

where i is one of many possible shapes, perhaps those studied herein. This may provide a
method of approach for gold nanoclusters with several types of polyhedra.

Given the importance of edge and kink sites relative to facet ones with regard to catalytic
activity, the surface dispersion was determined for the five clusters under study. This may
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Figure 7: Surface dispersion for the five gold shapes under consideration.

provide insight into the reasons for the individual polyhedral activity when compared among
the five clusters. In Figure 4 below, the surface dispersion Ds = (Ne + Nk)/Ns · 100% is
plotted vs. the gold diameter for the five shapes from the equations in Table 1. It is clear
that Ds is related to the fraction of more active edge and kink sites to the total number
of surface sites. As can be seen from the data, the surface dispersion is greatest for the
icosahedron, with the cuboctahedron and truncated cubes exhibiting smaller dispersion.

Conclusion

These results lend insight into a long unsolved problem, namely, an explanation of the
experimental data for the TOF and mass activity of the oxidation of carbon monoxide on
gold nanoclusters. Although the experimental fit to the TOF data is only a line estimate,
the current analysis has a wider full width at half maximum, (FWHM) than that of the
experiment. These results confirm that coordination, shape, and ∆G have dramatic influence
on the catalysis of reactions. We provide explicit relationships between coordination and
shape. Calculations of ∆G also show that low coordination leads to higher values, and this
in turn affects the TOF. Modeling with anionic clusters shows that the FWHM decreases for
clusters on oxide substrates. The data is made quantitative through modeling with either a
lognormal or Gaussian distribution. Overall, good fit to the data was given by icosahedra
for the L-H mechanism for both the TOF and mass activity. In general, the E-R mechanism
resulted in flatter curves when fit to the TOF, although a better match was obtained for
octahedra and decahedra. While both mechanisms resulted in peaked data, it remains that
neither method reproduces the experimental data exactly. The authors hope that these
results encourage further experimental work and theoretical modeling.
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MATLAB 2020b.
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