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Abstract
Heterogeneous catalysis is an important branch in catalysis, in which the catalyst
and reactants are in diﬀerent physical phases. In this thesis, we have carried out
extensive ﬁrst-principles calculations to explore the selected heterogeneous reactions catalyzed by the noble-metal nanoparticles. The major results of the thesis
fall into two categories: (1) the discovery of the scaling relations for predicting the
catalytic activity of nanoparticles; (2) the computational characterization of the
catalytic activity and mechanism for speciﬁc catalytic reactions. For the ﬁrst category, we have made eﬀorts to develop the scaling relations for binary noble-metal
nanoparticles. The obtained results show that the scaling relation not only holds
at the nanoscale, but can also be uniﬁed with those obtained for the extended surfaces. Our ﬁndings shed new light for the eﬃcient screening of nanoparticles with
superior catalytic properties. The second part of the thesis summarizes our studies
on diﬀerent catalytic systems. One of the focuses is to study the catalytic properties of the single-Pd-doped Cu55 nanoparticle toward H2 dissociation and propane
dehydrogenation. The possible reaction mechanisms and eﬀects of the single and
multiple Pd doping on the catalytic activity have been extensively examined. Our
calculations reveal that single-Pd-doped Cu55 cluster bears good balance between
the maximum use of the noble metal and the high activity, and it may serve as
a promising single-atom catalyst. We have also systematically studied the reduction process of graphene ﬂuoride catalyzed by the Pt-coated metallic tip under
diﬀerent atmospheres, aiming to provide a feasible strategy for scanning probe
lithography to fabricate electronic circuits at the nanoscale on graphene ﬂuoride.
It is found that the tip-induced reduction of graphene ﬂuoride with assistance of
pure hydrogen atmosphere is facile despite the release of hazard hydride ﬂuoride.
The ethylene molecule is predicted to be an excellent acceptor for ﬂuoride abstraction from graphene ﬂuoride, but the corresponding deﬂuorination cycle can not be
recycled. Our calculations have ﬁnally revealed that under the mixture hydrogen
and ethylene atmosphere, the Pt-coated tip can eﬀectively and sequentially reduce
graphene ﬂuoride with the release of relatively harmless reduction product, ﬂuoroethane. The proposed cyclic reduction strategy is energetically highly favorable
and is ready to be employed in experiments. Our theoretical studies provide yet
another convincing example to demonstrate the power of the density functional
theory for studying the nano-catalysis. It should also been mentioned that the
present calculations are restricted to relatively small-sized clusters due to the limited computational resources. It is highly desirable to further study complicated
interfacial systems and to provide a full picture of heterogeneous catalysis with the
aid of ab initio molecular dynamics simulations in the future.
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Chapter 1

Introduction

Catalysts are such materials employed for acceleration of chemical reactions as
well as improvement of selectivity, which are involved in almost 90% of chemical
conversions of feedstocks to targeted products 1 . Generally, the origin of catalysts
may be biological (such as enzymes) or nonbiological (e.g. organic or inorganic
materials). The catalytic processes by nonbiological catalysts are usually categorized as either heterogeneous or homogeneous catalysis. In heterogeneous catalysis,
several phases (solid, liquid, gas) comprising the catalyst, a solvent, and reactants
may be involved. Homogeneous catalysts have the same phase with the reactants.
Enzymes as the high eﬃcient catalysts play a variety of essential biological roles.
Catalysts are closely related to our daily life, and they can facilitate production of
a wide range of products from fuels to pharmaceutics and to the elimination of car
and industrial pollution. Among these catalysts, the heterogeneous catalysts are
the most widely used catalysts in the chemical industry owing to their superiority
in separation and recovery.
Bimetallic catalytic systems have been playing a crucial role in heterogeneous
catalysis for decades because of their unique properties. In general, the bimetallic catalysts have higher activity, selectivity, and stability than their monometallic
counterparts owing to the synergistic eﬀect and the electronic interactions between
two kinds of elements 2–4 . Transition metals and their compounds, often showing
remarkable catalytic activity, are widely used in chemical industries as the catalyst 5 . Because of the diversity of transition metals, many attempts have been
made to design new bimetallic catalytic systems. The combination of diﬀerent
transition metals not only increases the type of the candidate catalysts, but more
importantly, provides superior catalytic activities with respect to the ones of the
pure constituent elements 6–15 . Transition metal alloying invokes a combination of
ligand (electronic interaction between diﬀerent elements) and the surface strain
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(changes in the lattice constant) eﬀects, and thus it can tune the d states 4 . According to the famous d band model based on density functional theory (DFT)
calculations 16–18 , the adsorption energy is related to the energy average of the d
electrons (d band center εd ). This correlation is named as the scaling relation
and it is one of the most important relations within the framework of the correlation concepts 19 . Usually, the upshift of εd corresponds to an increment of the
adsorption energy. Meanwhile, the adsorption energy is correlated with the energy
barrier in catalytic reactions, which is known as so-called Brønsted-Evans-Polanyi
(BEP) relation. Therefore, the changes in εd can aﬀect the catalytic feature of a
catalyst. By combining these correlations available among the d band center, the
adsorption energy, and the energy barrier together, the d band model oﬀers an
innovative and eﬃcient way to predict reactivities and screen new catalysts with
novel properties 17,20–23 .
Bimetallic alloys of transition metals have various architectures, such as crownjewel structure, hollow structure, core-shell structure, alloyed structure, porous
structure and others. The core-shell nanoparticles 8,24–27 and near surface alloys
(NSAs) 28–31 are two promising and representative catalytic new systems among
these bimetallic catalysts with high eﬃciency. The core-shell structure consists of
an active-metal shell and a cheaper-metal core. The structure of NSAs involves a
single layer of one metal as a solute metal present near the surface of a host metal.
Both of them are of a relatively higher percentage of the noble metal. Considering
the rising cost of the noble metals and their limited reserves, it is urgent to design
more eﬀective and low-cost catalysts.
Recently, the newly developed single-atom catalyst (SAC) can achieve the
above-mentioned goals, and it possesses high activity and realizes the maximum
utilization of the noble metal. The concept of SAC, in which the single metal
atoms as the catalytically active sites, separately anchored on the support surface
or isolated by other metal atoms 32–37 . The catalytic performance of SACs has been
investigated in many catalytic reactions by experiments. For instance, Kyriakou
et al. 15,38 reported that individual, isolated Pd atoms embedded in a Cu surface
can signiﬁcantly promote the H2 dissociation at Pd atom sites and the spillover
of resulting hydrogen atoms were relatively weakly-adsorbed on the Cu support.
Fu et al. 39 performed a deeper study on this system to investigate its catalytic
mechanism and active sites. Except the ﬂat Cu(111) surface, the stepped Cu(211)
surface was also considered in their study. They reported that the active sites of
Pd-doped ﬂat and stepped Cu(211) surfaces for H2 dissociation are the ensembles
composed of the surface and contiguous subsurface Pd atoms. Additionally, they
found that the alloying Pd atoms at the step edge are more eﬀective to promote
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the dissociation of H2 molecule. It is worth noting that the nanoparticles usually
contain low-coordinated structures such as steps on their surfaces, and they are expected to possess better catalytic activity, compared to the saturated counterpart.
Such idea has been introduced to prepare Pd-Cu alloy nanoparticles for selective
hydrogenation reactions, and a high selectively catalytic activity was found for
the synthesized Pd0.18 Cu15 nanoparticles as we expect 40 . Given the extraordinary
catalytical activity exhibited in such Pd-Cu alloy nanoparticles, we hope to gain
an insight into the catalytic mechanism of the Pd-doped Cu nanoparticles toward
the catalytic reaction. Thus, a 55-atom icosahedral cluster, the most stable conﬁguration of the Cu55 cluster veriﬁed by diﬀerent experiments 41,42 , is employed to
represent the Pd doped Cu nanoparticle to investigate the applicability of the SAC
concept and its catalytic properties. Two catalytic reactions, including hydrogen
molecule dissociation and dehydrogenation of propane to propylene, are considered
here to evaluate its catalytic activity. They are very important chemical reactions
in industrial processes. Here we performed extensive calculations on these two
systems and found that doping a single Pd atom at the edge site of Cu55 shell can
signiﬁcantly promote the aforementioned reactions, and the relatively inactive Cu
surface may facilitate the spillover process of the resulting H atoms.
The involvement of catalysts in all the above-mentioned reactions is relatively
passive. Is it possible to make the catalyst more initiatively and directly manipulate the reaction? The catalytic scanning probe lithography (cSPL) technique
may realize such selective and controllable catalysis. Its working mechanism is to
use catalyst-functionalized atomic force microscope (AFM) tip directly contacting
with a surface of reactants and then drive the corresponding reactions by scanning the surface, providing an novel way to write chemical nanopatterns on the
surfaces in speciﬁc areas. This new technique was adopted by Zhang et al. 43 to
locally reduce the graphene oxide (GO) with a heated Pt-coated tip of AFM in
the presence of hydrogen at low temperature (≤ 115 ◦ C). It is known that GO has
much more oxygen-rich functional groups as compared to the graphene ﬂuoride
(GF), and these functional groups often destroy the graphene lattice when they
are desorbed 44 . In addition, to reduce the GO, a higher reduction temperature
is needed than that for graphene ﬂuoride (GF) 45,46 . Given the aforementioned
information and the easy accessibility of GF with a relatively homogeneous surface by exposing graphene under XeF2 gas 47,48 , it is meaningful to introduce the
local reduction scheme to partially reduce GF with the Pt-coated AFM tip. Here
we carried out extensive calculations on the tip-induced catalytic systems. Calculated results show that the selective reduction of graphene ﬂuoride catalyzed by
the Pt-coated nano-tip with assistance of the mixture of hydrogen and ethylene
atmosphere can proceed eﬀectively and sequentially, and the release of reduction
3

CHAPTER 1. INTRODUCTION

products is relatively harmless species such as C2 H5 F, which opens an alternative
avenue toward direct writing of electronic device on graphene ﬂuoride.
These developments in heterogeneous catalysis indicate that it is possible to
understand the structure of the active site and the reaction mechanism for most
of catalysts and reactions at the atomic scale. Thanks to the powerful computational resources and the established theoretical concepts such as scaling relations,
Brønsted-Evans-Polanyi (BEP) relations and volcano-shaped relationship 49,50 , we
could roughly give a ﬁrst approximation about the activity of a given system only
by a few ”descriptors”, and usually the ”descriptor” is the adsorption energy of corresponding atoms. By taking the methanation reaction (CO +3H2 → CH4 + H2 O)
as an example, its catalytic activity for a given metal is derived from the C and
the O adsorption energies 23 . Since the theoretical determination of the adsorption
energy is much easier and more eﬃcient computationally as compared with that
of the activation energy, the scaling relation is very helpful for the fast screening
of new catalysts, and it enable a rational design of new catalysts. Accordingly, we
try to establish the scaling relations of the adsorption energies of AHX group for
the binary noble metal polyhedral nanoparticle, which enriches the application of
the scaling relation to nanocatalysis.
In this thesis, we present our theoretical eﬀorts on the study of some simple
clusters. Before going into details about our works, an introduction of theoretical
background including the Schrödinger equation and many-body problem, HartreeFock theory and the density functional theory, is given in Chapter 2. The theoretical methods we used to search for transition states are presented in Chapter 3.
The basic theory in heterogeneous catalysis, such as the Brønsted-Evans-Polanyi
relation, volcano curve and the famous d band theory are summarized in Chapter
4. All the included papers in this thesis are summarized and discussed in details
in Chapter 5.

4

Chapter 2

Theoretical Background

2.1 Schrödinger Equation and Many-Body Problem

The Schrödinger equation is a well-known wave equation for microscopic particles, which was formulated by Austrian physicist Erwin Schrödinger in late 1925
and published in 1926 51 . The time-independent Schrödinger equation to describe
stationary states is written as

ĤΨ(⃗r) = EΨ(⃗r)

(2.1)

where Ψ is the wave function, and E is the energy of the state Ψ.
For an N-electron system, the total (non-relativistic) Hamiltonian operator
can be written as the sum of kinetic (T̂ ) and potential (V̂ ) energy operators for
the nuclei and electrons 52 ,

Ĥtot = T̂n + T̂e + V̂ne + V̂ee + V̂nn

(2.2)

Here, n and e denote the nucleus and electron, respectively. The ﬁve terms in
Eq.(2.2) are the kinetic energy of nuclei, the kinetic energy of electrons, the nuclearelectron attractions, the electron-electron repulsions, and the internuclear repulsion
energy, respectively. In atomic units, the expressions for the above-mentioned ﬁve
5
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terms can be written as

T̂n = −
T̂e = −
V̂ne = −

M
∑

1
∇2A
2M
A
A=1

N
∑
1

2

∇2i

i=1
N ∑
M
∑
i=1

ZA
riA
A=1

(2.3)

N
∑
1
V̂ee =
r
i<j ij

V̂nn

M
∑
ZA ZB
=
RAB
A<B

Where MA and ZA (ZB ) represent the nuclear mass and charge, respectively; riA ,
rij and RAB are the electron-nucleus, electron-electron, and internuclear distances,
respectively.
2.2 Hartree-Fock Theory
Hartree-Fock (HF) theory is one of the simplest approximated theories based on the
independent particle model, which is used to approximately solve the Schrödinger
equation. HF approximation assumes that the electron moves independently in a
mean potential ﬁeld created by the rest electrons. In the HF model, each electron is
described by an spin orbital, the product of a spatial orbital and a spin function (α
or β), and the total wave function of the system is given as a Slater determinant of
all spin orbitals in order to satisfy the Pauli-exclusion principle. For an N-electron
system, it has N ! possible arranged ways among the N spin orbitals, and its Slater
determinant can be written as 53
ϕ1 (x1 ) ϕ2 (x1 )
1 ϕ1 (x2 ) ϕ2 (x2 )
Ψ(x1 , x2 , . . . , xN ) = √
..
..
N!
.
.
ϕ1 (xN ) ϕ2 (xN )

···
···
...

ϕN (x1 )
ϕN (x2 )
..
.

···

ϕN (xN )

(2.4)

where ϕi (xj ) is the one-electron spin orbital and they are orthonormal, which
fulﬁlls ⟨ϕi |ϕj ⟩ = δij .
6
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Considering the fact that the nuclear mass is much heavier than the electron
and its velocity is much slower than that of electron, accordingly, the electrons can adjust well to any change of nuclear conformation, which is called BornOppenheimer (BO) approximation. Within the framework of BO approximation,
the nuclei are assumed to be frozen, and therefore the nuclear kinetic-energy term
can be omitted from Eq. (2.2), that is, the corresponding operator T̂n can be subtracted from the total Hamiltonian. Since the nuclei are ﬁxed, we can consider the
repulsions between the nuclei as a reference for the zero level of potential energy,
which means, V̂nn does not change the eigenfunctions but shifts the absolute value
of eigenvalues systematically. By omitting the nuclear kinetic-energy and repulsion
terms, one can obtain the further simpliﬁed Hamiltonian:

Ĥe = −

N
∑
1
i=1

2

∇2i

−

N ∑
M
∑
ZA
i=1

riA
A=1

N
∑
1
+
r
i<j ij

(2.5)

Here Ĥe is the electronic Hamiltonian operator. Then, one could introduce an
one-electron operator ĥi and a two-electron operator ĝij to describe the motion of
electron i in the ﬁeld of all the nuclei and the electron-electron repulsion, respectively. Their expressions are given as

M
1 2 ∑ ZA
ĥi = − ∇i −
2
riA
A=1

(2.6)

1
ĝij =
rij
Now, the electronic Hamiltonian could be rewritten into a more simple form,

Ĥe =

N
∑

ĥi +

i

N
∑

ĝij

(2.7)

i<j

Accordingly, the electronic Schrödinger equation is written as,

Ĥe Ψe = Ee Ψe
7
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Then, the HF energy can be calculated by the following equation,

EHF =⟨Ψ|Ĥ|Ψ⟩
∑∑
1∑
ZA
⟨ϕi |∇2 |ϕi ⟩ −
⟨ϕi | |ϕi ⟩
2 i
riA
i=1 A=1
∑
∑
1
1
⟨ϕi (1)ϕj (2)| |ϕi (2)ϕj (1)⟩
+
⟨ϕi (1)ϕj (2)| |ϕi (1)ϕj (2)⟩ −
r12
r12
i<j
i<j
N

N

M

=−

=

N
∑

(2.9)

⟨ϕi (1)|ĥ1 |ϕi (1)⟩

i

+

N ∑
N
∑
i

=

N
∑
i

(⟨ϕi (1)ϕj (2)|ĝ12 |ϕi (1)ϕj (2)⟩ − ⟨ϕi (1)ϕj (2)|ĝ12 |ϕi (2)ϕj (1)⟩)

i<j

hi +

N
N ∑
∑
i

(Jij − Kij )

i<j

where Jij and Kij matrix elements are named as coulomb and exchange integrals,
respectively.
For a well-behaved trial function, the variational theorem allows us to calculate
an upper bound for the true ground-state energy of system. To obtain the ”best”
approximation to the ground-state energy and the corresponding wavefunction, a
set of molecular orbitals (MO) should be optimized to make the energy reach its
minimum value. After doing a series of derivations in combination of Lagrange
multipliers, one can get the ﬁnal set of Hartree-Fock equations of Eq.(2.10), 52,54–56
′

′

F̂i ϕi = εi ϕi

(2.10)

Here F̂i is the Fock operator, including three terms as shown in Eq.(2.11): ĥi , the
kinetic energy of electron i and the attraction interaction with all the nuclei; the
coulomb interaction (Jˆj ) and the exchange interaction (K̂j ) with all the remaining
′
electrons. ϕ and εi in Eq.(2.10) are the canonical molecular orbital (MO) and the
corresponding orbital energy, respectively.

F̂i = ĥi +

N
∑

(Jˆj − K̂j )

(2.11)

j

Considering that the Fock operator depends on all the occupied MOs, thus,
each MO in Eq.(2.11) is determined by all the other MOs. Consequently, the
8
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Hartree-Fock equation can be considered as a kind of non-linear equations, and
it can be solved iteratively. Such iterative method is called as ”self-consistent
ﬁeld” (SCF). The SCF method initializes a set of trial MOs to construct the Fock
operator, by substituting these assumed MOs into Eq.(2.10), a new set of MOs
would be generated. Then one can substitute the new generated MOs into the
Hartree-Fock equation again to obtain another new set of MOs. The iterative loop
will be terminated when the required convergence is achieved. After that, the HF
equation is solved in a self-consistent way. The computational costs for the HF
method are at the order of O(N 4 ).
HF theory and SCF method are cornerstones in ab initio quantum chemistry, from which we can obtain the electronic structures of atoms and molecules.
Theoretically, the HF wave function can cover ∼99% of the total energy, and the
missing ∼1% is the correlation energy, which is vital for description of chemical
phenomena, such as the estimation of bond energy, excitation energy, the reaction barrier in chemical reactions, and etc. To improve the HF treatment, several
approaches named as the post Hartree-Fock methodology are developed, such as
the Conﬁguration Interaction (CI) 55,56 , Møller-Plesset Perturbation Theory (MPn) 55,57,58 , Coupled Cluster (CC) method 59–61 , and so on. However, these higher
level methods require much more computational resources. For example, the computational costs for MPn are higher than the order of O(N 5 ) and it is even higher
than O(N 6 ) for CI and CC method. Obviously, the post Hartree-Fock methods
are not feasible for the large-sized systems.

2.3 Density Functional Theory
Density functional theory (DFT) is one of the most eﬃcient method to study the
ground state properties of many-electron system, which has obtained a great success in many areas, such as solid state physics, computational chemistry, and material science. With this method, we can predict a system’s structural, magnetic,
and electronic properties by theoretical computations. The signiﬁcant improvement in DFT is the introduction of a basic variable — the electron density ρ.
Using an electron density to describe the many-body eﬀect of electron correlation
can remarkably reduce the computational cost to O(N 2 ) ∼ O(N 3 ).
2.3.1 Thomas-Fermi-Dirac Model
In 1927, Thomas 62 and Fermi 63 independently proposed a statistical model to approximate the electron distribution. In this model, electrons are regarded as a kind
9

CHAPTER 2. THEORETICAL BACKGROUND

of noninteracting particles and the system is considered as a homogeneous electron
gas. Consequently, all properties of the system can be expressed as a functional of
electron density. Similar to Hartree-Fock approximation, the energy functional also
comprises three parts, the electronic kinetic energy (T [ρ]), the attraction between
the nuclei and electrons (Ene [ρ]), and the electron-electron repulsion(Eee [ρ]). However, their models omit the electron exchange and correlation interactions, and thus
the Eee [ρ] only includes self-interaction, that is, the coulomb interaction (J[ρ]). In
1930, Dirac 64 modiﬁed the Thomas-Fermi (TF) model by including the exchange
term (K[ρ]) and then derived Thomas-Fermi-Dirac (TFD) model. Accordingly,
the energy functional for the Thomas-Fermi-Dirac approximation is written as 52 ,

ET F D [ρ] =TT F [ρ] + Ene [ρ] + J[ρ] + K[ρ]
∫
∫ ∑
∫∫
M
5
3
ZA
1
ρ(⃗
r1 )ρ(⃗
r2 )
2 23
= (3π )
ρ 3 (⃗r)d⃗r −
ρ(⃗r)d⃗r +
d⃗
r1 d⃗
r2
10
r
2
|⃗
r
⃗
iA
1−r
2|
A=1
∫
4
3 3 1
− ( ) 3 ρ 3 (⃗r)d⃗r
4 π
(2.12)
Although the exchange interaction is incorporated into the TFD model, the
poor description of the kinetic and exchange energies makes it still not a satisfactory model due to the uniform electron gas assumption.

2.3.2 Hohenberg-Kohn Theorem
In 1964, Hohenberg and Kohn proposed two important theorems for the inhomogeneous electron gas with a non-degenerate ground state 65 , known as HohenbergKohn (HK) theorems, which became the heart of DFT.
HK theorem I: The external potential vext (⃗r) is a unique functional of the electron
density ρ(⃗r).
HK theorem II: The ground state energy can be obtained by a variational method:
the electron density ρ(⃗r) that minimizes the total energy is the exact ground state
density.
According to the HK theorems, the energy functional can be written as,
E[ρ] = F [ρ] + Ene [ρ]
10
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where,
F [ρ] = T [ρ] + Vee [ρ]
∫∫
1
ρ(⃗
r1 )ρ(⃗
r2 )
Vee [ρ] =
d⃗
r1 d⃗
r2 + Enon cl [ρ] = J[ρ] + Enon cl [ρ]
2
|⃗
r1 − r⃗2 |
∫
Ene [ρ] = ρ(⃗r)υext d⃗r

(2.14)

where F [ρ] is the universal function, including the electron kinetic energy T [ρ] and
the electron-electron repulsion energy Vee [ρ]. Enon cl [ρ] is a nonclassical part which
contains all the eﬀects of self-interaction correction and exchange and coulomb
correlation. However, HK theorems only give an abstract deﬁnition for the kinetic
energy and the nonclassical term, while the explicit form for the universal function
F [ρ] is unknown, which makes the scheme is not useful for actual calculations.

2.3.3 Kohn-Sham Theory
Kohn and Sham proposed a new method, the Kohn-Sham (KS) approach 66 , to
evaluate the kinetic energy by dividing it as two parts. The major part is the total
kinetic energy of a noninteracting system with a real interacting system’s density
and the minor part is the kinetic correction energy. Here, the correction term
is equal to the energy diﬀerence between the real kinetic energy and the kinetic
energy of the noninteracting electrons.
The KS model is close to the independent particle model. Consequently,
the total wave function of the noninteracting system can be expressed by a Slater
determinant of orbitals, which is similar to the independent particle approximation
in the HF method. The density for this system can be expressed by a set of single
particle orbitals,

ρ(⃗r) =

N
∑

fj |ϕj (⃗r)|2

(2.15)

j=1

where ϕj (⃗r) is the KS orbital, and fj is the occupation number of j-th orbital.
It should be noted that the KS orbital is not a real MO, it is just a mathematical approximation for the MO. Generally, the KS orbital is formed by a linear
combination of basis sets. The widely used basis set in the periodic system is the
plane-wave basis set 52 .
11

CHAPTER 2. THEORETICAL BACKGROUND

Then, the Kohn-Sham kinetic energy can be written as,

TS [ρ(⃗r)] =

N
∑

1
⟨ϕj (⃗r)| − ∇2 |ϕj (⃗r)⟩
2
j=1

(2.16)

Subsequently, a general DFT energy expression for the interacting system
could be given as,
EDF T = TS [ρ] + Ene [ρ] + J[ρ] + Exc [ρ]

(2.17)

where Exc [ρ] is the exchange-correlation energy, containing the kinetic correlation
energy, potential correlation energy, and the exchange energy, its expression can
be written as,
Exc [ρ] = T [ρ] − TS [ρ] + Eee [ρ] − J[ρ]

(2.18)

Since there is a restriction for the system with a given number of electrons
(N),

∫
ρ(⃗r)d⃗r = N

(2.19)

Based on the restricted condition (Eq.2.19), and together with the Eq.2.17,
one can get an Euler equation (Eq.2.20) by using the Lagrange’s method,
δT [ρ]
+ υext +
δρ

∫

ρ(⃗
r2 )
δExc [ρ]
d⃗
r2 +
=µ
|⃗
r1 − r⃗2 |
δρ

(2.20)

where µ is a Lagrange multiplier, representing chemical potential of the electrons.
Considering that the noninteracting electrons in the ﬁctitious system move in
an eﬀective potential υs , the Euler equation under this condition becomes
δT [ρ]
+ υs = µs
δρ

(2.21)

According to the HK theorem I, the external potential is only determined by
the electron density. Therefore, the external potential in the exact system and the
ﬁctitious system should be the same due to the adopted same electron density.
Then, the eﬀective potential υs is expressed as,
∫
υs = υext +

δExc [ρ]
ρ(⃗
r2 )
d⃗
r2 +
= υext + υcoul + υxc
|⃗
r1 − r⃗2 |
δρ
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(2.22)

2.3. DENSITY FUNCTIONAL THEORY

Here, the many-body problem can be addressed by solving N one-electron
Schrödinger equations of the noninteracting system, namely Kohn-Sham equations 66 ,
1
[− ∇2 + υext (⃗r) + υcoul (⃗r) + υxc (⃗r)]ϕj (⃗r) = εj ϕj (⃗r)
2

(2.23)

Now, the only unknown expression under the frame of HK theorem is the
exchange-correlation term Exc . Once the υxc is given, one can obtain the KS
orbitals by the SCF method, the electron density and the energy of the exact
system are then determined.
2.3.4 Exchange-Correlation Functionals
To solve the KS equation and make the DFT theory to be used in practical calculation, several approaches to the exchange-correlation (XC) functionals have been
proposed and developed. So far, there is no a universal XC functional for all systems to calculate the properties what we are concerned, and all the approaches
have their own limitations. Thus, we should have a general understanding of the
cons and pros about these approximations, and then choose a suitable functional
for the target system. In general, there are three popular approximations in current
calculations, including the Local Density Approximation (LDA), the Generalized
Gradient Approximation (GGA), and the Hybrid Functionals.
Local Density Approximation
LDA is the simplest approximation, in which the XC functional only depends on
the electron density. Its exchange part adopts the Dirac formula 64 for the uniform
electron gas and the correlation part is determined by the quantum Monte Carlo
method 67 , by Vosko et al. 68 and by Perdew et al. 69 . LDA approximation is suitable
for the system with a slowly varying electron density, such as simple metals. For
the molecular system, it will underestimate the exchange energy by ∼ 10% while
the electron correlation is overestimated by about 2 times, as a consequence, its
bonding energy is overestimated by ∼ 100kJ/mol 52 . For a solid system, LDA tends
to overestimate the bond strength and the cohesive energy, but underestimates the
lattice parameters and energy gaps in semiconductors and insulators.
Generalized Gradient Approximation
GGA approximation is an improvement based on the LDA approximation, which
introduces the ﬁrst derivative of the density (∇ρ) into the exchange and correlation
terms, and then the modiﬁed XC functional not only depends on the density but also the density gradient. Generally (not always), GGA could give a better chemical
13
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accuracy than LDA in predicting bond dissociation energy and the transition-state
barrier. As a result, it is more appropriate for us to study the catalytic reactions.
By now, many GGA functionals have been developed, and the two most widely
used functionals implemented in Vienna ab initio simulation package (VASP) 70,71
are PW91 by Perdew et al. 72 and PBE by the Perdew-Burke-Ernzerhof 73 .
Hybrid Functionals
Hybrid functional is an improvement upon the original LDA and GGA functionals,
in which it introduces a portion of HF exchange energy in the exchange term.
Accordingly, the new exchange term comprises the exact HF exchange energy and
local or semi-local DFT exchange energy. Inclusion of self-interaction-free HF
exchange term, the hybrid DFT method could partly reduce the self-interaction
error (SIE). This error is a common problem in DFT method, originating from
the not exactly cancelled coulomb repulsion from itself. In general, SIE is not
be a problem for most systems. However, the eﬀect of SIE on localized states is
critical. For such systems, the self-interaction corrections should be considered
to give a more accurate description of the corresponding electronic structures. It
should be noted that the introduction of HF exchange energy is computationally
expensive, accordingly, the increased computational cost hindered the application
of the hybrid DFT methods in larger system. The general expression for the hybrid
functional method is given as,
Exc = αExexact + (1 − α)ExDF T + EcDF T

(2.24)

where the parameter α is a percentage content for the HF exchange energy, taking
values around 20-25%. The most famous hybrid functional is the three-parameter
B3LYP functional 74,75 , and it was widely used in molecular quantum chemistry,
although it fails for metals. In one of our recent work on the electronic structure
of hybrid triangular (BN)x Cy foams 76 (the Paper I not included in the thesis),
we have examined the diﬀerence in the predicted band structure from the B3LYP
hybrid functional and the PBE functional. As depicted in Fig. 2.1, the predicted
band gap is 1.26 eV by the PBE functional, while the value obtained by the
B3LYP hybrid functional is increased to 2.95 eV. Additionally, the predicted band
structures for the valence bands by both PBE and B3LYP are similar to each other,
and the main diﬀerence is the conduction bands upshift rigidly, which lead to a
larger band gap. Another typical hybrid functional is the Heyd-Suseria-Ernzerhof
(HSE) functional 77–79 , in which it involves an adjustable parameter ω to control
the extent of short-range interactions, it also could give a better description of
electronic structure. It’s worth noting that, the HSE functional in general shows
better performance for metals in comparison with the B3LYP functional, although
14
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Figure 2.1: Band structures of the triangular BN foam obtained by diﬀerent
functionals: (a) GGA-PBE functional; (b) B3LYP hybrid functional. Γ(0.0, 0.0,
0.0), A(0.0, 0.0, 0.5), H(-0.333, 0.667, 0.5), K(-0.333, 0.667, 0.0), M(0.0, 0.5,
0.0), and L(0, 0.5, 0.5) refer to special symmetry points in the ﬁrst Brillouin zone.
c
Reprinted from J. Phys. Chem. C, Ref. 76 . Copyright ⃝2014
American Chemical
Society.
Table 2.1: The Predicted Band Gaps for SiO2 nanotubes by diﬀerent functionals.
PW91 (eV) HSE06 (eV)
SiO2 -3
SiO2 -4
SiO2 -5
SiO2 -6
SiO2 -7

6.12
5.91
5.98
5.79
5.76

7.84
7.61
7.68
7.56
7.50

they are comparable for most molecular systems. Table 2.1 is the result from my
previous investigation about the eﬀect of HSE functional on the band gap of SiO2
nanotubes 80 . It can be clearly seen that the predicted band gaps obtained by
hybrid HSE06 functional are larger than that by PW91 functional. To ﬁnd out
the accuracy of the hybrid HSE06 functional calculation, I also calculated the band
gap on the bulk alpha-quartz for SiO2 as a test, the predicted value is found to be
8.56 eV that is very close to the experimental value of 9.00 eV. These cases indicate
that the hybrid functional could improve the description of electronic structure and
give a relatively accurate value for the band gap, but this accuracy comes with
high computational costs. In my studies, I usually only use the result from one
kind of hybrid functionals for one particular structure as the reference.
Advanced Density Functional theory with the van der Waals correction
The van der Waals interaction describes the interaction between atoms and molecules,
15
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it belongs to the intermolecular interaction. Compared with chemical bonding, van
der Waals interaction is much weaker. However, such weak interaction becomes
important in the description of physisorbed systems, such as layered materials
and biological macromolecules. The traditional GGA and LDA fail to describe
this long-range interaction, leading to underestimated binding energies and overestimated intermolecular distances. In the past decade, several new specialized
approximations have been developed within DFT 81–88 to take this kind of weak
interactions into account. Currently, two methods are successfully implemented
in VASP, that are, Grimme’s DFT-D2 method 86 and the van der Waals density
functional (vdW-DF) of Dion et al. 88 . Their performances have been tested in
diﬀerent systems 89–92 .
For the Grimme’s DFT-D2 method, the total energy of the system is a summation of the self-consistent Kohn-Sham energy (EKS−DF T ) and a semiempirical
correction term for the dispersion interaction(Edisp ):
EDF T −D = EKS−DF T + Edisp

(2.25)

The dispersion term is given by the formula

Edisp = −s6

Nat ∑
Nat
∑
C ij
6

i=1 j=1

6
Rij

fdmp (Rij )

(2.26)

where the summations are over all atoms, s6 is a global scaling factor, C6ij is
the dispersion coeﬃcient for the atom pair ij, Rij is the distance between atom i
and atom j, and fdmp (Rij ) is a damping function which can be described by the
following expression,
fdmp (Rij ) =

1
1+

e−d(Rij /Rr −1)

(2.27)

where Rr is the vdW radii.
For the vdW-DF method, the correlation energy is partitioned into two parts,
Ec [ρ] ≈ EcLDA [ρ] + Ecnl [ρ]. Here, Ecnl [ρ] is the non-local correlation energy based
on interacting electron densities, and its simplest form can be expressed as,
Ecnl

1
=
2

∫
d3 r1 d3 r2 ρ(⃗r1 )ϕ(⃗r1 , ⃗r2 )ρ(⃗r2 )

(2.28)

where ϕ has a given, general function that depends on ⃗r1 − ⃗r2 and the density ρ
at ⃗r1 and ⃗r2 .
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2.13

2.15

(a)

(b)

Figure 2.2: Optimized structure of propane molecule on the single-Pd-doped Cu55
cluster by diﬀerent functionals: (a) vdW-DF functional (b) PBE functional.

Here, we employed the vdW-DF functional to predict the adsorption structure
of propane molecule on the single-Pd-doped Cu55 cluster to evaluate the eﬀect of
the weak van der Waals interaction, the optimized structure is shown in Fig. 2.2a,
and the optimized structure obtained by PBE functional is also given in Fig. 2.2b
as a comparison. As illustrated in Fig. 2.2, the adsorption conﬁgurations obtained
by both PBE and vdW-DF functionals are similar, the diﬀerence is the intermolecular distance between propane and the single-Pd-doped Cu55 cluster. With
the van der Waals correction, the distance between the Pd atom and its nearest
H atom is 2.13 Å, which is only about 0.02 Å shorter than the PBE result, giving
a slighter improved optimized conﬁguration. The predicted adsorption energy is
also improved, the value predicted by vdW-DF functional is 7.4 kcal/mol while it
is 2.4 kcal/mol obtained by the PBE functional. If we performed a vdW-DF single
point calculation based on the PBE-optimized structure, then the underestimated
adsorption energy could be increased to 7.3 kcal/mol, which is almost the same
as the vdW-DF-optimized result. Apparently, this correction mainly aﬀects the
adsorption energy rather than the adsorption conﬁguration. Therefore, further
optimization of the adsorption structure is not necessary in this study.
Since the long-rang van der Waals interaction can inﬂuence the molecule’s
adsorption energy, can it also inﬂuence the reaction barrier heights? In Paper III,
we found that the van der Waals interactions could indeed inﬂuence the reaction
barriers for the C-H activation to some extent. For example, with the correction
of vdW-DF functional, the diﬀusion barrier for the detached H atom is reduced
to 2.5 kcal/mol, which is 1.3 kcal/mol lower than the corresponding PBE result.
The predicted energy barrier for the further C-H bond activation is increased from
10.0 to 12.6 kcal/mol after the inclusion of the van der Waals correction. Based on
these results, we conclude that although van der Waals interactions could eﬀect the
17
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relative reaction barrier heights, but this inﬂuence is less signiﬁcant, their relative
heights can mainly be determined by the PBE calculations. Consequently, the
conclusions from PBE calculations still hold even when van der Waals corrections
are included.
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Transition State Search Method

The transition state of a chemical reaction is a particular structure along the
reaction coordinate, which corresponds to a ﬁrst-order saddle point along the
”minimum-energy path” (MEP) on the potential energy surface (PES) and dominates the reaction rate. Transition-state search is quite common and important
for the theoretical catalysis in chemistry and in condensed matter physics. MEP
is the path downwards from the reactant to the product, and it can help us to
understand the energetics of the whole reaction process. Various methods for the
saddle-point searching have been developed 93 , and the most popular and eﬃcient ﬁrst-principles computational strategies for the surface catalysis, including the
Nudged Elastic Band (NEB) Method 94–96 and the Dimer method 97 , have been
implemented in VASP.

3.1 Nudged Elastic Band Method
3.1.1 Regular Nudged Elastic Band Method, NEB
The NEB method is employed for ﬁnding saddle points and MEP between two energy minima: the known reactant and product. The working mechanism for this
method comprises linear interpolation of a set of images between the two minima,
connection of these images together with springs (forming an elastic band), and
then minimizes the energy of each image. Traditional elastic band (EB) method
may suﬀer from two problems: the sliding-down problem and the corner-cutting
problem 94 . When a smaller spring constant (for example k=0.1) is used to describe
the spring force, the true potential force along the path makes the images tend
to slide away from the barrier region, giving a low resolution within the saddle
point region, which is how the ﬁrst problem occurs. The second problem is caused
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by a higher spring constant. For example, when the spring constant equals to
1, the elastic band is too stiﬀ to relax to the saddle point, and the spring force
perpendicular to path drives the images to deviate from the true MEP and thus
the saddle point region is missed. Obviously, the spring constant has a strong
eﬀect on the result, thus the choice of an appropriate spring constant is important. Unfortunately, it is not possible to choose a spring constant to solve the
problems mentioned above at the same time. That is why the ”nudging” method
has been developed, which introduces a force projection scheme to project out the
perpendicular component of the spring force and the parallel component of the
true potential force. Then, the competitive relation between the spring force and
the true potential force is eliminated. Now, the total force on each image in NEB
method is the sum of the true potential force perpendicular to the local tangent
and the spring force along the local tangent. Once the energies of these interpolated images minimized, that is, the artiﬁcial elastic forces are equal to zero,
the mimicked elastic band is the true MEP. The schematic description of NEB
method is given in Fig. 3.1. The initial and ﬁnal states are labelled as r0 and rn ,
respectively. The linearly interpolated image rm (m=1,2,...,N-1) is constructed by
rm =r0 +m/n(rn −r0 ).

Figure 3.1: Schematic of NEB method. The linear interpolation as the initial
constructed pathway, two optimization steps during the simulation, and the fully
optimized pathway are shown. Reprinted from Proc. Natl. Acad. Sci., Ref. 98 ,
c
Copyright ⃝2005
National Academy of Sciences, U.S.A.
Although NEB method could alleviate the two problems caused by the EB
method, it still has its own shortcomings. The major drawback is that the tran20
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Figure 3.2: Comparison of the results obtained by the regular NEB and the CINEB method for CH4 dissociation on Ir(111) surface. Reprinted from J. Chem.
c
Phys., Ref. 95 , Copyright ⃝2000
American Institute of Physics.
sition state is not always located in the images. To obtain the transition state,
one way is to simply increase the number of images around the saddle point region, another way is to use the climbing image NEB (CINEB) or dimer method as
described below.
3.1.2 Climbing Image Nudged Elastic Band Method, CI-NEB
CI-NEB method is a small modiﬁcation to the NEB method, in which the image
with the highest energy is identiﬁed as climbing image (imax ) and located at the
saddle point. This image is treated particularly that it does not feel the spring
force and the true potential force along the path is inverted. Now, the force acting
on imax is given by 95
Fimax = −∇E(Rimax ) + 2∇E(Rimax )|∥

(3.1)

where E is the system’s energy, R represents the position of the intermediate image
and ∇E(Rimax )|∥ is the opposite of the true potential force parallel to the elastic
band.
The reversed force can make the climbing image to an energy minimum in
all directions perpendicular to the path and an energy maximum along the path.
Therefore, as long as the climbing image converges under this condition, it would
be the exact saddle point. It should be noted that the image spacing is no longer
equal in CI-NEB method due to the fact that the climbing image is not subjected
to the spring force. Henkelman et al. 95 gave an example about the CH4 molecule
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Figure 3.3: Comparison of the obtained pathway of the further dehydrogenation
of propane molecule from 1-propyl specie on ’Pd3-E’ by CI-NEB calculations with
diﬀerent number of images: (a) four images (b) six images.
dissociated on the Ir(111) surface for comparing the calculated results from NEB
and CI-NEB method, as shown in Fig. 3.2. Both methods involve eight images,
and the computational costs are more or less the same. In particular, the CINEB method only needs less than 10% more additional computational costs than
the NEB method according to their study. It can be seen clearly from Fig. 3.2
that NEB gives a low resolution of the saddle point region and underestimates
the activation energy. On the contrary, with the CI-NEB method, it is possible
to locate the climbing image at the saddle point and to give a precise barrier.
Obviously, CI-NEB method is better than the regular NEB method in searching
transition state, which makes it be a more appropriate choice for us to study the
chemical reaction and to ﬁnd the corresponding transition state.
Generally, there is only one transition state along the reaction pathway in
a simple reaction, and usually four images are enough to describe the MEP and
obtain the exact saddle point. However, every rule has its exception. For example,
in Paper III, I ﬁrst tried to use four-image to explore the MEP for the further
C-H bond cleavage from propyl species. Unfortunately, the calculation for the
four-image computation was not converged even I decreased the convergence precision and increased the number of ionic steps. Then, I increased the number of
images to see whether it could ﬁnd the transition state. By increasing the number
of images to six, the CI-NEB calculation was converged and the corresponding
transition state was ﬁnally located at the highest point. This exception is well
illustrated in Fig. 3.3, in which four and six images were used to explore the dehydrogenation pathway for the further C-H bond cleavage by CI-NEB calculations.
For a more complex reaction, two or more transition states may exist, the searching process is relatively more complicated. The existing CI-NEB method can only
22
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(a)

(b)

Figure 3.4: Comparison of the obtained pathway between six-image (a) and
twelve-image (b) CI-NEB calculations. The left part of the ﬁgure is reproduced
c
from J. Phys. Chem. C, Ref. 99 . Copyright ⃝2014
American Chemical Society.
specify one image that has the highest energy as the climbing image, to locate the
second transition state, one can simply increase the number of images to locate
this transition state or do another CI-NEB calculation between two intermediate
states around the unlocated saddle point region based on the obtained result. Fig.
3.4 is an example of two transitions which explores the hydrogenation pathway
for the adsorbed C2 H4 F proceeds to the ﬁrst C2 H5 F on Pt-coated tip under the
hydrogen/ethylene mixture atmosphere. As shown in Fig. 3.4a, one can see that
there exists a transition state between the image-2 and image-3. To locate this
transition state and estimate the whole reaction process, we gradually increased
the number of images from six to twelve in terms of the ﬁrst way, and ﬁnally,
these two transition states were both located (as shown in Fig. 3.4b). However,
this explore process costs a lot of computational resources. Through these case
studies, one can see that a good and rational guess for the reaction pathway is
very important in CI-NEB calculations, and some test calculations are necessary
for saving the computational cost.

3.2 The Dimer Method
The dimer method is a transition-state search approach for the unknown reaction
mechanism. The advantage for this method is its eﬀectiveness due to the fewer
images required for the calculation and the ﬁnal structure is not needed to know for
performing the calculation. Except for ﬁnding the possible saddle points on a MEP,
it can also be used to reﬁne a good guess of a transition structure obtained by NEB
method. The dimer method works by moving a pair of images (named as ”dimer”)
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1.47

1.46

(a)

(b)

Figure 3.5: Comparison of the obtained transition state for the H2 dissociate
at the single-Pd-doped Cu55 cluster by diﬀerent methods: (a) Dimer method (b)
CI-NEB method.
uphill from the initial position to search a nearby saddle point on the potential
energy surface. Each move contains two movements: rotating and translating
the dimer. Each step when the dimer is displaced, the rotational force (the net
force on the two images) will make the dimer rotate and to ﬁnd the direction of
lowest curvature. As the dimer rotated to its lowest curvature direction, the net
translational force will bring the dimer to a minimum. Since the saddle point is
a maximum along the lowest curvature direction, an eﬀective force is introduced
to avoid this problem, which can make the dimer translate to the eﬀective force
direction and bring the dimer to the saddle point. The eﬀective force here is deﬁned
as the opposite of the force component along the dimer, which is similar to that
in CI-NEB method.
However, this transition state search method is highly relied on the initial
guess for the orientation of the dimer, diﬀerent initial direction may lead to diﬀerent
saddle point. For example, if a dimer starting from the initial basin which is
surrounded by other saddle point basins, the dimer method may not be able to
ﬁnd the expected saddle point but its adjacent saddle point. A general way to
use the dimer method in VASP for ﬁnding the saddle point usually starts from an
NEB calculation, from which the initial conﬁguration and direction along the dimer
could be generated as a starting point for the dimer method. This pre-calculation is
beneﬁcial for the subsequent search process. Fig. 3.5 shows the obtained structure
of the transition state from both Dimer (Fig. 3.5a) and CI-NEB (Fig. 3.5b)
methods. One can see that the distance between the two dissociated H atoms in
the transition state is almost the same. Compared with the CI-NEB method, the
dimer method requires fewer images, so it would be relatively more eﬃcient. If
one wants to do a higher energy cutoﬀ or a ﬁner k-point mesh test based on the
obtained transition state by CI-NEB method, the dimer method would be a good
choice.
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Chapter 4

Basic Theory in Heterogeneous Catalysis

Heterogeneous catalysis is an important branch in catalysis. Generally, chemical
reactions involved in the heterogeneous catalysis occur on surfaces. If we take the
catalytic reaction of gaseous reactants on a solid surface as an example, the whole
reaction usually consists of four steps: the adsorption of gaseous reactants on the
catalyst or the catalyst support, the diﬀusion of the adsorbed species along the
surface towards the active site of the catalyst, the surface reaction of adsorbed
species, and the desorption of products into the gas phase. Among these steps, the
activation energy is a key factor to determine how fast can each elementary step
proceed. A high activation barrier corresponds to a slow reaction rate, and vice
versa. A catalyst is such a substance to lower the activation energy to accelerate
the chemical reaction. To get an insight into the role of catalyst in a chemical
reaction and build the relationship among adsorption energy, transition-state energy, d band center, and catalytic activity, several theories and concepts have been
developed. Now, we can use these theoretical methods to screen and design new
catalysts with high activity and selectivity by engineering the catalyst’s electronic
structure or changing its compositions.

4.1 Brønsted-Evans-Polanyi relation
The Brønsted-Evans-Polanyi (BEP) relation is a linear relationship between kinetic properties (activation energies) and thermodynamic properties (reaction enthalpies) for the reactions belonging to the same family 100,101 , and its expression
could be written as,

Ea = E0 + α∆H
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where Ea is the activation energy for each elementary reaction within the family,
E0 and α are constants in this family, acting as the intercept and slope of this BEP
relation, respectively, and ∆H is the enthalpy change of each elementary reaction.
Currently, the BEP relation and its derived form are widely used in heterogeneous catalytic systems, and it holds well for most surface reactions. The applicability of the BEP relation has been justiﬁed by many groups from ﬁrst principles
calculations. Its ﬁrst application to the surface-catalyzed reaction was conducted
by Pallassana and Neurock 102 , and they correlated the activation energies with
the corresponding reaction energies to analyze the hydrogenation and dehydrogenation of ethylene over diﬀerent Pd overlayer surfaces. Similar BEP correlation
was reported by Michaelides et al. 103 for about ﬁfty typical dissociation reactions
on the surface. Other alternative BEP forms such as the linear relationship between the transition state energy with the ﬁnal state energy 104 , the correlation
relation of the activation energy with the dissociative chemisorption energy 105 ,
were also proposed. Fig.4.1 shows the BEP relation for CO dissociation over the
transition-metal surfaces, in which the activation energy for CO dissociation is
linearly related to the CO dissociation energy.

Figure 4.1: The Brønsted-Evans-Polanyi relation for CO dissociation over transic
tion metal surfaces. Reprinted from Nat. Chem., Ref. 22 , Copyright ⃝2009
Nature
Publishing Group.
Experimentally, the activation energy can be derived by the Arrhenius equation (Eq.(4.2)),
Ea

k = Ae− RT
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where k is a rate constant, A is a frequency factor or pre-exponential factor, Ea
is the activation energy, R is the gas constant, and T is Kelvin temperature,
respectively. Here, the product of R and T is considered as the average kinetic
energy.
Taking the logarithms for both sides of Eq.(4.2), the Arrhenius equation can
be rewritten in a non-exponential form,
ln k = ln A −

Ea
RT

(4.3)

Based on the rewritten Arrhenius equation, the activation energy can be conveniently estimated by the following derived form at only two temperatures,

Ea =

R ln kk21
1
T1

−

1
T2

(4.4)

When the kinetic data is lacking or unavailable for the complex reaction experimentally, how can we estimate the activation energy? Here, the BEP relation
oﬀers an eﬃcient way to address this problem by linking activation energy to the
reaction energy or the adsorption energy, which are more accessible to obtain experimentally or by ﬁrst principles calculations theoretically.

4.2 Volcano Curve
Volcano curve is one of the most fundamental concept in heterogeneous catalysis,
which is originated from the Sabatier principle. This principle states that the
interaction between the catalyst surface and the reactant shouldn’t be neither
too weak nor too strong, but ”just right”50 . If the interaction is too weak, it is
hard for the reactant to be adsorbed, then the activation of the reactant would
be the rate-limiting step. On the contrary, a too strong interaction may make
the adsorbates unable to desorb from the catalyst surface and block the catalyst,
then the catalyst becomes deactivated as a consequence, and then the rate-limiting
step is to regenerate a reactive catalyst surface. Plotting the overall reaction rate
against the interaction energy, one can get a curve with a shape of triangle, which
looks like a rough volcano, that is why it has been called volcano curve.
Generally, the volcano curve describes the relation between catalytic activity
and a certain kind of that describes the interaction between the reactant and the
catalyst, such as the heat of formation or adsorption, or even be the position
of the catalyst in the Periodic Table. This property is often called a descriptor,
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which is useful in catalyst design through a screening approach. An example of
one kind of volcano curve for the methanation rate over transition metal surfaces
was given in Fig.4.2. The top of the volcano curve corresponds to the highest
activity. Therefore, according to this volcano relation, ruthenium and cobalt are
most closest to the top of the volcano, becoming the best choices of catalyst in
this case.

Figure 4.2: The measured volcano curve for the methanation rate over transition
c
metal surfaces. Reprinted from Nat. Chem., Ref. 22 , Copyright ⃝2009
Nature
Publishing Group.

4.3 D Band Center Theory
The d band model 16–18 is a famous and powerful model to understand bond formation and predict the origin of catalytic trends for the transition and noble metals in heterogeneous catalytic reactions, which correlates the interaction strength
between the metal surface and the adsorbate with the energy average of the d
electrons, that is, the d band center εd .
For a transition metal, it has a broad s band and a narrow d band formed
by the valence states of the surface atoms. The interaction between the adsorbate
and a transition metal surface can be considered as that the adsorbate’s energy
level interacts with the electronic states of the transition metal surface, resulting
a splitting of the adsorbate level into a bonding and an antibonding parts, as illustrated in Fig.4.3. The adsorption energy for the adsorbate could be divided
into two parts: the ﬁrst part is the interaction with the s-band and the p-electrons
of the transition metal, and the second part is the contribution from the d band
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Figure 4.3: Energy diagram of the interaction between two electronic states: (a)
The case for two sharp atomic or molecular states (b) The interaction between
one state of the adsorbate and a transition-metal surface. Reprinted from Nature,
c
Ref. 16 , Copyright ⃝1995
Nature Publishing Group.
interaction, as shown in Fig.4.4. When the local density of states at an adsorbate interact with the broad s band of the transition metal, the adsorbate state
broadens and shifts, and it only has a single resonance at the bottom of the band.
This kind of interaction refers to a ”weak chemisorption”. The contributions from
this ”weak chemisorption” to the bond energy are almost the same among all the
transition metals, and the only diﬀerences for these transition metals are the second contribution as mentioned above for the adsorption energy, the interaction
between the adsorbate and the transition metals’ d states. Coupling with the
transition metal d states refers to a ”strong chemisorption”. The degree of the
ﬁlling antibonding states is correlated to the strength of a chemical bond. Generally, the more the antibonding states ﬁlled, the weaker the bond is. For a metal
surface, the energy of the antibonding states relative to the Fermi level determines
the degree of ﬁlling 23 . Since these split-oﬀ antibonding states are above the d
states, we can simply use the energy of the d states (the d band center εd ) as
an indicator of the bond strength. If the εd in energy is higher than the Fermi
level, then the antibonding states are empty, and the adsorption bond would be
strong as a consequence. That is, the higher the position of εd relative to the Fermi
level, the stronger the adsorption becomes. So, the d band model correlates the
adsorbate-substrate chemisorption energy to the position of the d band center εd
well.
Recently, this useful model was applied to Pd/Cu bimetallic nanoparticles to
tune their catalytic activity toward oxygen reduction reaction 108,109 . In Paper II,
the famous d band model was also introduced to study the hydrogen molecule
dissociation reaction catalyzed by the Pd-doped Cu nanoparticles. Results from
the Top-Pd and Edge-Pd are both included. According to the d band model,
the upshift of εd corresponds to an increment of the adsorption energy, this kind
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Figure 4.4: Schematic illustration of the adsorbate energy level couples to the s
and d states of a transition metal surface. Reprinted from Catal. Lett. , Ref. 106 ,
c
Copyright ⃝2005
Springer Science+Business Media.

Figure 4.5: (a) Correlation relation between d band center of the Pd atom
that connects with H2 molecule (εd ) and the corresponding H2 adsorption energy (EadH2 ). (b) Correlation relation between activation energy of H2 dissociation
(Eb (disso)) and H2 adsorption energy (EadH2 ). The green line (blue triangle) refers
to the dissociation at the top site, while the orange line (red triangle) represents
that at the edge site. Reprinted from Phys. Chem. Chem. Phys., Ref. 107 with
permission from the PCCP Owner Societies.
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of relationship is demonstrated in Fig. 4.5a. The correlation relation between
activation energy of H2 dissociation and H2 adsorption energy is plotted in Fig.
4.5b. One can see that the adsorption energy is linearly related with the activation
energy, as the adsorption energy increases the activation energy decreases. It
is worth noting that the data in Fig. 4.5b can be divided into two groups in
terms of the doping pattern of the Pd atoms. Based on the two relationships, one
can conclude that there exists a correlation among adsorption energies, activation
barriers and the d band center εd . Accordingly, the transition metals’ catalytic
properties link with their particular electronic structures. Since the calculation of
the H2 adsorption energy is easier than the activation energy computation, one can
simply predict the activity of the Pd-doped Cu55 cluster towards H2 dissociation
by calculating the corresponding adsorption energy with the aid of existing linear
relationships.
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Chapter 5

Summary of Included Papers

5.1 The Scaling Relations at the Nanoscale

Transition metals (TM) are a very important type of chemical elements in the
periodic table due to their remarkable electronic properties, and they have been
widely used in chemical industries as catalysts. Generally, the TM clusters at
the nanoscale exhibit excellent catalytic activities, which can be ascribed to the
existence of the low-coordinated atoms, the large surface-to-volume ratio, and
the quantum size eﬀect. By changing their composition 110–115 , shape 116–123 , and
size 124–127 , we can tune catalytic properties of these clusters. Experimentally, it is
diﬃcult and time consuming to ﬁnd an appropriate catalyst through a trial-anderror approach. With the aid of the ﬁrst-principles calculations, we can predict
the catalytic activity of potential species and then screen out a desirable catalyst.
However, a thoroughly theoretical treatment for the relatively large TM clusters is
not trivial at present, due to their complicated electronic features and structural
diversities. Alternatively, the exploitation of scaling relations for TM clusters
provides a direct and simple correlation of structure with activity and assists in the
rational design of catalysts for various chemical conversions. Based on extensive
calculations, many novel scaling relations correlating the thermodynamical and
dynamical values with the electronic and structural properties have been developed
for the surface systems 19–23,128–133 . Given these correlation concepts for the surface
systems, we argue that whether there are similar scaling relations for the systems
at the nanoscale.
In this section, I will brieﬂy summarize our computational investigations on
the scaling relations for the binary noble-metal clusters. Here we considered the
three types of polyhedral binary noble-metal clusters with the cuboctahedral and
icosahedral shapes, in which the cluster core is composed of Ag, Cu, and Pd atoms
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Figure 5.1: (a-c) Schematic structures of the three types of binary noble metal
polyhedral clusters. (d-e) Adsorption energies of the CH, CH2 and NH groups
plotted against the adsorption energies of the C and N atoms respectively. The
data from the three types of clusters are all presented here. Reprinted from J.
c
Phys. Chem. C, Ref. 134 . Copyright ⃝2013
American Chemical Society.

while Ag, Au, Cu, Pd, and Pt, were used as the shell and decorating top atoms.
These structures considered here are labeled as (a), (b) and (c), respectively, as
shown in Fig. 5.1. Based on extensive calculations, the dependence of the adsorption energy on compositions, shapes, and sizes has been discussed, and the present
results consist of correlations of the adsorption energies between the AHx groups
and the corresponding A atoms and comparisons of the scaling relations at the
nanoscale and the subnanoscale.
We ﬁrst studied the dependence of the scaling relations on the composition
and the shape of binary TM nanoclusters. The optimized structures reveal that
the C and N atoms, as well as the CH and NH groups, are adsorbed at the hollow
sites, except for the bridge site for the CH2 group. The predicted adsorption
energies of these AHX groups for these polyhedral clusters scale quite well with
the corresponding values of the A atoms, although the composition and the shape
for these polyhedral clusters are diﬀerent. These results demonstrate that a linear
scaling relation holds well at the nanoscale, as shown in Fig. 5.1. We note that in
some cases, the AHX groups and the corresponding A atoms may not connect the
same elements, and thus the scaling relation becomes relatively more complicated.
Here, we take the top-decorated icosahedral clusters as the representative systems
to explore the scaling relations for CH3 , NH2 and OH groups. In such cases,
the most stable adsorption sites for the three groups are all top sites while the
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Figure 5.2: (a) The comparison of the scaling relations for the clusters between
the nano (triangles) and the sub-nano scales (stars). (Inset) The schematic structure of the binary core-shell icosahedral sub-nano cluster. (b) The comparison of
the scaling relations between the nanoclusters (red and blue triangles) and the extended surfaces (orange and green stars). Red and orange denote the adsorption of
CH group, while blue and green are referred to the adsorption of CH2 group. The
data for the extended surfaces comes from the ref. 19 . (Inset) The uniﬁcation of
the scaling relation between the nanoclusters and the extended surfaces using the
intercept diﬀerence estimated from the average value of Ag, Cu, and Pd. Reprinted
c
from J. Phys. Chem. C, Ref. 134 . Copyright ⃝2013
American Chemical Society.
corresponding C, N and O atoms prefer the hollow sites. Therefore, these AHX
groups are bonded with only one noble metal element and the corresponding A
atoms connect with the both two elements. If we plot the adsorption energies of
AHX on the top sites against those of the A atoms on the hollow sites, no clear
trend can be identiﬁed for the correlation. However, if the adsorption energies of
the corresponding A atoms at the top sites are introduced into the correlation, a
linear scaling relation can be obtained. The obtained results indicate that when
we construct the scaling relations for the binary TM systems, the AHX groups and
the corresponding A atoms should connect with the same kinds of elements.
Then we investigated the eﬀect of size on the scaling relation. Here, we chose a
binary core-shell icosahedral cluster composed of 13 atoms as a representative system to study the scaling relation for relatively small particles at the subnanoscale.
As illustrated in Fig.5.2a, the scaling relation in the subnanoscale remains the
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same as compared with that at the nanoscale. For larger systems, we directly used
the data from the extend surfaces as a comparison. The combined results for the
nanoparticles and the extended surfaces are given in Fig.5.2b. The data for the
extended surfaces are taken from the ref. 19 . As can be seen in Fig.5.2b, the two
sets of the adsorption energies for the CH group fall on almost the same line, but
for the CH2 group, the situation is a little bit diﬀerent. The trends for the CH2
group in the nanoparticles and the extended surfaces are almost the same, and
the main diﬀerence is the intercept, which may be attributed to the change of the
local adsorption conﬁgurations from one scale to the other. In the case of the CH
adsorption, the CH group and the C atom locate at the hollow sites and connect
with three noble metal atoms for both scales. However, in the case of the CH2
adsorption, the C atom is located at the hollow site while the CH2 group prefers
the bridge site on the nanoparticle. Note that the bridge site in an extended surface is quite diﬀerent from that in an icosahedral nanocluster. The former is on a
ﬂat surface with no curvature and the latter is on the ridge of the cluster with a
certain curvature. This kind of diﬀerence may lead to a diﬀerent intercept.
Actually, the scaling relation can be written as 19 :
∆E AHX = γ∆E A + ζ

(5.1)

−x 19
where γ is the slope, determined by the valency of the adsorbate (γ = xmax
,
xmax
xmax is the maximum number of the hydrogen atoms that can bond to the atom
A), and ζ is the intercept.

Accordingly, the diﬀerence in the intercept between the nanoparticles and the
extended surfaces can be simply expressed as:
AHX
AHX
A
A
∆ζ = (∆Enano
− ∆Esurf
) − γ(∆Enano
− ∆Esurf
)

(5.2)

Using this approach, we can obtain a series of values of ∆ζ by calculating a
series of systems, and then we average these ∆ζ and get a mean value. The mean
values agree well with the results in Fig.5.2b. By taking into account the diﬀerence
of the intercepts between the extended surfaces and the nanoparticles, we can get
a uniﬁed scaling relation, which is given in the Insert of Fig.5.2b.
In summary, we performed systematical ﬁrst-principles calculations on the
adsorption interactions of AHx groups and A atoms with the binary noble-metal
clusters with diﬀerent compositions, shapes, and sizes, and novel scaling relations
were obtained. The present results show that there are linear scaling relations for
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Figure 5.3: Schematic structure of the icosahedral Cu55 cluster used in our calculations. The two kinds of inequivalent Cu atoms at the shell of cluster, namely
the top atom and the edge atom, are shown in diﬀerent colors. Reprinted from J.
c
Phys. Chem. C, Ref. 135 . Copyright ⃝2015
American Chemical Society.
the nanoscale/subnanoscale systems and they can be uniﬁed with those established
for the extended surface.

5.2 Modeling Heterogeneous Catalytic Reactions
5.2.1 Catalytic activity of the Pd/Cu Single-Atom Catalyst
The single-atom catalyst (SAC) is a newly developed heterogeneous catalyst, which
maximizes the utilization of the noble metal and oﬀers great potential for achieving
high activity and selectivity. In SACs, the single noble-metal atoms are separately
anchored on the support surface or isolated by other low-cost metal atoms 32–37 .
The individual, isolated noble-metal atoms act as the catalytically active sites in
various heterogeneous reactions.
In this section, I will give a brief summary of our studies on selected catalytic
reactions by the SACs. The computational model we constructed for the SAC
nanoparticle was a single-Pd-doped Cu55 cluster with an icosahedral shape, shown
in Fig.5.3. The icosahedral Cu55 cluster with a diameter of about 1 nm is veriﬁed
to be the most stable conﬁguration experimentally 41,42 . As illustrated in Fig.5.3,
the shell of the icosahedral Cu55 cluster comprises two types of inequivalent atoms,
i.e., the edge atom and the top atom. Based on this model cluster, two types of
heterogeneous catalytic reactions were studied here. One is the H2 dissociation as
well as H atom adsorption and diﬀusion involved in the hydrogenation reaction,
and the other is the dehydrogenation of propane to propylene.
Dissociation of H2 and Migration of H Atom
Catalytic hydrogenation reactions are widely used in many industrial processes. In
general, the dissociation of molecular hydrogen is the rate-limiting step in various
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hydrogenation reactions, and many eﬀorts have been made to promote H2 dissociation and the following spillover process 15,28,38,39,136–138 . One of the most famous
work was carried out by a team of researchers at Tufts University 15,38 , and it was
observed that the individual, isolated Pd atoms embedded in a Cu surface can
signiﬁcantly promote the H2 dissociation at the Pd atom sites and the spillover
of resulting hydrogen atoms relatively weakly-adsorbed on the Cu support. Recently, Fu et al. 39 made a deep study on this system to investigate its catalytic
mechanism and active sites. In their research, the active sites of Pd-doped ﬂat and
stepped Cu(211) surfaces for H2 dissociation are the ensembles composed of the
surface and contiguous subsurface Pd atoms. Additionally, they found that the
alloying Pd atoms at the step edge are more eﬀective to promote the dissociation of
H2 molecule. Considering that the nanoparticle usually contains low-coordinated
structures such as steps on their surfaces, it may possess the potential catalytic
activity superior to the extended surface. Such idea has been introduced to prepare Pd-Cu alloy nanoparticles for selective hydrogenation reactions, and a high
selectively catalytic activity was found in the synthesized Pd0.18 Cu15 nanoparticles as we expected 40 . To gain an insight into the catalytic mechanism of the
Pd-doped Cu nanoparticles toward the catalytic reaction, we used a cluster model with 55 atoms to represent such Pd-Cu alloy nanoparticle to investigate the
corresponding catalytic properties by ﬁrst-principles calculations. In this study,
the reaction steps, including the H2 dissociation, H atom adsorption and diﬀusion,
have been systematically investigated, and the eﬀects of doping more Pd atoms on
the catalytic activity have also been studied.
First we investigate the eﬀects of doping one Pd atom on the dissociation of
the H2 molecule. Four typical doping patterns are considered in our calculations,
named as Edge-Pd, Top-Pd, Inner-Pd, and Center-Pd. The corresponding adsorption energies of H2 molecule and the activation energies for H2 dissociation are
given in Table 5.1. The calculations start from the doping at the edge site, several
possible pathways for the H2 dissociation were considered at the beginning, and
ﬁnally we identiﬁed two representative pathways, labelled as a and b, respectively.
We note that the H2 molecule in path a is aligned parallel to the edge between
the two triangles of the {111} facets, while in path b the H2 rotates by 90◦ and is
perpendicular to the edge. The activation energies of the H2 dissociation relative
to the isolated reactants (or their adsorbed states) are -0.01 (0.36) and 0.07 (0.41)
eV for the path a and b, respectively. Since the H2 dissociation along path a is
more easier than the path b, we only take the former into account in the following
part. In comparison with the H2 dissociation on the pure icosahedral Cu55 cluster
at the edge site, doping one Pd atom at the edge site of Cu55 can reduce the activation energy by 0.46 eV, which could signiﬁcantly promote the dissociation of
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Table 5.1: The adsorption energies of H2 molecule (Ead (H2 )), the activation
energies of H2 dissociation (Eb (disso)), and the d band center of the Pd atom that
bonds with the H2 molecule (εd ) for the conﬁgurations of pure and single-Pd-doped
Cu55 nanoparticles. The initial state with H2 molecule being far away from the
cluster is chosen as the zero reference point. Energy barrier values with respect
to the molecular well are also listed in the parentheses. The labels a and b in
the parentheses correspond to the two dissociation pathways. A positive value of
Ead (H2 ) represents an exothermic adsorption. The εd value is not shown if the H2
molecule bonds with a Cu atom.
Ead (H2 ) (eV) Eb (disso) (eV) εd (eV)
1Pd-doped Cu55

pure Cu55

Edge-Pd (a)
Edge-Pd (b)
Top-Pd
Inner-Pd (a)
Center-Pd (a)
Edge-Cu (a)
Top-Cu

0.37
0.34
0.30
0.18
0.09
0.02
0.18

-0.01 (0.36)
0.07 (0.41)
0.65 (0.95)
0.36 (0.54)
0.51 (0.60)
0.45 (0.47)
0.99 (1.17)

-1.24
-1.24
-1.46
-

the H2 molecule. Additionally, it is worth noting that the reduction of activation
energy by this doping pattern is more eﬀective than that on the ﬂat and stepped
Cu(111) surfaces (0.29 eV and 0.05 eV respectively) 39 . Then we consider the H2
dissociation when the Pd atom is doped at the top site. Although the predicted
activation energy for this doping pattern is 0.65 eV, which is even higher than that
on the edge site of the pure Cu55 cluster (0.45 eV), it still reduces the activation
energy to some extent relative to the value at the top site of the pure Cu55 (0.99
eV). The diﬀerent catalytic activities for both doping patterns may be interpreted by the diﬀerence of the local conﬁgurations. The unique conﬁguration of the
icosahedral cluster gives a diﬀerent local structural environment for the edge and
top atoms, in which the edge atom has a better cooperation with its neighboring
Cu atoms for the stabilization of the corresponding transition state. Two other
inter-layer doping patterns are also investigated in this study. As shown in Table
5.1, substituting one Pd atom at the inner layer could slightly reduce the activation
energy from 0.45 to 0.36 eV while doping one Pd atom at the center of the Cu55
cluster will increase the activation energy to 0.51 eV. The present results indicate
that doping a single Pd atom at the edge site of Cu55 shell can considerably reduce
the activation energy of H2 dissociation, while the single Pd atom doped at the
top site or in the inner layers is much less eﬀective.
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A good SAC should weakly bind the resulting H atom and make the diﬀusion
process become facile. To evaluate the catalytic performance for hydrogenation,
the processes involved in the H atom adsorption and diﬀusion are also investigated.
There are two types of hollow sites on the surface of this kind of icosahedral cluster,
i.e., the hcp and fcc sites. The predicted adsorption energies for various hcp and
fcc conﬁgurations range from 2.50 to 2.77 eV, and the adsorption at the fcc is
generally stronger than that at the hcp site. The adsorption energy at the fcc
site is about 0.13 eV higher than that at the hcp site for both pure and single-Pddoped Cu55 cluster, and doping one Pd atom at the edge site of the Cu55 cluster will
increase the adsorption energy by about 0.10 eV. Other adsorption conﬁgurations
with the H atom not directly bonded with the Pd atom at the hcp site on the
single-Pd-doped Cu55 cluster were also studied, and the obtained values are close
to the adsorption energy at the hcp site of pure Cu55 cluster. Clearly, the eﬀect of
Pd atom on the Ead (H) is qualitatively local. Although doping a single Pd atom
does not signiﬁcantly increase Ead (H), the H binding by the nanoparticle is slightly
stronger than that on the Cu(111) surface, for which the predict adsorption energy
of 2.51 eV for both fcc and hcp sites. The relatively higher Ead (H) means that
the H atom is strongly bound with the catalyst. As a consequence, the selectivity
of the hydrogenation reaction is weakened. This problem could be resolved by
increasing the size of cluster. Here, we calculate the adsorption energy on a larger
nanoparticle, the Cu147 cluster. The predicted Ead (H) is remarkably decreased,
and the values are in a region of 2.33-2.48 eV, smaller than that on the Cu(111)
surface. It can be expected that as long as the particle size is appropriate, a weak
adsorption of the H atom could be achieved under the realistic conditions. In this
study, we also investigate diﬀusion of the H atom on the single-Pd-doped Cu55
cluster, and the obtained results indicate that the diﬀusion barrier is relatively low.
Furthermore, the energy release in the previous dissociative adsorption process is
also beneﬁcial for the H atom diﬀusion. Thus, the spillover of the H atom on the
single-Pd-doped Cu55 cluster is feasible.
Inspired by the eﬀect of one Pd atom doping on the catalytic properties towards H2 dissociation, we extended our investigation to the patterns of multiple Pd
doping here. Three diﬀerent types of structures are taken into account. The ﬁrst
type is composed of one edge Pd atom at the surface shell and several contiguous
Pd atoms in the inner layers of Cu55 , denoted as ’Pd2-E’ for two Pd atoms and
’Pd3-E’ for three Pd atoms, the second type contains two nearest-neighbour Pd
atoms on the Cu55 shell, denoted as ’Pd2-S1’ and ’Pd2-S2’, and the third type contains two Pd atoms which are randomly and separately distributed over the cluster,
yielding ’Pd2-R1’-’Pd2-R4’. The predicted energies for adsorption and dissociation of H2 on these multiple Pd doping nanoparticles are compiled into Table 5.2.
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Table 5.2: The adsorption energies of H2 molecule (Ead (H2 )), the activation
energies of H2 dissociation (Eb (disso)) and the d band center of the Pd atom that
bonds with the H2 molecule (εd ) for multiple Pd doping. Energy barrier values with
respect to the molecular well are also listed in the parentheses.
Ead (H2 ) (eV) Eb (disso) (eV) εd (eV)
Pd2-E
Pd3-E
Pd2-S1
Pd2-S2
Pd2-R1
Pd2-R2
Pd2-R3
Pd2-R4

0.48
0.54
0.34
0.37
0.34
0.36
0.35
0.36

-0.20 (0.28)
-0.28 (0.26)
-0.06 (0.28)
-0.06 (0.31)
0.03 (0.37)
-0.03 (0.33)
0.03 (0.38)
-0.02 (0.34)

-1.17
-1.05
-1.24
-1.21
-1.30
-1.31
-1.29
-1.29

As shown in Table 5.2, the ﬁrst type doping has a lower dissociation activation
energy compared with the other two types. In comparison with the value on the
Edge-Pd (-0.01 (0.36) eV), the conﬁgurations that contain two nearest-neighbour
Pd atoms could further decreases the activation energy to some extent, whereas
for the third type, in which the second doping Pd atom has almost no eﬀect on
the activation energy for the H2 dissociation.
In summary, our computational results show that doping a single Pd atom
at the edge site of Cu55 shell can reduce the activation energy for the H2 dissociation remarkably. Although the adsorption of the resulting H atoms on the
55-atom nanoparticle is slightly enhanced compared with the Cu(111) surface, a
larger nanoparticle containing 147 atoms is found to recover the weak binding.
Furthermore, the spillover of the H atoms is found to be feasible due to the relatively low diﬀusion barriers on the Cu support. The present results demonstrate
the eﬀectiveness of the single atom catalyst towards heterogenous hydrogenation.

Dehydrogenation Reaction
The propylene is an important chemical raw material to produce polymers for
making plastic ﬁlms and other industrial products, which is mainly derived from
propane dehydrogenation. Such chemical conversion is a strong endothermic process and takes place only at a high temperature (525-575 ◦ C) 139 , and thus it
requires a considerable high energy input 140 . With the increasing demand for
propylene, designing an appropriate catalyst to make the reaction feasible is high41
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Figure 5.4: Optimized initial states of molecular propane on the single-Pd-doped
Cu55 , pure Cu55 and ’Pd3-E’ clusters. Reprinted from J. Phys. Chem. C, Ref. 135 .
c
Copyright ⃝2015
American Chemical Society.
ly desired. As we mentioned above, the Pd/Cu SAC shows remarkable catalytic
activity towards dihydrogen dissociation, and we wonder if it is applicable to the
dehydrogenation of propane. In this section, we take the single-Pd-doped Cu55
nanoparticle as the single-atom catalyst to investigate its catalytic properties for
selective dehydrogenation of propane by ﬁrst-principles calculations.
Fist we investigate the adsorption of propane at the edge Pd site, several possible adsorption states are considered, and ﬁnally we identiﬁed two representatively
initial states to investigate the dehydrogenation process of propane according to
the its unique adsorption structure and the adsorption energy, as given in Fig.5.4,
labeled as c and e, respectively. The counterparts of conﬁguration c and e are labeled as c’ and e’ on the pure Cu55 cluster, and c” and e” on the ’Pd3-E’ cluster.
As shown in Fig.5.4, the intermolecular distances between propane and the above
mentioned clusters are in the region of 2.03 ∼ 2.40 Å, suggesting that propane is
generally physically adsorbed on the cluster surface.
In general, the initial C-H cleavage could either from the methyl or the methylene group of propane, leading to the 1-propyl or 2-propyl species, respectively.
Based on the diﬀerence in the two chosen initial states, the C-H bond activation
in the methyl and methylene groups should correlate to the conﬁgurations c and
e, respectively, resulting two diﬀerent dehydrogenation pathways. According to
the two starting conﬁgurations, we investigate the dehydrogenation pathways sep42
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arately and the plausible mechanisms are proposed. The relative energy proﬁles
and the optimized structures of diﬀerent reactive states calculated for the catalytic
conversion of propane to propylene are given in Fig.5.5. As illustrated in Fig.5.5,
the activated C-H bond for the transition states (c-TS1 and e-TS1) is elongated to
about 1.8 Å, much longer than the original C-H bond of 1.1 Å in isolated propane.
The predicted barrier for the ﬁrst C-H bond cleavage starting from conﬁgurations
c(e) catalyzed by the Pd/Cu SAC is 24.4(24.7) kcal/mol, which is lower than the
corresponding barrier for the well known V2 O5 catalyst 141,142 and comparable with
other new reported catalysts 143 . In comparison with the pure Cu55 cluster, doping
a single Pd atom in the Cu55 cluster can reduce the corresponding C-H activation
barrier by about 5.8(6.7) kcal/mol, indicating that the doped Pd atom exhibits
remarkable catalytic activity toward the C-H activation. When the propyl species
is formed on the SAC, two possible routes may occur in the following process. One
pathway starts from the direct methylene/methyl C-H bond activation in the corresponding adsorbed propyl group, and the other comprises the weakly adsorbed H
atom diﬀusion on the Cu surface prior to the C-H bond activation. Fig.5.5 shows
the relative energy proﬁles and the optimized structures of diﬀerent reactive states
calculated for the catalytic conversion of propane to propylene. Obviously, the
diﬀusion of the detached H atom on the Cu surface with a low energy barrier is
more favorable than the direct dehydrogenation. Accordingly, the further dehydrogenation follows the second pathway, that is, a multi-step process. Additionally,
we found that the migration of the resulting H atom on the Pd/Cu SAC surface
leads to a more stable dehydrogenation product, indicating the multi-step process
should be facile. Based on the obtained results, we conclude that the initial C-H
activation is the rate-determining step. Although the starting conﬁguration for
the initial C-H activation is diﬀerent, the predicted dehydrogenation process is the
same, comprising three steps: the initial C-H bond dissociation activation leading
to the 1-propyl or 2-propyl group, the diﬀusion of the detached H atom on the Cu
surface, and the dehydrogenation of the adsorbed propyl group to form propylene.
Since the deep dehydrogenation and the cracking of propylene are inevitable
side reactions during the propane dehydrogenation reaction, therefore they are
critical in evaluation of a catalyst’s selectivity and should be considered in our
calculations. For the sake of simpliﬁcation, we assumed that the detached H
atoms from previous dehydrogenation steps are far away from the newly-formed
propylene or desorbed from the cluster as H2 , and thus the following C-H and C-C
bond activations start from the conﬁguration of one propylene adsorbed at the atop
site of edge-Pd atom. In order to estimate the selectivity of catalyst, the energy
diﬀerences between the deep dehydrogenation or the cracking of propylene and the
desorption of propylene have been estimated and compared. If the diﬀerence is
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Figure 5.5: Relative energy proﬁles for the dehydrogenation of propane to propylene on the single-Pd-doped Cu55 cluster and the equilibrium structures of species
involved in the catalytic conversion: (a) starting from the conﬁguration c, (b) starting from the conﬁguration e. Reprinted from J. Phys. Chem. C, Ref. 135 .
c
Copyright ⃝2015
American Chemical Society.

positive here, the desorption process is favorable, and vice versa. Thus, the greater
the diﬀerence is, the better the selectivity will be. Our calculations indicate that
the desorption process needs to overcome an energy of about 14 kcal/mol, which
is very close to its adsorption energy. The further C-H bond activation energy
barriers of propylene from the methylene or the methine group of propylene to
1-propenyl or 2-propenyl species are 26.8 and 33.0 kcal/mol, respectively. The
cracking of propylene leads to CH3 CH- and CH2 -adsorbed species is predicted to
require an energy of about 59.0 kcal/mol. These results demonstrate that the
propylene desorption process is preferred during the competition, and the side
reactions are less likely to take place as a consequence.
For comparison, we also explore the eﬀect of doping more Pd atoms on the
catalytic activity. The ’Pd3-E’ cluster which has been investigated in our previous
calculations 107 was introduced here to represent the multiple-Pd doped species.
The ’Pd3-E’ nanoparticle contains an edge Pd atom and two directly connected
inner layer Pd atoms, which forms a triad embedded in Cu55 with the substitution of three Cu atoms. The present calculations show that the barriers for the
rate-determining step could be further reduced by about 4 kcal/mol, but the diﬀu44
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sion barriers of H atom and the barriers for the direct dehydrogenation processes
generally increase. Overall, the triad of Pd atoms can facilitate the initial C-H
activation, but it might hinder the diﬀusion of the detached H atom, which is
unfavorable for the subsequent dehydrogenation.
In summary, the present results show that the single Pd doping at the edge site
of Cu55 cluster can eﬀectively decrease the energy barrier for the rate-determining
step, and the facile diﬀusion of detached H atoms on the Cu support surface is
beneﬁcial for the subsequent dehydrogenation. Although the multiple Pd doping
beneﬁts for the ﬁrst crucial C-H bond cleavage, it hinders the subsequent dehydrogenation to some extent. Accordingly, the single-Pd-doped Cu55 catalyst can
achieve good balance between the maximization use of the noble metal and the
catalytic activity toward propane dehydrogenation. Furthermore, the relatively
inactive Cu surface may facilitate recombination and desorption of the detached
H atoms and reduces the related side reactions.
5.2.2 Selective Reduction of Graphene Fluoride
The possibility of direct writing nanoscale electronic devices on graphene has attracted great attention in the recent decade. Diﬀerent strategies have been proposed and successfully tested 43,46,144–148 , but there are still many technical concerns
that need to be addressed before being applied for real applications. Among all
proposed methods, the catalytic scanning probe lithography (cSPL) is particularly
useful, which could operate under mild conditions, to generate nanoribbons with
controllable sizes, as demonstrated in a recent work on tip-induced reduction of
graphene oxides 43 . However, the graphene oxide (GO) has many oxygen-rich functional groups, which can destroy the graphene lattice when these functional groups
are desorbed 44 . In addition, the residual oxygen can incorporate into the graphene
lattice, leading to a inhomogeneous surface 149 . Both of them are adverse factors in
writing electronic circuits, which may inhibit this novel method’s practical application. Graphene ﬂuoride (GF), also called ﬂuorographene, is a two dimensional
carbon sheet consisted by sp3 hybridized carbons, and each carbon atom is bonded with one ﬂuorine. Highly ﬂuorinated has lower electrical conductivity, which
is classed as an insulator. By exposing graphene under XeF2 gas 47,48,150 , one can
readily produce GF with a relatively homogeneous surface. Compared with GO, a
lower reduction temperature is needed to reduce GF than that for GO 45,46 . Given
the aforementioned information, we believe that the graphene ﬂuoride (GF) should
be a better alternative since it often possesses much smooth substrate with reduced
defects. Therefore, it is meaningful to introduce the local reduction scheme to partially reduce GF with the Pt-coated AFM tip. In this section, we investigate the
45
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selective reduction of GF with the aid of three types of ambient gases: the pure
hydrogen atmosphere, the pure ethylene atmosphere, and the hydrogen/ethylene
mixture gases. Finally, we propose a feasible working scheme to catalytically reduce graphene ﬂuoride with a Pt-coated tip.
By systematically investigating the reduction processes under diﬀerent atmospheres, we found that the dihydrogen and ethylene ambient gases both bring
some problems in practical application. For instance, the tip-induced reduction of
graphene ﬂuoride with assistance of pure hydrogen atmosphere is facile, but the
reduction process will release the hazard HF. Accordingly, such nanoscale reduction of GF under hydrogen atmosphere is less practicable. Ethylene was predicted
to be an excellent acceptor for F abstraction from GF, and the process for the
ﬁrst F abstraction from GF is predicted to be exothermic and barrier free process.
However, with the formation of C2 H4 F, the carbon atom of C2 H4 F is chemically
bonded to the tip, which may hinder the adsorption of other ethylene at the tip
site, leading to an inactive Pt-coated tip. As a consequence, the reduction reaction cannot further proceed, i.e., the corresponding deﬂuorination cycle cannot be
recycled. Given the aforementioned results, it is thus highly desirable to ﬁnd a
new strategy to prevent the creation of HF and to recycle the reduction process of
GF. From a chemical point of view, we think the bounded initial product, C2 H4 F
at the tip site could be released by hydrogenation. If we put the reduction reaction under the mixture hydrogen and ethylene atmosphere, it may realize the
goal to sequentially reduce graphene ﬂuoride and prevent the release of a corrosive
and toxic reduction product. The possibility of such a reduction scheme has been
explored here.
First, we investigate the interactions of the mixture gases with the Pt tip,
and several plausible patterns were considered, as shown in Fig.5.6. Among these
six conﬁgurations, the conﬁguration a is the most stable co-adsorbed structure
under the H2 /C2 H4 atmosphere, which was employed to reduce graphene ﬂuoride.
Similar to the removal of the ﬁrst F from the GF under the ethylene atmosphere,
the reduction process is nearly barrierless, with an energy release of 1.04 eV. Then,
the hydrogen transfers from the Pt-coated tip to the newly-formed C2 H4 F yields
C2 H5 F, and this step has an energy barrier of 0.31 eV, as shown in Fig.5.7. The
excess energy from the ﬁrst step may make it feasible to overcome this barrier
and drive the release of C2 H5 F, leading to an unsaturated Pt-coated tip. With the
release of C2 H5 F, the vacant sites in the Pt-coated tip are available for surrounding
H2 and C2 H4 molecules. The dissociation and adsorption of 3/2 H2 molecules to
regenerate the hydrogen-saturated Pt tip, will release an energy of 1.44 eV. The
adsorption of one ethylene molecule was predicted to be exothermic by 1.76 eV.
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Figure 5.6: Possible conﬁgurations for the co-adsorption of H2 and C2 H4 at the
c
Pt-coated AFM tip. Reprinted from J. Phys. Chem. C, Ref. 99 . Copyright ⃝2014
American Chemical Society.

Apparently, the latter process would be a dominant process. Since the Pt-coated
tip still has one vacant site after the above mentioned step, it could either dissociate
and adsorb 1/2 H2 molecule to regenerate the conﬁguration a as shown in Fig.5.6
or reduce the GF directly. The former step releases 0.41 eV while the latter step
is barrier free and exothermic by 1.01 eV. Clearly, the latter one is more favorable.
Then, the Pd-coated tip becomes inactive again after chemically binding C2 H4 F.
With the new C-F bond formation, the initial state can be rotated to a more stable
conﬁguration a as shown in Fig.5.8, which is 0.13 eV in energy lower than the initial
state. The hydrogenation of the second C2 H4 F to produce C2 H5 F experiences
an barrier of 0.72 eV, and this process is slightly endothermic. Considering the
remarkable exothermicity in the previous steps of F abstraction from GF, the
desorption of C2 H5 F could be thermally driven. Also, the entropy increase during
the desorption of C2 H5 F would beneﬁt the ﬁnal step. Presumably, if we adopt the
working temperature (≤ 115 ◦ C) for reduction of graphene oxide by the platinum
AFM tip under hydrogen environment 43 to reduce GF, the energy barrier of 0.72 eV
is accessible. With the desorption of the newly-produced C2 H5 F, the Pt-coated tip
becomes unsaturated again. What would happen next? Calculations show that the
following hydrogenation to the fully hydrogen-saturated Pt tip is energetically more
favorable, with an exothermicity of 0.37 eV, compared to adsorption of ethylene.
Therefore, once the Pt-coated tip recovers to its initial state, a new cycle for the
reduction of GF by the Pt-coated tip under the mixture atmosphere may begin
from here. The complete reaction cycle is schematically shown in Fig.5.9.
In summary, we studied the selective reduction of graphene ﬂuoride induced by
a Pt-coated tip under three types of atmospheres with ﬁrst-principles calculations.
The present results show that only the mixture hydrogen and ethylene atmosphere
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Figure 5.7: Computational models and the MEP for the adsorbed C2 H4 F proceeds
to the ﬁrst C2 H5 F by hydrogenation on Pt-coated tip under the hydrogen/ethylene
mixture atmosphere. The initial state(a), the transition state(b) and the ﬁnal
state(c) are given in the right side. Reprinted from J. Phys. Chem. C, Ref. 99 .
c
Copyright ⃝2014
American Chemical Society.

Figure 5.8: Schematic diagram and the MEP for the formation of the second
C2 H5 F on unsaturated Pt-coated tip under the hydrogen/ethylene mixture atmosphere. The alphabet a, b and c are correspond to the initial state, the transition
state and the ﬁnal state, respectively. Reprinted from J. Phys. Chem. C, Ref. 99 .
c
Copyright ⃝2014
American Chemical Society.
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Figure 5.9: Schematic diagram of the possible reaction cycle for catalytic reduction of GF by Pt-coated tip under hydrogen/ethylene atmosphere. The energy
barriers of the reduction of GF for diﬀerent steps are shown along the arrows.
c
Reprinted from J. Phys. Chem. C, Ref. 99 . Copyright ⃝2014
American Chemical
Society.
could make the Pt-coated tip eﬀectively and sequentially reduce graphene ﬂuoride
with the release of relatively harmless ﬂuoroethane. The proposed whole reduction
cycle is energetically favorable, and this new strategy shows high potential to
fabricate electronic circuits at the nanoscale on the graphene ﬂuoride under mild
conditions by the scanning probe lithography.
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