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Abstract

Graphene is attracting enormous attention due to its outstanding electrical, me-
chanical, thermal and chemical properties. Understanding of the interactions of
graphene with other atoms, nano-particles, or molecules is indispensable in or-
der to find novel or improved usage of graphene in wide range of applications.
First-principles electronic structure theory is a very powerful tool to understand
the atomic, electronic, and chemical properties of materials in atomic scale and to
clarify important factors governing the properties of materials, which should be
useful knowledge to design new materials with desired properties. In this Ph.D

work, I used density functional theory (DFT) and investigated three topics.

As the first topic, I studied the interaction of graphene with organic molecules,
especially, the effect of organic adsorbates on the image potential states (IPSs),
which are relevant to molecular-based electronic devices. In the case of metal
surfaces, the presence of IPSs is a universal nature, characterized by a set of unoc-
cupied states quantized to a Rydberg series analogous to the hydrogen atom. In
this study, I extended the concept of the IPS-derived interlayer states to molecular
adsorption on solid surfaces. Naphthalene adsorption on highly oriented pyrolitic
graphite (HOPG) is typically used as a model of aromatic molecules physisorbed
on solid surfaces. Recent experiments have revealed that naphthalene molecules
form a well-ordered superstructure on graphite, and more importantly, the lowest
IPS behaves almost as a free electron, despite the presence of the naphthalene
overlayer. This is explained by assuming that the molecular overlayer is a dielec-
tric medium with uniform permittivity and only shifts the Rydberg series with the
effective mass m* unchanged from the electronic mass m.. On the other hand, the
well-known Kronig-Penny theory suggests an increase in m* if naphthalene acts as
a periodic potential for the IPSs. In order to develop a coherent picture of the IPSs
at organic-solid interfaces, I performed first-principles calculations of a simplified
model composed of naphthalene on graphene. The results show that the inter-
molecular interaction induces IPS-like states on the naphthalene overlayer, which
hybridize with the graphene IPSs in the bonding and antibonding manners. The
impact of the naphthalene adsorption appears most prominently in the anisotropic
effective mass of the resultant hybrid IPSs, which strongly reflects the molecular
structure of naphthalene. It is expected that similar hybrid IPSs widely exist at

interface of organic-solid surfaces.
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As the second topic, I studied the interaction of graphene with single platinum
(Pt) atoms to clarify the origin for the improved catalytic reactivities. The single-
atom catalysis is one of the most promising ways to enhance the catalytic ac-
tivity and to reduce the amount of precious metals used. Pt atoms deposited
on graphene are reported to show enhanced catalytic activity for some chemical
reactions, e.g. methanol oxidation in direct methanol fuel cells. However, the pre-
cise atomic structure, the key to understand the origin of the improved catalytic
activity, is yet to be clarified. As my contribution in this issue, I present here
a computational study to investigate the structure of Pt adsorbed on graphene
with special emphasis on the edges of graphene nanoribbon (GNR). By means of
DFT-based thermodynamics, it is found that the single Pt atom is preferentially
adsorbed at the edge rather than on graphene, a good news regarding the search
of a dense dispersion of metal single atoms on a support material. The calculated
core level shifts (CLSs) for the stable structures are in reasonable agreement with
the experiment, corroborating our findings. Large positive CLS indicate the strong

interaction between single Pt atoms and graphene.

As the third topic, the catalytic activities of single Pt atoms anchored at the edges
of GNRs (Pt@GNRs) are predicted based on the adsorption energies from DFT
calculations combined with some kinetic models. Compared with the Pt(111)
surface, Pt@GNRs show a better activity in CO oxidation reaction, which is pre-
sumably the origin for the improved CO tolerance in the anode electrode in direct
methanol fuel cell. Some Pt@GNRs in metastable configurations are expected to
be efficient catalysts for oxygen reduction reaction. This study could be a ba-
sis for further investigation of the development of single-atom catalysts based on

platinum and graphene related materials.
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Chapter 1

General Introduction

1.1 Overview

Argument from Landau and Peierls [1, 2|, that strictly two-dimensional (2D) crys-
tals could not exist because they will be thermodynamically unstable, has lasted
for a long time until A. K. Geim and K. S. Novoselov proofed the realness of 2D
material in 2004 [3]. They invented an atomically thin 2D material formed a hon-
eycomb pattern, named graphene. Graphene has basically a similar structure to
graphite. However, graphene has unique properties that exceed those of graphite.
In term of surface to volume ratio (aspect ratio), graphene as a 2D material has
higher aspect ratio than graphite. Graphite is a very brittle material, it is not
suitable to be used for structural material. Graphene, on the other hand, is the
strongest material with an intrinsic tensile strength of 130.5 GPa and a Young’s
modulus of 1 TPa (150000000 psi) [4]. Another useful property of graphene is that
it has high electrical conductivity with electron mobility up to ~ 10000 cm?/V.s at

room temperature [3]. It is due to pi (7) electrons in graphene. One carbon atom
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FIGURE 1.1: Electronic band structures for (a) graphene, and (b) graphite.
This image was taken from Ref. 5.

has four valence electrons: three of them are used for the sp? bonds in graphene,
leaving one electron freely available called 7 electron. The 7 electrons are located
in the normal direction of the graphene sheet. As shown in Fig. 1.1(a), there is
a Dirac cone in the vicinity of Fermi level, in particular at the K-point in the
Brillouin zone, while it does not appear in graphite [Fig. 1.1(b)]. In the vicinity
of Dirac point, the m and 7* orbitals have linear energy bands, meaning that the
electrons and holes have zero effective mass. Therefore, they can travel relatively
long distances without scattering. It makes graphene is considered as a material
with very high electron mobility and conductivity. Note that, in order to make
this high level of electronic conductivity becomes realistic, doping (with electrons
or holes) is essentially required to overcome the zero density of states at the Dirac
points of graphene. Overall, the superb properties of graphene make it becomes a

very promising material to be widely used for many applications.
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1.1.1 Graphene as a substrate for molecular-based elec-

tronic devices

Nowadays, molecular-based electronic devices are growing rapidly because this
kind of technology offers some advantages, such as low-production cost, flexible,
light, and friendly for the environment. Owing to its properties, graphene should
be suitable to be applied for this application. To this end, it is necessary to
investigate accurately the interaction between graphene and a specific organic
molecule, especially the electronic properties of that system. For metal surfaces,
it is a universal nature to find image potential states (IPSs), a set of unoccupied
states quantized to a Rydberg series analogous to the hydrogen atom, on them.
Moreover, the emergence of such states is also found in graphene. When graphene
is interacted with an organic molecule, it is expected that the featureof IPSs is
modified. Therefore, in this study, it is interesting to extend the concept of the

[PS-derived interlayer states to molecular adsorption on solid surfaces.

Naphthalene on highly oriented pyrolytic graphite (HOPG) is a prototype system
of aromatic molecules physisorbed on a solid surface and has been investigated
intensively thus far. It has been reported that the effective mass m* of the lowest
IPS of the adsorbed system is unchanged from the electronic mass m, despite the
presence of the well-ordered naphthalene molecules on HOPG. It is suggested that
molecule overlayer is a dielectric medium with uniform permittivity. Thus, only
the Rydberg series are shifted while the m* is unchanged. However, based on
Kronig-Penny theory, the m* should be increased if the well-ordered naphthalenes

act as a periodic potential for the IPSs. In order to develop a coherent picture
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of the IPSs at organic-solid interfaces, as my contribution in this issue, I studied
theoretically the interaction between graphene and a simple organic molecule,
naphthalene, using van der Waals density functional method, which is successfully
improving the description of unoccupied states of the graphene. The detail insight
of the organic-solid interfaces will help for developing molecule-based electronic

devices.

1.1.2 Graphene as a support material for metal catalyst

Many people in the world are focusing on solving the 3E-Trilema (Economy, En-
ergy, Environment). Reducing the dependence on fossil fuels could be one of the
solutions; not only because fossil fuels are non-renewable energy, but also the pol-
lution from these fuels is not friendly for the environment. Thus, an alternative
energy technology, which is cheap, renewable, and also friendly for the environ-
ment, is then required to solve the problem. Fuel cells are one of the most promis-
ing candidates to be an alternative energy. Basically, fuel cells convert chemical
energy to electrical energy via oxygen reduction reactions. Fig. 1.2 shows the
work principle of direct-methanol fuel cell (DMFC) as one kind of fuel cells. By
supplying methanol and water in anode and also air (oxygen) in cathode, this fuel
cell can produce the electricity with carbon dioxide and water vapor as emissions.
According to its supplies and emissions, fuel cell fulfills two criterion (economic
and environment) needed as an alternative energy. However, efficiency of the fuel
cell, which depends on the reaction both in anode and cathode, is also important

to be considered. Unfortunately, methanol oxidation reaction in anode is quite
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Overall CH;0H + 3/2 O;= CO2 + 2H20

FiGure 1.2: Work principle of DMFC.

slow, making production of electron is low as well. Accordingly, high-performance

electrocatalysts are highly desired to enhance performance of the fuel cell.

So far, platinum (Pt) has shown the greatest potential as homogeneous catalyst
material because it can be used for both hydrogen oxidation and oxygen reduction
at low temperature and also can withstand the acidic conditions. Nevertheless,
platinum catalyst has several limits. Not only because its price is expensive,
but also it is potentially poisoned by CO which can affect the performance of
the fuel cell itself. Huge efforts have been devoted to overcome these problems,
including the use of non-precious metals for Pt—metal alloys, or the use of noble
metal-free catalysts. Particularly interesting are Pt clusters supported by graphitic
materials, such as carbon black, carbon nanotubes, and graphene, which have

been extensively investigated thus far. A better catalytic activity of small Pt



General Introduction 6

clusters supported by graphene sheets has been demonstrated experimentally lead
to the hypothesis that downsizing the Pt clusters to single atoms can enhance the
catalytic activity. Indeed, single Pt atoms deposited on graphene are reported
to show enhanced catalytic activity for some chemical reactions, e.g. methanol
oxidation in direct methanol fuel cells. However, the precise atomic structure,
the key to understand the origin of the improved catalytic activity, is yet to be
clarified. Therefore, as my contribution in this issue, the details of the interaction
between Pt and graphene as a support material is studied here, and further the
insight of their interaction with the molecules will help to design new efficient

catalysts for fuel cell electrodes.

1.2 Outline of Dissertation

This dissertation is divided into two main parts: the adsorption of naphthalene
on graphene as a typical model to understand the interaction between organic
molecules and solid surfaces; and single platinum atom supported by graphene
edges as a catalyst for oxidation reduction reactions. Theoretical background re-
lated to this research is provided in Chapter 2. Here, I briefly explain about
density functional theory. In Chapter 3, the investigation the adsorption geom-
etry and electronic properties of naphthalene on graphene is presented. Here, the
modification of the IPSs due to the presence of the organic molecules are discussed.
Chapters 4 and 5 are about single Pt atom supported by graphene as a cata-
lyst. The stability of single Pt atom on several graphitic system is investigated

and the results are discussed in Chapter 4. It is concluded that single Pt atom is



General Introduction 7

preferentially adsorbed at the edge of graphene. In Chapter 5 the adsorption of
some molecules on single Pt atom supported by graphene nanoribbons is shown.
The mechanisms to predict the catalytic activity of the single Pt atom catalyst
supported by graphene for CO oxidation and oxygen reduction reaction are ex-
plained here. Finally, all findings in this dissertation are summarized in Chapter

6. The future outlook on this study is also discussed.
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Chapter 2

Methods

2.1 Many-body System

In quantum mechanics, a state of a physical system can be described by a state
vector or a wave function. In system of nuclei and electrons (see Fig. 2.1), inter-
action among electrons and also interaction between electrons and nuclei could be

known by determining the wave function accurately.

FIGURE 2.1: System of nuclei and electrons.
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In order to know the behavior of the system of nucleus and electrons, we need to

solve the time-independent Schrodinger:

H\D({EN,fM}) :E@({EN,fM}) (2.1)

where, N, M are number of nuclei and number of electrons, respectively. H is
Hamiltonian operator which represents total energy of the system. The Hamilto-

nian operator can be written as

4 v iyl Ny

NN M M 7.7,
D 3D DR ) Bk 22)
i gt Y i JAT

where, the first and the second terms are kinetic energy of electrons and kinetic
energy of nucleus, respectively. The third term is potential interaction among
electrons. The fourth term is potential interaction among nuclei. The last term is

potential interaction between electrons and nuclei.

2.2 Born-Oppenheimer Approximation

As mentioned earlier, the wave function ¥ contains many information about char-
acteristic of the system. Solving Eq. 2.1, absolutely, is not an easy job. It is desired
to simplify the Hamiltonian in Eq. 2.2 to reduce the complexity of the calculation.
To this, let us use the fact that mass of a single nuclei is approximately 1800 times

larger than mass of the electron. Here, the movement of the electrons is much
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faster than the movement of the nuclei. This implies that electrons are moving
in fixed nucleus, relatively. Therefore, the term of kinetic energy of nuclei can be
neglected. For the term of potential interaction among nuclei can be substituted

with a constant. Thus, after simplification the Hamiltonian can be rewritten as

. 1 N N N 1 N M ZI
S DB D) e DO Dby
i A

Even though the Hamiltonian has been simplified, it is still difficult to solve the
Schrodinger equation analytically. However, using some methods, the analytical

solutions can be approximated. One of these methods is density functional theory.

2.3 Density Functional Theory

Density functional theory (DFT) is a method which success to describe the ground
state of molecule or solid system. DFT describes the energy function of the system
based on electronic density, F(n{r;}). It is different with Hartree-Fock method
which describes the energy function of the system based on wave function, E(¥).
This approach has been proposed independently by L. H. Thomas and E. Fermi in
1927 [1, 2]. However, the Thomas-Fermi method is not able to explain some elec-
tronic properties of the material system. Finally, in 1964, the new DFT approach

was proposed by P. Hohenberg and W. Kohn [3].
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2.3.1 Hohenberg-Kohn Theorems

Hohenberg-Kohn theorem is the fundamental theory of DFT. There are two fun-

damental theorems which are giving a great contribution for DFT.

Theorem I :

The external potential, Vi (7), is uniquely determined by the electronic density,
n(7), except for a trivial additive constant. Since in turn Ve (7) fizes H, we see

—\

that the full many particle ground state is a unique functional of n(7)

Proof: Let us use other external potential,
Ve (F) = Ve (M) + C

where, C'is a constant. Both V. (7) and V.

ext

(7) giving the same n () for its ground
state. Now, we have two Hamiltonians H and H’ whose ground densities were
the same although the normalized wave functions, ¥ and ¥’, would be different.

Therefore, we have a chance to use ¥’ for H problem.

Ey < (V|H|Y) = (V|H'|V)+ (V|H— H|V')

= Byt [0l Weul®) = ViO)dr (23)
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where, Ey and E|) are the ground state energies of H and H', respectively. With

the same procedure, taking ¥ as a trial function for H problem.

Ey < (WIH'|V) = (V[H|V)+ (V|H — H|V)

— B+ / () Vast(7) — Vi (7)) dF (2.4)

By adding Eq. 2.3 and Eq. 2.4, we would obtain a contradiction,
Ey+ E| < Ey+ E;

Hence, there is no two different Vo (7) that give the same n(r) for their ground
state. On the other hand, the specific ground state density n(7) only determines
a specific external potential, Ve (7). by defining n(7), all properties of the ground
state also could be investigated. Now, the ground state energy could be written
by,

E() = /n()(?:) V;le dF—I— FHK[TLQ] (25)

where, Fuk is Hohenberg-Kohn functional, which contains the kinetic energy T
and electron repulsion energy Vee. However, this form is still unclear. This form
should contains the effect of self-interaction correction, exchange, and Coulomb
correlation. But, we still do not know explicitly yet. Maybe we also would be
questioned, how we could be sure that density, which we are looking for, is the
ground-state density. Through the second theorem, Hohenberg-Kohn answered

this question.
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Theorem 11 :

A universal functional that delivers the ground state energy of the system, delivers

the lowest energy tf and only if the input density is the true ground state density.

By variational principles, we could write

Ey < E[fl]

In the other words, for any trial density 7(7), the energy from Eq. 2.5 represents
an upper bound to the true ground state energy Ey. Satisfy that n(r) fulfil the
necessary boundary condition, n(7) > 0 and [ () dF = N, where N is number

of electrons.

2.3.2 Kohn-Sham Approach

According to Hohenberg-Kohn theorem, W. Kohn and L. J. Sham [4] introduced
a method which is to replace interaction electrons with non-interacting electrons
which moving in an effective potential. The effective potential consists the external
potential, the Coulomb interaction among electrons, and also its effect such as
exchange and correlation interaction. In order to obtain the ground state density

and energy, we require to solve the equations.
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As mentioned earlier, in DFT, the main focus is electrons density. This quantity

is expressed by

n(i) = Y 1) 2.6

Through electrons density, number of electron in dr (element of volume) is n(7)dr.
Then, the total potential energy due to interaction between electrons and nucleus

could be written as

Frpe = / Vi n(7) d7 (2.7)

For the Coulomb interaction energy of electron density, it could be expressed by
1 = =/
Fu = = / UGG (2.8)

where, 1/2 is correction factor for double counting.

And for the total kinetic energy of electrons, it could be expressed by

1 N
T o= =) (W)

=§Z/W%wwr (2.9)

Now, including external potential, Kohn-Sham express the energy for the ground
state as

Fxs = T[n] —+ Ene[n] + Eee[n] + Fxc [TL] (2.10)

Exchange-correlation energy Fx¢ is compilation of all effects of exchange and

correlation. When we know all the functionals Fxc, the exact ground state density
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and energy could be obtained.

Consider that Khon-Sham energy problem is a minimization problem which related

with density n(7). Solution of this minimization problem could be obtained by

using functional as following derivation,

S = s (T B + Bula] + Bxclul}

)

= 5T[n] 5Eﬂe[n] 6Eee[n] 5EX [TL] 671(7‘_’)
o { 5 s

Wi U )
() { (/ )T = N)} 5 ()

where

eln]  0Exc[n] | on(r) I
on(i)  on(r)  on(r) }w;(f) = Ven(1) i(7)

where

‘/eff(F) = ‘/ext<F) + V;:e(F) + VXC<F)

(2.11)

(2.12)

(2.13)
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The last term of Eq. 2.11 contains Lagrangian multiplier ¢, which is for handling
the constraints to obtain the non-trivial solution. This term also could be rewritten

as

(5n5(F) {5 (/”(F)dT - N)} ﬁﬁ(% = & Ui(7) (2.14)

Substituting Eqgs. 2.12, 2.13, and 2.14 to Eq. 2.11, we could obtain

(Lo va) wie —couio @

This equation is called as Kohn-Sham Equation, which is one of eigenvalue prob-
lem. By solving this equation, the wave function that we need to obtain density
of electrons, should be obtained. Notice that the density of electrons is also re-
quired when we construct the Hamiltonian matrix of Kohn-Sham. This condition
is similar with pseudo-eigenvalue problem in Hartree-Fock method. Therefore, we
also could solve this problem using iteration scheme. First step is preparing trial
initial density of electrons. Then, by solving Kohn-Sham equation, final density
of electrons should be obtained. We have to compare the initial and final density.
At the ground state density, initial and final density should be areed each other.
This scheme is called self-consistent Kohn-Sham equation, which could be seen in

Fig. 2.2.
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2.3.3 Exchange-Correlation Energy

The exact ground state energy is difficult to be determined. Some assumption
is required to approximate the exact ground state energy. Exchange-correlation
term of Kohn-Sham equation (Eq. 2.10) gives big contribution to the approxima-
tion of exact ground state energy. The accuracy of the solution is limited to the
approximation of exchange-correlation interactions. There are many method to
approximate the exchange-correlation interactions, such as local density approxi-

mation (LDA), generalized gradient approximation (GGA), etc.

2.3.3.1 Local Density Approximation

In LDA, we assume that electrons density near 7 inside the element of volume
dr is homogeneous, exchange-correlation energy per electron e,.(n(7)) is also ho-
mogeneous [5]. From this assumption, the exchange-correlation energy could be

written by

Bxcln] = / exe(n(7) () dr

and

2.3.3.2 Generalized Gradient Approximation

The density of electron is not always homogeneous as in LDA. An improvement

could be made to handle any rapid change in the density. We could carry out the
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expansion of electronic density in term of gradient or higher order derivatives. It

can be simply written as

—5EXC[n] = €xc(n(7)) + n(r
St = () + ()

In the last term of Eq. 2.16, a term that proportional with the squared gradient of
the density is introduced. Some studies [6, 7] considered the exchange-correlation
potential up to fourth order. Moreover, recently, the general derivation of the
exchange-correlation gradient expansion is expanded up to sixth order by using

second order density response theory [7].

2.3.4 Plane-Wave Basis Set

Generally, is an approach of the solution of differential equation. By using plane
waves, eigenfunction from the solution of the Kohn-Sham equation can be de-

scribed. According to Bloch’s Theorem (8], wave functions can be expressed by

U, (7) = exp(ik - 7) f;(7) (2.17)

where, f;(7) is periodic in space with the same periodicity with the cell, which can

be expanded into a set of plane waves as below

(i) = cg exp(iG - 7) (2.18)
e}
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Inserting Eq. 2.18 to Eq. 2.17, the wave function can be written as

U, (7) = Z Ci ik exp(i(G + k) - 7) (2.19)
G

According to Eqs. 2.6 and 2.19, notice that the density of electron can be expressed
as superposition of plane waves [9]. In the term of reciprocal space /;, the Kohn-

Sham equation (Eq. 2.15) can be rewritten as below

Y- B"“ P VG epemaiene (220
ar

Kinetic energy in Eq. 2.20 has diagonal form, and the potential is given in the form
of Fourier transformation. Solution of Eq. 2.20 can be obtained by using matrix
diagonalization. Size of the Hamiltonian matrix is depending on kinetic energy
cut off Feouon- A finite plane wave set is obtained by taking all plane waves up to
a given kinetic energy cut off. Error of total energy value can be appear due to
this limitation. However, we can reduce the error by increasing the kinetic energy

cut off until the total energy is already convergent.

2.3.5 Pseudopotential

Electronic structure of materials can be distinguish into core electron and valence
electron. Valence electron can moving freely relative to core electron, which is
locate near the nuclei so that its movement is limited. As mentioned earlier,
based on Bloch’s theorem, electronic wave function can describe into discontin-

uous plane-wave basis set. However, it difficult to describe the wave function of
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FIGURE 2.3: Illustration of valence electron wave function and nuclei potential
(complete line) and pseudo wave function and pseudopotential (dash line).

electrons near nuclei. Large number of plane wave are needed to expand the wave
function of core electrons due to rapid oscillation near the nuclei. By constructing

a pseudopotential, we can reduce the number of plane wave.

Generally, in order to investigate the properties of materials, the valence elec-
tron has greater influence than core electron. The approximation is performed by
replacing core electrons and strong nuclei potential with weaker pseudopotential
and pseudo wave functions. As illustrated in Fig. 2.3, pseudopotential and pseudo
wave function should be same with nuclei potential and valence electron wave
function when r > r.. Notice that near the nuclei, we still have tightly bonded

core electrons. However, orthogonality and exclusion principle must be fulfilled by
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both valence electron and core electron. There are two kinds of pseudopotential,

norm-conserving pseudopotential and ultrasoft pseudopotential.

2.3.5.1 Norm-Conserving Pseudopotential

Constructing the pseudopotential is an inverse problem. The pseudo wave function
should: beyond some distance decays exactly as the all electron wave functions.
The pseudo wave function is also an eigenstate of pseudo Hamiltonian, which has
the same eigenvalue as all electron wave functions. To obtain the pseudopotential,

the radial Schrodinger equation is inverted for such pseudo wave function:

11+ 1)
{_ﬁ—i_ 5,2 +o(r)pr¥=erVv
To construct the norm-conserving pseudopotential [10], we need to fulfil some

important conditions, such as

(i) For a chosen atomic configuration, all-electron and pseudo valence eigenval-

ues are same.

(ii) All-electron and pseudo valence wave functions agree in the outside core
region.

UAE(r) = UPS(r), r > R,

3 K3
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(iii) At the core radius R., logarithmic derivatives of the all-electron must be

same with logarithmic derivatives of pseudo valence.

(iv) Inside core radius (r < R.), the total charge for each wave function must be

same (norm-conservation).

Rc A R
/0 TAB ()2 = / TS ()2

(v) Implying point (iv), the first energy derivative of the logarithmic derivatives

of all-electron and pseudo valence must be same for r > R..

However, the norm-conserving pseudopotential still have limitations, which are

still "hard” and required a large plane-wave basis sets (Eeytof = 70 Ry) for:

e First row elements, in particular N, O , F

e Transition metals, in particular the 3d row: Cr, Mn, Fe, Co, Ni, etc.

Even if just one atom is "hard”, a high cutoff is required. This translates into

large CPU and RAM requirements.
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2.3.5.2 Ultrasoft Pseudopotential

In 1190, Vanderbilt introduced a pseudopotential, which is smoother and highly
transferable pseudopotential called ultrasoft pseudopotential [11]. In this ap-
proach, the pseudo wave functions are required to be equal to the all electron
wave functions outside R, as with norm-conserving pseudopotential, but inside

the core radius they are allowed to be as soft as possible.

In this kind of pseudopotential scheme, the Kohn-Sham total energy (Eq. 2.11)
including a non-local pseudopotential V;,,, which is described by the wave function

¢i, is given by

B = > ($il = V* + Vaon|i)

%

L[

2 =7
+ /Vext n(r) dr + Exc (2.21)

The non-local pseudopotential V., in Eq. 2.21 is given by

non ZD |Bn m|

where 3 is a set of local wave functions to be determined.

The electron density n(7) in Eq. 2.21 is given by

n(r) = Z I(bw*)!”Z@nm ($i180) (Bl b3)
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where )., is a core augmentation charge, which is expressed by

Qun(F) = U™ (7) W (7) — 0, (F) 0,5 (7)

The relaxation of the norm-conserving condition is achieved by introducing a gen-

eralized orthonormal condition
(61816, ) = 3 (2.22)
where, S is a Hermitian overlap operator, which is given by

With ¢um = [ Qum(7)dr. Under condition (Eq. 2.22), the ground state wave func-

tions ¢; are those which minimize the total energy (Eq. 2.21),

5Etot

=& S ¢i(F)

where € have been introduced as Lagrange multipliers. Due to the fact that the
augmentation part of the charge density depends on the wave functions, additional
terms appear in the Kohn-Sham equations from the density-dependent terms in

the total energy (Eq. 2.21).

= (7 )+ Z Qun (7B () (B 1) (2.23)
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As an example, by using Eq. 2.23 the exchange and correlation energy can be

written as

0Bxcln] _ /5Exc[n] on(r"’)
567 (7) on(r') 6¢;(r)

= el + Y 5al) (Gl6) [ el @un() (220

where
(5 EXC [n]
on(r)

ch(F) =
The other terms can be calculated similarly.

Then, the Schrédinger eguation can be written as

H |¢) =& 5 |¢n) (2.25)

with

f{ == —V2 + ‘/eff + ZDnm |5n> <5m|

nm

Here, Vg is screened effective local potential, which is given by

dEot[n]
on(r)

‘/eff(f‘): :‘/ext(f‘)"f_/|;(_f’/) +ch(77)

7l

The eigenvalue problem, which is shown in Eq. 2.25, can be solved iteratively.
First, we need to construct the initial ultrasoft pseudo wave function ¢;. Then,
compute the density n(7). By using n(7), we can calculate the potentials to

compute Fi. Finally, we have to solve Eq. 2.25 using these estimated values.
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Before that, we need to construct 5. The solution can be obtained when the

initial and final wave function have been consistent.
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Chapter 3

Hybrid Image Potential States in
Naphthalene Overlayer

on Graphene

3.1 Background

The emergence of image potential states (IPSs) is a universal nature of metal
surfaces, characterized by a set of unoccupied states quantized to a Rydberg se-
ries analogous to the hydrogen atom [1, 2]. IPSs exist even on graphene, an
atomically thin two-dimensional material, where the IPSs on the two surfaces
hybridize to form a double Rydberg series corresponding to symmetric and anti-
symmetric states with respect to the graphene sheet [3, 4]. More exotic IPSs
appear on curved graphene, typical examples of which are tubular IPSs extended

around carbon nanotubes [5] and superatom molecular orbitals of Cg fullerene [6].

28
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The hybridization of these IPSs results in the interlayer states with a nearly-free-
electron feature in a variety of graphitic materials such as graphite [3], multi-
walled [7, 8] or bundles [9, 10] of carbon nanotubes, fullerite solids [11, 12] and car-
bon nanopeapods [13]. In particular, the interlayer states in graphite are believed

to be crucial for the superconductivity of graphite-intercalation compounds [14].

In this study, I extend the concept of the IPS-derived interlayer states to molecular
adsorption on solid surfaces. From an applicational point of view, it is of particu-
lar importance to understand unoccupied states including IPSs for improving the
performance of molecular-based electronic devices such as organic light emitting
diodes. Naphthalene on highly oriented pyrolytic graphite (HOPG) is a proto-
type system of aromatic molecules physisorbed on a solid surface, and has been
investigated intensively thus far [15, 16, 17, 18, 19]. Recent scanning tunneling
microscopy (STM) experiments have revealed that naphthalene molecules form a
well-ordered superstructure [Fig. 3.1(a-d)] with a tilted molecular adsorption ge-
ometry [Fig. 3.1(e)] with periodicity of (2v/3 x 2v/3) R30° with respect to the unit
cell of graphene [17]. More importantly, the results of angle-resolved two-photon
photoemission (2PPE) spectroscopy suggest that the lowest IPS (LIPS) behaves
almost as a free electron despite the presence of the naphthalene overlayer [18].
This is explained by assuming that the molecular overlayer is a dielectric medium
with uniform permittivity and only shifts the Rydberg series with the effective
mass m* unchanged from the electronic mass m, [1]. However, the well-known
Kronig-Penny theory [20] suggests an increase in m* if naphthalene acts as a pe-

riodic potential for the IPSs.
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To develop a coherent picture of the IPSs at organic-solid interfaces, I here per-
form first principles calculations of a simplified model composed of naphthalene on
graphene with the van der Waals density functional (vdW-DF) method [21, 22].
My results predict that the interaction between naphthalene molecules does not

onlystabilize the naphthalene superstructure on graphene, but also induces ex-

tended states analogous to IPSs on the naphthalene overlayer. The IPS-like states

Apparent Height /0.05nm / div

Position / nm

FIGURE 3.1: (a) Occupied state image obtained with a sharp tip. Carbon
frameworks of molecules and a unit cell are shown in the image as a guide to
the eye. 4.0x4.0 nm?, V; = —2.79 V, I; = 0.10 nA. (b) Another high resolution
occupied state image. 4.0 x 4.0 nm?, V; = —3.10 V, I; = 0.15 nA. (c) STM
image taken along the vertical scan direction (from top to bottom) at the same
area as (b). 4.0 x 4.0 nm?, V; = —3.10 V, I; = 0.15 nA. (d) Unoccupied state
image of (b). 4.0 x 4.0 nm?, V; = 3.00 V, I; = 0.08 nA. (e) Spatial line profiles
along the lines in (b)—(d). Upper panel represents the profiles along the red line
in (b), middle panel, along the red-dashed-line in (c) and lower panel, along
the black line in (d). (f) DFT calculations of the HOMO and LUMO for a free
naphthalene molecule, performed with the B3LYP method and the LANL2DZ
basis set. Reprinted from Ref. 17 with permission from Elsevier.
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hybridize with the graphene IPSs and play an essential role in the formation of
peculiar interface states with anisotropic m* in naphthalene on graphene. Here I
stress that low-lying IPSs are well-described by vdW-DF owing to the inclusion of

nonlocal correlation [23].

3.2 Computational Details

The calculations are carried out using the STATE code [24] with the norm-conserving
pseudopotentials [25]. The plane wave basis set is used to expand wave functions
(charge density) with cutoff energy of 64 Ry (400 Ry). To investigate the cover-
age dependence of naphthalene on graphene, I adopt three unit cells of graphene
with the periodicity of (2\/§ X 2\/5), (3\/5 X 3\/§) and (4\/3 X 4\/§) Corre-
spondingly, 6 x 6 x 1, 4 x 4 x 1 and 3 x 3 X 1 k-points are sampled in the
Brillouin zone, respectively. The dispersion correction is included through the
self-consistent [26, 27, 28, 29] vdW-DF method [21, 22] with the rev-vdW-DF2

functional [30, 31, 32, 33, 34, 35]. The lattice constant of graphene obtained with

(2) y (b) Z
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FIGURE 3.2: Schematic views of naphthalene adsorption on graphene. In the

top view (a), graphene is represented with its skeleton. In the front view (b), 6

and d denote the tilt angle and distance, respectively, between naphthalene and
graphene.
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the functional is 2.46 A in good agreement with experiments [36]. As a refer-
ence system, the geometry of an isolated naphthalene molecule is relaxeduntil the
atomic forces fall below 0.08 nN (5.14 x 1072 eV /A). A naphthalene molecule thus
obtained is AB-stacked on each unit cell of graphene as shown in Fig. 3.2. To
suppress unphysical interactions between the neighboring cells, a vacuum layer of
~ 26 A is considered. The constant-current STM image of the system is simu-
lated with a density threshold of 6.76 x 107> A~3 based on the Tersoff-Hamann

method [37, 38].

3.3 Tilted naphthalene on graphene

To see the role of intermolecular interaction, I first examine the adsorption struc-
ture of naphthalene on graphene in three coverage regimes corresponding to the
unit cells mentioned above. Stable adsorption structures are explored by varying
the distance d and tilt angle 6 between naphthalene and graphene (see Fig. 3.2)
with each structure unchanged. I here ignore the tilting along the short axis of
naphthalene, since its effect turns out much smaller than along the long axis. The

interaction energy between naphthalene and graphene is calculated as

Eint - Enap/GR - Enap - EGR: (31)

where Eyap/ar, Enap and Egr are the total energies of naphthalene on graphene,
the isolated naphthalene molecule and pristine graphene, respectively. In Fig. 3.3(a—

¢), the interaction energy (3.1) is plotted as a function of naphthalene-graphene
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FIGURE 3.3: Interaction energy between naphthalene and graphene. In pan-

els (a), (b) and (c), energy profiles at several tilt angles are plotted as func-

tions of naphthalene-graphene distance for the (4v/3 x 4v/3), (3v/3 x 3v/3) and

(2v/3 x 24/3) unit cells, respectively. Circles (o), triangles (A), squares () and

diamonds (¢) correspond to tilt angles # = 0°,5°,10° and 15°, respectively. In

panel (d), the energy minima extracted from panels (a)—(c) are plotted as a
function of the tilt angle.

distance for several tilt angles. The minimal energy E™® is extracted from each

energy profile by cubic-spline fitting and plotted as a function of 6 as shown in
Fig. 3.3(d). For the (3v/3 x 3v/3) and (4v/3 x 4v/3) unit cells, E™™ has a unique
minimum at # = 0°, i.e. naphthalene tends to be parallel to graphene at low cover-
age, which is consistent with the assumption adopted in the previous calculations
with large unit cells [39, 33]. On the other hand, the dispersion force between the

molecules works attractively for the (2v/3 x 2v/3) unit cell, while the parallel ge-

ometry is destabilized by Pauli repulsion. As a result, Emin

e displays lower minima

at 6 ~ £6°, which is roughly 5 meV more stable than at § = 0°, indicating that
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the molecules are stabilized by forming a (2v/3 x 2v/3) superstructure with the
tilted adsorption geometry. The formation of the naphthalene superstructure is in
good agreement with the STM results on HOPG surfaces [17]. It is confirmed that
the tilted adsorption structure is insensitive to addition of another graphene layer,
or to a perpendicular electric field applied with the effective screening medium

method [40, 41].

3.4 Hybrid image potential states

I next investigate the electronic structure of naphthalene on graphene with a spe-
cial emphasis on the unoccupied states. To this end, I fully relax the stable
structure obtained for the (2\/§ X 2\/§) unit cell, although its influence on the
adsorption geometry and energy turns out to be negligibly small. I then calculate
the energy bands as shown in Fig. 3.4(a), where the solid (red) and dashed (blue)
curves correspond to the band structures along paths I'M;K;I" and I'MsKsI', re-
spectively, in the folded Brillouin zone (see the inset). The difference between
the two band structures reflects the fact that the six-fold symmetry of pristine
graphene is broken by the adsorption of naphthalene. For clues about the IPSs of
the adsorbed system, I here take the LIPS of pristine graphene, the band bottom
of which is 2.84 eV from the Fermi level at the I' point (see Fig. A.1).! Inter-
estingly, a similar quasi-parabolic band can also be found in Fig. 3.4(a), where

the band bottom slightly shifts downwards to 2.79 eV. Apparently, the latter is

'Recently, Hamada et al. [23] reported that vdW-DF reproduces the low-lying IPS levels of
graphene obtained using the LDA+image potential correction [4].
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consistent with the 2PPE results of naphthalene on HOPG [18], in which the band
dispersion of the LIPS seems unaffected by the molecular adsorption. However,
the large amplitudes of the graphene LIPS near the naphthalene adsorption height
d ~ 3.44 A suggest possible hybridization with the molecular orbitals (MOs) of

naphthalene.

In order to gain insight into the interaction between the graphene LIPS and the
naphthalene MOs, I inspect the wave functions of unoccupied states labeled U;—Uy
at the I' point, as shown in the lower panels of Fig. 3.4. From the comparison with
the naphthalene MOs, U; (Us) can be assigned to a state mainly derived from
the LUMO+1 (LUMO+2) of naphthalene.? Note that the positive (negative)
dispersions near I' result from the overlap between adjacent wave functions in
an in- (out-of-) phase configuration. In sharp contrast to the localized MO-like
states, the wave functions of Uy and Uy are extended both around naphthalene
and graphene. Thus these states are no longer simple graphene IPSs, despite the
presence of the quasi-parabolic dispersions. Rather, the extended behavior of Ug
recalls interlayer states realized between graphene LIPSs [3], suggesting that the

naphthalene overlayer mimics graphene in the formation of Us,.

To identify the origin of the peculiar nature of Us, I calculate the energy bands
of the naphthalene monolayer without graphene as shown in Fig. 3.4(b). Here the
geometry of naphthalene is fixed to the adsorption structure in the (2\/3 X 2\/5)
unit cell. One readily notices that there appear quasi-parabolic dispersions with

band minima of 2.77 and 3.80 eV at I', which are analogous to the two lowest

’DFT in general underestimates the LUMO level, while it also lacks dynamical surface po-
larization [42, 43, 44]. This cancellation enables one to describe the LUMO level of molecules
on solid surfaces reasonably well.
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FIGURE 3.4: Band structures above the Fermi level (Er) of (a) naphthalene
on graphene and (b) the naphthalene monolayer calculated with the (2v/3 x
2\/§) unit cell. The energy levels of the isolated naphthalene molecule is shown
in panel (c) for comparison. In panels (b) and (c), the origin of energy is
determined so that the vacuum level coincides with that in the adsorbed system
(a). The solid (red) and dashed (blue) curves denote the energy dispersions
along paths I'M; K I' and I'MoKoI', respectively, in the folded Brillouin zone
shown in the inset of panel (a). In the lower panels, the top (front) views of the
wave functions for several unoccupied states are represented by isosurfaces (color
plots). We show only the real parts of the wave functions, where the red and
blue colors correspond to e.g. positive and negative amplitudes, respectively.
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IPSs of graphene. The similarity becomes even clearer from the wave functions of
the IPS-like state labeled Iy (I3) in Fig. 3.4(b), which is roughly symmetric (anti-
symmetric) with respect to the naphthalene layer, corresponding to the LIPS of
graphene with even (odd) parity [4]. Unlike the isotropic effective mass of the
graphene IPSs m*/m, = 1.02, the IPS-like states of the naphthalene layer exhibit
a strong anisotropy in m* as shown in Table 3.1. For example, I; behaves like the
graphene LIPS along the long axis of naphthalene, while it gets heavier along the
short axis. Iy also shows a similar anisotropy but it is nearly twice heavier than
I;. As the intermolecular separation increases, the IPS-like states lose the energy
dispersions and convert to the Rydberg states [45] of the isolated naphthalene
molecule labeled R; and Ry in Fig. 3.4(c). From this, it is clear that the odd

(even) parity of I (Iy) originates from the s- (p-) like orbital of R; (Ry).

I also examine how the wave functions evolve as the naphthalene layer approaches
graphene. To describe one by one the formation of the states, I show in Fig. 3.5
the energy bands and wave functions at several distances between naphthalene and
graphene. It should be noted that labels Uy, Uy, Uz and Uy at each distance do
not exactly denote the same states as those obtained at the equilibrium distance
d = 3.44 A, because these states are in general hybridized with each other as

naphthalene approaches graphene.

At d =9.79 A, the interaction between naphthalene and graphene is still weak, and
thus IPS-like states can be easily distinguished from MO-like states in terms of the
wave functions as shown in Fig. 3.5(a). Here, it is clear that U; (Us) is analogous

to LUMO+1 (LUMO+2) as mentioned above. Namely, Uy (U,) displays a weak
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FIGURE 3.5: The band structures and wave functions of unoccupied states at

several distances d between naphthalene and graphene. Note that labels Uy,

Uy, Ug and Uy at each distance do not exactly denote the same states as those
obtained at the equilibrium distance d = 3.44 A.



Hybrid IPSs in Naphthalene Ouverlayer on Graphene 39

bonding (anti-bonding) hybridization between the LIPS of graphene (17) and the
[PS-like state of naphthalene (I;). Such hybridization between IPSs (hybrid IPSs)
is also reflected in the band structure, where one can find two parabolic bands
near 2.8 eV at I', which are quite similar to each other. In addition, one also
notices the parabolic band at 3.6 (3.9) eV, which corresponds to the bonding
(anti-bonding) state between 1~ and I,. As naphthalene approaches graphene, U,
is initially stabilized by the bonding hybridization between the IPSs and becomes
more stable than U; [see Figs. 3.5(b) and (c)]. However, when the naphthalene-
graphene distance is further decreased, the stabilization is canceled out by Pauli
repulsion, and as a result U, behaves like the graphene LIPS at d = 3.44 A as
shown in Fig. 3.5(d), although U, has a small anisotropy in the effective mass
reflecting the molecular structure of naphthalene. Note that the band dispersions
and wave functions of U; and U, remain almost unchanged during this process.
The small hybridization between them is due to the fact that the wave function
of Uy (Uy) is roughly symmetric (anti-symmetric) with respect to the naphthalene

(graphene) plane.

On the other hand, both Us and U, have roughly anti-symmetric wave functions
at d = 9.79 A, which leads to strong hybridization between them as Uy is desta-
bilized monotonically. Indeed, Us displays a slightly IPS-like character around
graphene even at d = 7.67 A as shown in Fig. 3.5(b). This tendency is increased
at d = 5.56 A [Fig. 3.5(c)], where Us has larger amplitude than U, near graphene,
which indicates that Us and U, cannot be clearly assigned to the LUMO+2-like

state or the anti-bonding hybrid IPS. This picture is also supported by the band
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TABLE 3.1: Effective masses of the IPS-like states in naphthalene on graphene
and the naphthalene monolayer estimated from Fig. 3.4. The results are ob-
tained in four directions from the I' point in the Brillouin zone.

I'— M, I' - Ky I' —» M, I' =» K,
U, 1.00 1.07 1.27 1.43
U, 3.13 2.70 2.10 1.89
I 0.98 1.05 1.23 1.36
Iy 1.90 1.97 2.13 2.23

structure, where the dispersions of Uz and Uy show intermediate behaviors be-
tween the graphene LIPS and the naphthalene MO. At the equilibrium distance
d = 3.44 A [Fig. 3.5(d)], however, the MO- (IPS-) like dispersion of Us (Uy) as
in Fig. 3.5(a) is recovered, although the corresponding wave functions are more
complicated than in Fig. 3.5(a) as a result of the hybridization. From Table 3.1,
one notices that the hybrid IPS U, retains the anisotropic m* of I even after the
hybridization. For the hybrid IPS Uy, the effective mass becomes roughly twice
heavier than the graphene LIPS and the IPS-like states of naphthalene. More
importantly, U displays an inverse anisotropy in m* as compared with Usy, which
derives from the hybridization between adjacent LUMO+-2 states along the short

axis of naphthalene.

The wave functions of unoccupied states in Fig. 3.4(a) have been used as a clue to
the origins of the IPS-like states of naphthalene on graphene. Since IPS-like states
are characterized by wave functions extended around the surface, e.g. U, can be
readily attributed to the bonding hybridization between the graphene LIPS and
the IPS-like state of naphthalene with even parity. The anti-bonding state between
them, however, also hybridizes with naphthalene LUMO+2, and the interpreta-

tion of the resulting wave functions leaves some ambiguities. To distinguish more
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clearly the MO- and IPS-like features of such wave functions, I plot in Fig. 3.6 the
planar averages of charge density (|¥|?) for the unoccupied states as functions of

height z from graphene. For comparison, the results for the graphene IPSs and

[PS-like states of the naphthalene monolayer are also shown.

I first examine the averaged charge density for symmetric (anti-symmetric) IPS 17
(17) of graphene shown in Fig. 3.6(a). IPS 17 (17) is characterized by main peaks

at z = £2.0 (£2.8) A with long tails, as well as a small single (double) peak around
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FIGURE 3.6: Planer averages of charge density for (a) the graphene IPSs, (b)
the IPS-like states of naphthalene and (c¢) the unoccupied states of naphthalene
on graphene.
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graphene. Similar long-tail structures are also seen in W for IPS-like states [; and
I, of the naphthalene monolayer as shown in Fig. 3.6(b). Note that I; and I behave
like graphene IPSs in terms of the parabolic bands, but differ qualitatively from
the latter in that @ has a largest amplitude near the naphthalene monolayer. I
now analyze the averaged charge densities for the unoccupied states Uy, Us, Us
and Uy of naphthalene on graphene shown in Fig. 3.6(c). From the exponentially
decaying large double peak of U; localized near naphthalene, one can confirm that
U; derives essentially from naphthalene LUMO+41. A similar localized behavior
is also observed for U, near naphthalene, whereas its [¥|2 behaves like an IPS
around graphene. This suggests that the IPS-like character of the roughly isotropic
parabolic dispersions of U, essentially derives from graphene IPSs, and its large
effective mass is due to naphthalene MOs. On the other hand, @ for Uy behaves
like 1t (I;) around graphene (naphthalene), which clearly indicates that U, is
formed by the hybridization between these two IPSs. Uj; also displays long-tail

structures both around graphene and naphthalene, but its | V|2 has a double peak

similar to U; near naphthalene.

3.5 STM simulation

Finally, I simulate the STM images of naphthalene on graphene using the relaxed
geometry and charge density obtained for the (2\/3 X 2\/§) unit cell. For simplicity,
I neglect the shift in the energy bands due to the electric field from the tip.
The simulated STM images are obtained at several sample bias voltages Vg as

shown in Fig. 3.7, where the results at negative (positive) Vs probe occupied
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FIGURE 3.7: (Color online) Simulated STM images of naphthalene on graphene

with the (2\/§ x 21/3) perlodlclty The results are obtained at sample bias volt-

ages Vg = £1,+2 and +3 V. The bright (dark) regions correspond to protrusions

(depressions), and the rhombus and hexagons denote the (2v/3 x 2v/3) unit cell

and the benzene rings of naphthalene, respectively. Several MOs of naphthalene
are depicted for comparison in the lower panels.

(unoccupied) states. The image at Vg = —1 V is characterized by four bright
spots on each naphthalene molecule, which are asymmetric with respect to the
long axis of naphthalene. The bright spots correspond to the carbon atoms of
naphthalene not stacking with those of graphene in analogy to HOPG surfaces [46],
detecting the hybridization between the HOMO of naphthalene and the m-bands of
graphene. The contribution from the HOMO becomes more prominent at Vg = —2
V, where neighboring bright spots merge into dumbbell-like protrusions with two
orientations, which is similar to the experimental image at Vg = —3.1 V [17]
in that the pattern consists of two types of bright spots. At Vg = —3 V, the
contribution from the HOMO—1 state is superposed, and as a result the obtained

image resembles the benzene rings of naphthalene molecules.
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At positive sample biases, on the other hand, the simulated STM images reflect the
characteristics of unoccupied states including the IPS-like states. As in the case of
Vs = —1V, the absence of the mirror symmetry is also seen at Vg = +1 V, where
the m-orbitals of graphene now hybridize with the LUMO of naphthalene. At
Vs = +2 V, protrusions analogous to the naphthalene LUMO merge with those of
neighboring molecules, and the bright spots corresponding to higher carbon atoms
form a triangular lattice. Intriguingly, the STM image obtained at Vg = +3 V
displays oval protrusions at the interstitial regions between the molecules, which
are quite unlike any naphthalene MOs. This indicates that the hybrid IPS (U,)
predominantly contributes to the STM image. Our results explain the origin of
the elongated eval protrusions observed experimentally, which have previously
been attributed to the LUMO of naphthalene [17]. This also suggests that the

hybrid IPSs can be imaged experimentally with STM.

3.6 Conclusions

I have theoretically investigated the naphthalene adsorption on graphene using the
vdW-DF method. The results show that the molecular adsorption is stabilized by
the formation of the (2\/§ X 2\/§) superstructure with a tilted adsorption geometry,
in good agreement with the STM results on HOPG surfaces. More importantly,
the intermolecular interaction induces IPS-like states on the naphthalene over-
layer, which hybridize with the graphene IPSs in the bonding and anti-bonding
manners. The impact of the naphthalene adsorption appear most prominently in

the anisotropic effective mass of the resultant hybrid IPSs, which strongly reflects
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the molecular structure of naphthalene. It is expected that similar hybrid IPSs

widely exist at interfaces of molecular overlayers and solid surfaces.
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Chapter 4

Platinum Single-atom Adsorption

on Graphene

4.1 Background

High-performance electrocatalysts are highly desired for electrochemical energy
conversion devices, such as photovoltaic cells and fuel cells. Platinum (Pt) is
widely used as an electrocatalyst, as it exhibits high catalytic activity not only
for hydrogen oxidation but also for oxygen reduction at low temperatures [1, 2.
Nevertheless, there are still urgent needs to address the high cost of Pt and to
search for alternative catalysts, which use small amount of Pt or no Pt with earth-
abundant materials. Tremendous efforts have been devoted to achieve these goals,
including the use of non-precious metals for Pt-metal alloys [3, 4, 5, 6, 7, 8, 9], or
the use of noble metal-free catalyst [10, 11, 12, 13]|. Particularly interesting are
Pt clusters supported by graphitic materials, such as carbon black, carbon nan-
otubes, and graphene, which have been extensively studied both experimentally

[14, 15, 16, 17, 18, 19, 20] and theoretically [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,
49
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32, 33, 34]. A better catalytic activity of small Pt clusters supported by graphene
sheet has been demonstrated experimentally [16, 17]. These results lead to the
hypothesis that downsizing the Pt clusters to single atoms is able to enhance the
catalytic activity. Recently, Sun et al. have successfully deposited single Pt atoms
on graphene nanosheet using the atomic layer deposition and then demonstrated
a significant improvement of the catalytic activity for methanol oxidation reaction
[35]. Cheng et al. also showed that Pt single-atom catalyst deposited on nitrogen
doped graphene nanosheet exhibits enhanced catalytic activity for the hydrogen
evolution reaction [36]. The vacancies usually formed during preparation are ex-
pected to have strong interactions with the Pt atoms as demonstrated in several
theoretical studies [23, 31, 32]. Back et al. have predicted the great potential
of single atom catalyst supported on defective graphene for CO4 electroreduction
applications [37]. However, the dispersion of the single Pt atoms on graphene is
limited to the number of the point defects. On the other hand, graphene edge
might offer more space for depositing single Pt atoms. Kong et al. have theoret-
ically investigated Pt single-atom adsorption at the edges of graphite nanofibers
and found that the atoms are tightly bound to the edges due to the existence of
active dangling bonds [38]. By employing transmission electron microscopy, struc-
ture and dynamics of Au [39], Fe [40], Cu [41], and Pt[41, 42] atoms at the edges
have been studied. Some experimental studies also observed that Pt nano-clusters
at the graphene edges are stable at high-temperatures [43, 44, 45]. However, the
adsorption state and the catalytic activities of single Pt atoms are not yet fully

understood.
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In this work, I investigate the Pt single-atom adsorption on graphene by means
of density functional theory (DFT) that includes the van der Waals forces. I per-
form systematic calculations to determine the adsorption state of single Pt atom
on graphene, including defective graphene structures and graphene edges. Spe-
cial emphasis is devoted to the graphene edges, as they are abundant in realistic
conditions. I consider both zigzag and armchair edges, including the dependence
on hydrogen termination. I examine their stability by taking into account the
environmental effects, via DFT based thermodynamics [46]. I find that the sin-
gle Pt atom adsorbs preferentially at the edge rather than on graphene, and the
substitutional carbon site is the most stable one in a condition relevant to experi-
ments. Furthermore, the core level shift (CLS) of Pt atom are calculated for each

structure, which is used to validate the predicted structure against the experiment.

4.2 Computational Details

All the DFT calculations are carried out by using STATE code [47, 48] with ultra-
soft pseudopotentials [49]. A plane-wave basis set is used to expand wave functions
and augmentation charge with cutoff energies of 36 Ry and 400 Ry, respectively. I
use rev-vdW-DF2 [50] exchange correlation functional as implemented [51] in the
code with an efficient algorithm [52, 53]. Pseudopotentials are generated using the
Perdew-Burke-Ernzerhof (PBE) [54] functional and the use of PBE pseudopoten-
tials in rev-vdW-DF2 calculations is validated in Ref. 55. T use a (6 x6) supercell to

simulate Pt single-atom adsorption on pristine (GR), mono-carbon vacancy (1),
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and di-carbon vacancy (V3) of graphene structures. I introduce the 7575 mem-
ber rings of graphene as a boundary between zigzag and armchair as observed
in Ref. 56, denoted as grain-boundary graphene (GB-GR). I place the GB-GR at
17.23 A x 14.03 A rectangular lattice. I also construct disorder graphene (DisGR)
reported in Ref. 57, and place it in a 20.37 A x 24.67 A rectangular lattice. Bril-
louin zone integration is performed for all structures using the I'-centered 4 x 4
k-point mesh for pristine, mono-carbon vacancy, and di-carbon vacancy graphenes;
2 x 3 k-point mesh for GB-GR; and the I'-point for DisGR. To investigate the edge
effect in the Pt adsorption, I employ the graphene nanoribbons (GNR) with zigzag
(2GNR) and armchair (e¢GNR) edges with different terminations, including nonhy-
drogenated, mono-hydrogenated, and di-hydrogenated ones, as shown in Figs. 4.1
and 4.2 for zGNR and aGNR, respectively. I follow the convention used in Ref. 58,
i.e., z, denotes zGNR with n hydrogen atoms at the edge carbon site, and a,, for

aGNR with n hydrogen atoms. Spin polarization is taken into account for all the

system.
(a) 20 (b) 4| (©) 2
Gy Lop
View

A\

L, 3 ( Side
X View
FIGURE 4.1: Structures of nonhydrogenated zGNR (a), mono-hydrogenated
2GNR (b), and di-hydrogenated zGNR (c). Brown (blue) spheres represent
carbon (hydrogen) atoms. The first, second, and third outermost carbon atoms
are denoted as C,, Cg, and C,, respectively. L indicates the periodicity of the

ribbons along the edge direction.
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(a) a (b) a,

FIGURE 4.2: Structures of mono-hydrogenated aGNR (a), and di-hydrogenated
aGNR (b). Brown (blue) spheres represent carbon (hydrogen) atoms. The first,
second, and third outermost carbon atoms are denoted as C,, Cg, and C,,
respectively. L indicates the periodicity of the ribbons along the edge direction.

The zGNR has the localized spin with ferromagnetic order along the edge and
antiparallel orientation between the edges as reported in Refs. 59 and 60, while
such localized spin does not appears at the edge of aGNR. GNRs are modeled using
periodic supercell along the edges, having the same configurations on both edges.
Following the conventional notation, the width of GNR is specified by the number
of zigzag chain and dimer lines for zGNR and aGNR, respectively, and I use 5-
2GNR and 10-aGNR in this work. I use supercells containing 4 hexagons for both
2GNR and aGNR, and resulting supercells contain 40 carbon atoms. Supercells in
the graphene plane directions correspond to (4 x 61/3) and (2v/3 x 12) supercells of
graphene for zGNR and aGNR, respectively, and graphene planes are separated by
a vacuum layer of ~15 A thickness. Resulting vacuum thickness between edges are
16.48 A and 18.70 A for 2GNR and aGNR, respectively. Brillouin zone integration
is performed using the I'-centered 6 x 2 k-points for both zGNR and aGNR. All the
graphene based structures considered in this work are constructed using the lattice

constant of graphene obtained using rev-vdW-DF2 (2.46 A) [61], which is in good
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agreement with the experimental value for graphite (2.4589 «+ 0.0005 A) [62]. The
structures are fully relaxed until the forces acting on the atoms becomes smaller
than 5.14x1072 eV/A (1 x 10~® Hartree/Bohr). The Pt 4f CLS including the
final state screening is calculated as the difference between the core level binding

energy of Pt adsorbed GNR and bulk Pt [63, 64, 65].

(e) Pt/DisGR

o—a

)  PYGB-GR

FIGURE 4.3: Optimized structures of Pt atom adsorption on (a) pristine

graphene (GR), (b) graphene with carbon mono-vacancy (V1), (c) graphene

with carbon di-vacancy (V3), (d) grain-boundary graphene (GB-GR), and (e)
disorder graphene (DisGR).
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4.3 Results and Discussion

4.3.1 Pt adsorption on pristine and defective graphene

structures

I first consider pristine and defective graphene structures and adsorption of single

Pt atom on them as shown in Fig. 4.3. I calculate the binding energy defined by

Ey, = EPt/G — Eg — ppy, (4-1)

where Ep¢/q, Eg, and pp; are the total energy of the adsorption system, the total
energy of substrate, and the chemical potential of Pt, respectively. I use the total
energy of single Pt atom for pup¢. In Table 4.1, I summarize the calculated binding
energies of single Pt atom on pristine and defective graphene structures. The
binding energy for the pristine graphene is slightly larger than those reported in
Ref. 26 because of the exchange-correlation functionals used (see Table 4.1 for
the binding energies calculated using the PBE [54] functional). The Pt single-
atom adsorption on graphene with vacancy is significantly stable, because the Pt
atom terminates dangling bonds associated with the C vacancy. However, the
energies necessary to create the C vacancies (formation energies for C vacancy
with respect to the C atom in graphene) are 7.77 ¢V and 7.86 eV for V; and
Vs, respectively, and the effective binding energies are +0.07 eV and +0.29 eV,
respectively. Thus I conclude that the Pt single-atom adsorption at the C vacancy

site is thermodynamically less favorable. The binding energies of single Pt atom
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TABLE 4.1: Binding energy (Ep) of Pt single-atom adsorption for several
graphene based structures, calculated using rev-vdW-DF2 and PBE functionals.

Structure Ey, | eV
rev-vdW-DF2 PBE
Pt/GR —1.97 —1.61
Pt/ V, —7.70 ~7.35
Pt/ V, —7.57 —7.29
Pt/GB-GR —2.55 —2.20
Pt/DisGR —2.99 —2.69

for GB-GR and DisGR are apparently much larger than that for pristine graphene.
However, this is because GB-GR and DisGR are less stable and thus more reactive
than the pristine one. They are less stable than pristine graphene by 0.17 and 0.39

eV per C atom, respectively.

4.3.1.1 Pristine GNR

I then investigate the most stable GNR by calculating the formation energy defined
by

1 Ny
Eiom=— | B — NcEcr — — , 4.2
f oL ( GNR CcLGR 9 MH2> ( )

where Fgonr, Far, tu,, are the total energy of GNR, total energy of C atom in
the bulk graphene (total energy of graphene per atom), and chemical potential of
H, molecule, respectively; No (Vu) is the number of C (H) atom in GNR; and
L is the length of the unit cell along the edge. Figure 4.4 shows the calculated
formation energy as a function of Hy chemical potential. It is found that at high
H, chemical potential, aGNR (a2) is stable, whereas zGNRs are more stable under
low Hs chemical potential, and non-hydrogenated GNR is unstable in a wide range

of Hy chemical potential, in good agreement with the previous study [58]. The
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FIGURE 4.4: Formation energy of GNR as a function of Hy chemical potential.
Apm, = pu, — En,, where Eg, is the total energy of a gas-phase Hp molecule
at 0 K.

positions of the intersections differ from those reported in Ref. 58, because the
exchange-correlation functionals used are different (see Fig. 4.5 for comparison of
the results obtained using rev-vdW-DF2 and PBE). In addition, I also confirm

that the stability is insensitive to the GNR width as shown in Fig. 4.6.

To compare the stability of the GNRs with the defective graphene structures,
[ calculate the formation energy per C atom (replace 2L in Eq. 4.2 with N¢).
At pup, = Fp,, the formation energy per C atom of 2y, 21, 29, ag, a1, and as
are 0.61, 0.06, 0.10, 0.44, 0.03, and ~ 0.00 eV, respectively. Thus, although most
GNRs considered here are less stable than pristine graphene (i.e. most GNRs have
positive Erom at pg, = Ep,), hydrogenated GNRs are more stable than defective

graphene structures.
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FIGURE 4.5: Formation energies (Efom) of armchair and zigzag graphene

nanoribbon as a function of chemical potential of hydrogen molecule py,, cal-

culated using (a) PBE and (b) rev-vdW-DF2. 20-aGNR and 10-zGNR are
used.

4.3.2 Pt single-atom adsorption on z:GNRs

I consider the Pt single-atom adsorption on non-hydrogenated zGNR (z). I sys-

tematically construct the adsorption configurations with and without defects, and

® B

Auy /eV Auy /eV

FIGURE 4.6: Formation energies (Efom,) of armchair and zigzag graphene
nanoribbon as a function of chemical potential of hydrogen molecule py,, cal-
culated with (a) 10-aGNR and 5-zGNRand (b) 20-aGNR and 10-zGNR.
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PtT @ <0 (b)

FIGURE 4.7: Optimized structures of Pt single-atom adsorption at the edge of

non-hydrogenated zGNRs. Purple (brown) spheres represent of Pt (H) atoms.

The first, second, and third outermost carbon atoms are denoted as C,, Cg,

and C,, respectively. L indicates the periodicity of the ribbons along the edge
direction.
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label them according to the Kroger-Vink notation [66], as shown in Fig. 4.7. T
first consider the Pt single-atom adsorption at the top- and bridge-site of perfect
2o, denoted as PtrQz, [Fig. 4.7(a)] and Ptg@Qz, [Fig. 4.7(b)], respectively. Sec-
ond, I introduce a Stone-Wales (SW) defect at the edge of zy, denoted as z(57)y,
and a Pt atom adsorbed at the long-bridge (LB) site of the SW defect, denoted
as Ptp@z(57)o [Fig. 4.7(c)]. I introduce substitutional Pt with single edge car-
bon atoms (C,, Cg) denoted as Ptc, @z [Fig. 4.7(d)] and Ptc,Qz [Fig. 4.7(e)],
respectively. T also consider two outermost carbon vacancies (V¢), and obtained
the Pt substituted with two Vi’s, Pt(C,)2@Qz [Fig. 4.7(f)], and a complex of a
substitutional Pt and Vi, Pte, Ve, @z [Fig. 4.7(g)]. Finally I consider Pt config-
urations with a divacancy formed with outermost and second outermost and that
with second and third outermost C atoms, Ptc,c, @z [Fig. 4.7(h)] and Ptc,c, @z

[Fig. 4.7(1)], respectively.

For the optimized structures with single Pt atom at the edge of zy, I calculate the

Gibbs free energy defined by

AQ(uc) = EpyacNr — Eret — it — ANc e, (4.3)

where Fpiagnr and e are the total energies of adsorbed and reference systems,
respectively; ANg is the difference of the number of C atoms from the reference
system; pupy and pc are chemical potentials of Pt and C, respectively. Here the
pristine graphene is chosen as the reference (Fif = Fgr X N¢, where N¢ is the
number of C atoms in perfect GNR). up; is chosen to be the total energy of sin-

gle Pt atom (FEp¢) and pc is varied around the chemical potential of graphene.
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Graplhene

Pt @z,

Ptg @z,

Pt g@z(57),

Ptec @z

PtCB@ZO

Pt ), @2

Pte Ve, @2
—¢— PtCaCB@ZO

AQ / eV

—_— PtCﬁCY@ 20

FIGURE 4.8: The Gibbs free energy for the pristine GNRs as a function of C
chemical potentials. Auc = uc — Egr is C chemical potential referenced to the
total energy of graphene at 0 K (EgRr).

Figure 4.8 shows the Gibbs free energy as a function of C chemical potential for
nine structures considered in this work, and those at uc = Egr (the system is
in equilibrium with graphene) are summarized in Table 4.2. We can see that all
the structures have large positive Gibbs free energies at uc = Fggr, suggesting
that Pt single-atoms adsorption at the edges of zy is thermodynamically unstable.
Among the Pt adsorption structures on zg, Ptc, @z is the most favorable con-
figuration. However, the calculated CLS for Pt @z is too small compared with
the experimental value of (+2.0 £ 0.4) eV [42], suggesting this adsorption config-
uration is unlikely. On the other hand, Ptc, @z and Ptc,c,@zy show relatively
large CLS of 4+1.44 and +1.67 eV, respectively. However, their Gibbs free ener-
gies are significantly large, ruling out these configurations. Thus, it is concluded
that Pt single-atom adsorption on the non-hydrogenated GNR is unlikely in the

equilibrium condition.
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(a) Pt@z, (b) Pty @z, (c) Pt@z(57),

CallITI
Co LI T I 113

FIGURE 4.9: Optimized structures of Pt single-atom adsorption at the edges of

mono-hydrogenated zGNRs. Purple, brown, and light blue spheres represent of

Pt, C, H atoms, respectively. The first, second, and third outermost C atoms

are denoted as C,, Cg, and C,, respectively. L indicates the periodicity of the
ribbons along the edge direction.
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TABLE 4.2: Gibbs free energy (AQ) and core level shift (CLS) of Pt
atom@zGNRs at yuc = Egr and pg = En,.

AQ(EGR,EHQ) / eV CLS / eV
20 Z1 Z9 20 Z1 z9

Ptr +19.02 +0.15 +1.61 —0.56 —0.93 —1.30
Ptp +17.98 +1.57 +2.57 +0.44 +0.35 +0.35
Ptrg? +20.35 +3.88 +4.86 +0.44 +0.44 +0.29
Ptc, +17.61 —0.25 +1.92 +0.50 +1.43 +1.20
Ptc, +22.16 +1.89 +0.51 +1.44 +1.37 +1.42
Pt(Cy)2 +17.60 +1.79 +2.98 —0.29 +0.24 +0.48
Pt Vo, — +17.69  +2.02  +3.33 042 4054  +0.88
Ptc.c, +18.08 +0.14 +1.62 +0.81 +0.81 +0.52
Ptc,c, +22.87 +2.11 +1.21 +1.67 +0.82 +1.11
Expt. — — — +2.040.4°

@ Ptrp should be adsorbed at the edge of z(57),
b Taken from Ref. 42.

I then investigate the stability of Pt single-atom adsorption on mono- and di-
hydrogenated zGNRs (z; and z3). The structures are similar to those adopted for
non-hydrogenated zGNRs as shown in Figs. 4.9 and 4.10 for z; and z5, respectively.

I optimized all the structures and calculated the Gibbs free energy given by

ANy
2

AQ(uc, pi,) = EptacNr — Eret — ttpe — ANgpic — JH, (4.4)

where Epiaanr (Fref) is the total energy of adsorbed system (reference system),
ppy = Epy, ANg, and ANy are the difference of numbers of C and H atoms from
the reference system, respectively, and puc and pg, are chemical potentials of C
atom and Hy molecule, respectively. As in the case of zy, pristine graphene is
chosen as the reference. I calculate AQ for 2y, 21, and 2, as a function of uy, and
e and generate the phase diagram as shown in Fig. 4.11. T also calculate AS) at
e = Egr and pup, = Ey, for the structures considered, where Ey, is the total

energy of an isolated Hy molecule. The results are summarized in Table 4.2 along
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with the calculated CLSs for each structure. As expected, single Pt atom adsorbed
non-hydrogenated zGNR is unstable and does not appear in the phase diagram.
I find that Pt @z only exhibits negative AQ at uc = Egr and pp, = Ep,,
suggesting that this structure is thermodynamically stable under these conditions.
Furthermore, the calculated CLS for this structure is in reasonable agreement with
the experiment. Among the hydrogenated GNR structures, calculated CLSs for
Ptc, @z and Ptc,@z; are also reasonable. However, they shows positive AQ)’s,

implying these structures are less likely than Pt @Qz;.

4.3.3 Pt single-atom adsorption on aGNRs

I investigate the Pt single-atom adsorption at the edge of mono- and di-hydrogenated
aGNRs. I do not consider non-hydrogenated aGNRs as the non-hydrogenated
structures are unstable as observed in the case of zGNR. I consider the fol-
lowing structures: Pt adsorbed at short-bridge (SB) and long-bridge (LB) sites
[Figs. 4.12(a) and 4.12(b), respectively|; substitutional Pt with single C atom
respectively [Figs. 4.12(c)-(e)]; substitutional Pt with two C atoms [Figs. 4.12(f)-
(i)]. I construct similar structures for dihydrogenated aGNR (Fig. 4.13). The
structures are fully optimized and the Gibbs free energies are calculated according
to Eq. (4.4). The phase diagram for aGNR is shown in Fig. 4.14, and AQ’s at
e = Eqr and py, = Ey, for different adsorption configurations are summarized
in Table 4.3. T find that Ptc @z, is the most stable at uc = Egr and pp, = By,
with reasonable CLS, suggesting this structure is the most likely candidate in this

condition. Furthermore, absolute value of calculated Af) is much larger than that
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PtT@ZZ (b)

FIGURE 4.10: Optimized structures of Pt single-atom adsorption at the edges

of di-hydrogenated zGNRs. Purple, brown, and light blue spheres represent of

Pt, C, H atoms, respectively. The first, second, and third outermost C atoms

are denoted as C,, Cg, and C,, respectively. L indicates the periodicity of the
ribbons along the edge direction.
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FIGURE 4.11: The Gibbs free energy for Pt single-atom adsorption at the edge
of zGNRs as a function of C and Hy chemical potentials. Auc = uc — Egr and
Apn, = pH, — EH, are C and Hy chemical potentials referenced to the total
energies of gas-phase Hy and graphene, respectively. The bottom axes show the
corresponding Ho chemical potentials at the absolute temperature 17" and partial
pressure P (with P° = 1 atm), pupg, = H°(T)—H°(0)—TS°(T)+ kT In(P/P°),
where the enthalpy H° and the entropy S° are obtained from Ref. 67.

of the most stable zGNR, suggesting that Pt adsorbed at aGNR is thermodynam-
ically more stable than Pt adsorbed zGNR. I also find that Ptc,@Qa;, Ptc, Qay,
and Ptc @ay show relatively large positive CLSs. However, they show large posi-
tive AQ at puc = Egr and puy, = Fy, and therefore appear in the phase diagram

(Fig. 4.14). In particular the latter two show large positive AQ2 and are less likely.
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Top
View

Front
View

FIGURE 4.12: Optimized structures of Pt single-atom adsorption at the edges

of mono-hydrogenated aGNRs. Purple, brown, and light blue spheres represent

of Pt, C, H atoms, respectively. The first, second, and third outermost C atoms

are denoted as C,, Cg, and C,, respectively. L indicates the periodicity of the
ribbons along the edge direction.



Platinum Single-atom Adsorption on Graphene 68

FIGURE 4.13: Optimized structures of Pt single-atom adsorption at the edges

of di-hydrogenated aGNRs. Purple, brown, and light blue spheres represent of

Pt, C, H atoms, respectively. The first, second, and third outermost C atoms

are denoted as C,, Cg, and C,, respectively. L indicates the periodicity of the
ribbons along the edge direction.
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FIGURE 4.14: The Gibbs free energy for Pt single-atom adsorption at the edges
of aGNRs as a function of C and Hy chemical potentials. Auc = uc — Egr and
Apn, = pH, — EH, are C and Hy chemical potentials referenced to the total
energies of gas-phase Hy and graphene, respectively. The bottom axes show the
corresponding Ho chemical potentials at the absolute temperature 17" and partial
pressure P (with P° = 1 atm), puyg, = H°(T)—H°(0)—TS°(T)+ kT In(P/P°),
where the enthalpy H° and the entropy S° are obtained from Ref. 67.

4.3.4 Impact of the substrate

Here I examine the effect of the substrate, as in the experiment [42], Pt single-atom
adsorption has been observed at the step edge of graphite, and the graphene un-
derneath may play some role. I perform the structural optimization with graphene
substrate and calculate CLS of Pt single-atom at the edge of 2zGNR. I adopt the

adsorption structures with z; and introduced graphene underneath as show in
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(c) Pty g@z(57),/GR

(b) Ptz@z,/GR
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H atoms, respectively and grey honeycomb

corresponds to the graphene layer. The first, second, and third outermost C

9

C
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of the ribbons along the edge direction.

Optimized structures of Pt single-atom adsorption at the edges

of mono-hydrogenated zGNRs with a graphene substrate. Purple, brown, and

GO

X («— [ —>

atoms are denoted as C,, Cg, and C,, respectively. L indicates the periodicity

light blue spheres represent of Pt

FIGURE 4.15:

y



Platinum Single-atom Adsorption on Graphene 71

Fig. 4.15. I optimize the structures and calculate the binding energy defined by

Ey = Epya.oNrR — Eret — Epy — ANcEGr — Fu,, (4.5)

where Epia.gnr 18 the total energies of Pt adsorbed at zGNR (with and without
graphene substrate) and F, is the total energy of the reference system, where I
use perfect z; and perfect z; on graphene (z;/GR) as references for the binding
energies for Pt single-atom at z; and at z;/GR, respectively. Calculated binding
energies and corresponding CLSs are summarized in Table 4.4. We can see that
difference of the binding energies with and without the substrate is insignificant,
and in most cases, the substrate plays a role to stabilize the Pt single-atom ad-
sorption, except for Ptg,@z;. The most stable adsorption structure (Ptc,@z;)
is unchanged and the binding energy difference is 0.16 eV upon inclusion of the
substrate. The substrate does have an insignificant impact on the calculated core

level shift, especially for the most stable Ptc, @z;. The change is —0.19 eV and

TABLE 4.3: The Gibbs free energy (AQ) for Pt atom adsorption at aGNRs at
uc = Egr and pg = Fy, and the corresponding core level shift (CLS).

AQ(EGR, EHQ) / eV CLS / eV
a1 a2 (431 a2

Ptsp +0.67 —0.32 +0.63 +0.60
Ptip —0.69 —0.94 +0.44 +0.77
Ptc, —0.35 —2.24 +1.33 +1.33
Ptcﬁ +0.91 —0.02 +1.56 +0.82
Ptc7 +4.15 +3.00 +2.36 +2.33
Pt(ca)2 —0.57 —1.90 +0.17 +0.51
Ptcacﬁ +0.33 —1.40 +0.53 +0.77
Pt(cﬁ)2 +0.51 —1.17 —0.11 —0.74
Ptcﬁ c, +1.48 —0.44 +0.05 —0.03
Expt. — — +2.040.4¢

% Taken from Ref. 42.
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TABLE 4.4: The binding energy (E}) and the core level shift (CLS) of Pt single-
atom adsorption at the edges of z; with and without substrate graphene (GR).

Eb / eV CLS / eV
w/o GR w/ GR w/o GR w/ GR
Ptr@Qz —2.19 —2.32 —-0.93 —0.94
Ptg@z; —0.77 —0.88 +0.35 +0.34
Pty g@z(57), +1.55 +1.70 +0.44 +0.51
Ptc, @z —2.58 —2.74 +1.43 +1.24
Ptc, @z —0.44 —0.33 +1.37 +1.99
Pt(CQ)g@zl —0.54 —0.58 +024 ‘|—021
Ptc, Ve, @z —0.32 —0.36 +0.54 —0.50
Ptc,c, @z —2.19 —2.17 +0.81 +0.81
Pto,c, @2 —0.22 —0.01 +0.82 +0.78
Expt. — — +2.040.4¢

% Taken from Ref. 42.

TABLE 4.5: The binding energies (Ej) of the favorable Pt single-atom adsorp-
tion configurations at uc = Egr and pg = En,.

Configuration Ey/ eV
Ptr@z —2.19
Ptc, @z —2.58
Ptcacg@zl —2.19
PtT@ZQ —0.72
Ptcﬁ@ZQ —1.82
PtCﬁCV@ZQ —1.13
PtLB@al —0.61
Pt(ca)Q@al —0.49
Pt(ca)Z@ag —1.82

the conclusion is unaltered.

4.3.5 Discussion

Experimentally, both zigzag and armchair edges coexist depending on the envi-
ronment. Thus, it is desirable to compare the stability of single Pt atom adsorbed
at the edges of zGNR and aGNR on the same footing, and investigate the favor-

able adsorption site when both edges are exposed. For this purpose, I define the
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FIGURE 4.16: The binding energy for Pt single-atom adsorption at the edge of
GNRs as a function of C and Hy chemical potentials. The chemical potentials
of C (Auc) and Ha (Apm,) are referenced to the total energies of graphene
and gas-phase Hs molecule at 0 K, respectively. The bottom axes show the
corresponding Ho chemical potentials at the absolute temperature T" and partial
pressure P (with P° =1 atm), up, = H°(T)—H°(0)—TS°(T)+ kT In(P/P°),
where the enthalpy H° and the entropy S° are obtained from Ref. 67.

binding energy of single Pt atom as

ANy
2

Ey(pc, ;) = Epaz(a)one — Ex(oanr — Epe — ANcpc — HH, 5 (4.6)

where Epaz)onr and E.qang — Ep are total energies of Pt adsorbed zGNR
(aGNR) and pristine zGNR (aGNR), respectively. I note that the total energy
of the most stable form of GNR at given p, is used as a reference (E.(q)anr;
see also Fig. 4.4). Ej is an indicator of the strength of Pt single-atom adsorption

and can be used to discuss the stability of Pt when both zGNR and aGNR are
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present. Calculated Ej,’s as a function of uc and pp, (phase diagram) are shown
in Fig. 4.16 and those at yuc = Egr and py, = Ey, are summarized in Table 4.5. 1
find that although aGNRs and Pt adsorbed aGNRs are thermodynamically more
stable than zGNRs in terms of the Gibbs free energy (see Tables 4.3 and 4.2),
Pt adsorption at the edges of 2zGNRs is more favorable. This suggests that when
armchair and zigzag edges coexist, single Pt atoms prefer to adsorb at the zigzag
edge. At around puc = Egr, Ptc,@z; and Ptc, @z, are the most likely adsorption
structures. In particular, the calculated CLS for the former agrees reasonably with
the experimental one, and thus, I conclude that Ptc @z, is the most probable
structure. Note that at —0.38 eV < Apuy, < —0.22 eV, Pt(C,)2Qay appears
as a stable structure among Ptc,c,@z1. This narrow ay region corresponds to
the region where intersections of formation energies are found (Fig. 4.4) and the
stable (unstable) phase is determined by a subtle energy balance. As a result,
as becomes unstable, i.e., more reactive, and Pt(C,)2@ay emerges as a stable
adsorption structure. To determine the precise stability (boundary) when the
different phases compete, however, more accurate and precise calculation of total
energy is required. Nevertheless, the stability at around puc = Egr and puy, = Fn,
is unaffected, and I leave this a future work. Very recently, Yamazaki et al. propose
the threefold-coordinated Pt atom at the edges of graphene flake based on x-ray
photoelectron spectroscopy and DFT calculations [42]. In this case, the most
stable Ptc, @z has twofold-coordinated Pt atom, which contradicts with them.
On the other hand, the meta stable Ptc,@z; in our study, which has threefold-
coordinated Pt atom, gives relatively large binding energy and reasonable CLS,

and I do not rule out the possibility of the threefold-coordinated Pt atom at the
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FIGURE 4.17: Densities of states projected onto the Pt d orbitals for Ptc, @z;.
The energy origin is set to the Fermi level (Er).

edge at this point. To resolve the discrepancy, I may need to employ the state-
of-the-art theoretical method to calculate the absolute binding energy [68], and
to investigate the models for the graphene edge, because Yamazaki et al. and
I use different models (GNR and graphene flake, respectively) for the graphene
edge. Nevertheless, I can conclude that the Pt single-atom adsorption takes place
dominantly at the edge of graphene, and determination of more precise position

and CLS will be done in near future.

Here, let us discuss the oxidation state of single Pt atom, as it is crucial to under-
standing of its catalytic activity. I calculated the density of states projected on
the atomic orbitals of Pt for Pt @z (Fig. 4.17), which gives CLS in good agree-
ment with the experimental value. I found that the Pt d states hybridize with the
GNR state. In particular, the Pt d,, state hybridizes strongly with C sp state and

forms a fully unoccupied antibonding state, resulting in the formal oxidation state
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TABLE 4.6: Bader charge (Qiot) of the Pt atom and the deviation from the
charge of isolated atom (AQ4t) along with the calculated core level shift (CLS).

Structure Qrot AQot CLS / eV
Pt/GR 9.94 —0.06

Pt/ V, 9.51 —0.49

Pt/ Va 9.24 —0.76

Ptr@Qz, 9.80 —0.20 —0.56
Ptg@Qz 9.69 —0.31 +0.44
Ptc, @z 9.62 —0.38 +0.50
Ptc,Qz 9.36 —0.54 +1.44
Ptcﬂcw@zo 9.23 —0.77 +1.67
Ptr@z; 10.11 +0.11 —0.93
Ptc, @z 9.72 —0.28 +1.43
Ptcﬁcv@zl 9.45 —0.55 +0.81
Ptcﬂ@zl 9.59 —0.31 +1.42
PtCBCW@Zl 9.56 —0.34 +1.11
Pt gQay 9.75 —0.25 +0.44
Pt(CQ)Q@al 9.76 —0.24 +0.17
Ptc, Qas 9.74 —0.26 +1.33
Pt(ca)Q@&Q 9.78 —0.22 +0.51

of 2+. T also performed the Bader charge analysis (Table 4.6), and found that it is
not straightforward to assign the oxidation state of Pt only from the Bader charge

analysis, especially those at the edges, because of the strong hybridization of Pt d

states with GNR.

4.4 Conclusions

I present a systematic density functional theory-based thermodynamics study of
Pt single-atom adsorption on graphene. I find that single Pt atoms adsorb more
preferably at the graphene edge than on the bulk. Although pristine aGNR is
thermodynamically more stable than zGNR under a wide range of hydrogen pres-

sure, single Pt atoms preferably adsorb at the edge of hydrogenated zGNR. The



Platinum Single-atom Adsorption on Graphene 7

calculated core level shifts for the stable structures are in reasonable agreement

with the experiment, supporting our findings. This study will be served as a basis

for further investigation of the catalytic activity of single-atom catalysts based on

single Pt atoms and graphene based nanostructures.
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Chapter 5

Atomic and Molecular
Adsorption on Single Platinum
Atom at the Graphene Edge

5.1 Background

As explained in Chapter 4, I have systematically investigated the the adsorption
state of the Pt atom at the edge of graphene nanoribbons [1]. Via density func-
tional theory based thermodynamics, I find some favorable adsorption states, while
their catalytic activity are yet to be examined. Hence, in recent study, I determine
atomic and molecular adsorptions on those structures. Based on these adsorption
energies, I examine the catalytic activities of those structure using kinetic models
proposed in Ref. 2 for CO electro-oxidation and in Ref. 3 for oxygen reduction

reaction.
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5.2 Computational Details

All the periodic DFT calculations are performed by using the STATE code [4, 5].
Ultrasoft pseudopotentials [6] are used to describe electron-ion interactions. Wave
functions and the augmentation charge are expanded in terms of a plane wave
basis set with cutoff energies of 36 Ry and 400 Ry, respectively. A recent van der
Waals density functional, rev-vdW-DF2 [7], is used as the exchange-correlation
energy functional, which is implemented [8] in the STATE code with an efficient
algorithm [9, 10]. The edge of graphene is modeled by using graphene nanoribbon
(GNR), and the models of a single Pt atom supported by GNRs are adopted from

the previous study [1] with the same computational settings.

Figure 5.1 displays the ten different Pt adsorbed GNR (Pt@GNR) structures con-
sidered in this work, which are thermodynamically stable under a range of hy-
drogen and carbon chemical potentials. In this study, I examine the adsorption
of hydrogen (H), oxygen (O), carbon (C), and nitrogen (N) atoms and carbon
monooxide (CO), hydroxyl (OH), nitric oxide (NO), and water (H,O) molecules

and evaluate the adsorption energy defined by

Fags = — Eadsorbate/PtaGNR + Eadsorbate + EPtaaNR, (5.1)

where Eaqsorbate/PtaGNR; Fadsorbate; and Epiagnr are the total energies of adsorbed
system, gas phase atom/molecule, and Pt@QGNR, respectively. With this defini-
tion, positive F,q indicates that adsorption state is more stable than the isolated

ones.
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(a) Pt; @z, (b) Ptc @z, (©) Ptc,c,@z (d) Pty @z, (e) Ptc, @z,

() Ptege, @2, (8) Pt g@a, (h) Pt ), @a, (i) Pte, @a,

FIGURE 5.1: Structures of Pt@QGNRs used in the present work. Adopted from
Ref. 1.

For comparison, I also calculate the adsorption energies of all the atoms and
molecules considered on a Pt(111) surface. In this case, the Perdew-Burke-Ernzerhof
(PBE) [11] generalized gradient approximation (GGA) exchange-correlation func-
tional is also used for comparison with the literature. The Pt(111) surface is
modeled by a 6-layer slab with the vacuum thickness of ~16 A. Theoretical lattice
constant of 3.95 A (3.93 A) obtained using the PBE (rev-vdW-DF2) functional,
which are in good agreement with the experimental value of 3.92 A, is used to
construct the slab. Brillouin zone integration is performed using a I'-centered
8 x 8 k-point set. I investigate the stability of all the adsorbates on high sym-
metry sites, including atop, hcp hollow, and fcc hollow sites. The structures are

fully relaxed until the forces acting on the atoms becomes smaller than 5.14x 1072
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eV/A (1 x 103 Hartree/Bohr). The adsorption energy for Pt(111) is defined by

Eags = _Eadsorbate/Pt + Eadsorbate + EPta (52)

where Eygsorbate/Pts Eadsorbate, and Ep; are the total energies of the atom/molecule
adsorbed Pt(111), gas phase atom/molecule, and Pt(111), respectively. Spin po-
larization is taken into account for all the systems. For selected systems, zero-point
energy (ZPE) correction is taken into account. Contribution from the substrate is

not taken into account in these cases.

5.3 Results and Discussion

5.3.1 Atoms and Molecules Adsorption

[ first calculate the adsorption energies of atoms and molecules on Pt(111) to
confirm the accuracy of my computational settings. The adsorption energies for
high symmetry sites are summarized in Table 5.1. For all the atoms considered,
they prefer to adsorb at the three-fold coordination site, namely, the fcc hollow
site. The rev-vdW-DF2 tends to give larger adsorption energy than PBE. I note
that except for H atom, the atomic adsorption energy difference between atop and
(hpe and fec) hollow sites is large, indicating the importance of the coordination
number of the adsorbates to their adsorption energies. In the case of H atom, the
most stable adsorption site is the fcc hollow site indeed, but adsorption energy

differences among the high symmetry sites are significantly small [~60 (~30) meV
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TABLE 5.1: Calculated adsorption energies of the atoms and molecules on

Pt(111) with PBE and rev-vdW-DF2. The values in bold indicate the largest

adsorption energies among the adsorption sites considered. Zero point energy
is not considered. The unit of energy is eV.

PBE rev-vdW-DF2
atop hpc fce atop hpc fce
H 2.74 2.77 2.81 3.00 2.98 3.02
O 2.64 3.75 4.22 2.95 4.08 4.56
C 4.79 7.02 7.16 5.41 7.57 7.71
N 3.41 5.69 5.90 3.8 6.08 6.33
CO 1.70 1.93 1.93 1.80 2.05 2.06
OH 2.17 1.64 1.93 2.42 1.94 2.22
NO 1.49 1.82 2.01 1.72 2.09 2.28
H,0O 0.21 0.15 0.17 0.38 0.36 0.37

from PBE (rev-vdW-DF2)]. This is in line with previous studies [12, 13, 14, 15,
16, 17, 18]. For the CO adsorption on Pt(111), it is well-known that semilocal
DFT and vdW-DF fails to predict top site adsorption on Pt(111) as observed in
the experiment [19, 14, 20]. Therefore, in spite of the fact that the fcc hollow
site is the most favorable site at the PBE and vdW-DF levels of theory, here the
atop site is considered as the adsorption site of CO on Pt(111) for comparison. I
note that the original vdW-DF and vdW-DF2 predict correct top site adsorption
of CO on Pt(111) [21, 22, 23, 24], at the expense of the C-O bond length and
presumably of the CO-Pt bond length. For the OH adsorption, the oxygen atom
is bound to an atop site, while the OH bond is slightly tilted with respect to the
surface. For NO and H,O molecules, fcc hollow and atop sites become the most
favorable sites, respectively. The HyO has the smallest adsorption energy relative
to other atoms and molecules considered here. Overall, PBE and rev-vdW-DF?2
predict the same adsorption sites for atoms and molecules, and for the weakly

chemisorption system, i.e., HyO, rev-vdW-DF2 gives larger adsorption energy, as
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TABLE 5.2:

Calculated adsorption energy (FE,qs) in eV and site preference

of the atomic and molecular adsorption on Pt(111), along with the theoretical
values in the literature. For H (O) adsorption, E,qs is also calculated by taking
a half energy of the gas phase Hy (O3) molecule as a reference and provided in
square brackets.

Preferred Present work Other work
Site PBE rev-vdW-DF2
H fce 2.81 3.02 2.57%, 2.71", 2.74
[0.54] [0.51] [0.48]™, [O.50]h, [0.52]b, [0.53]%, [0.54]"
O fce 4.22 4.56 3.27%, 3.73°, 3.87%, 4.30¢, 4.36™, 4.61¢
[1.92] [2.09] [1.29]b, [1.30]", [1.50]t
C fce 7.16 7.71 6,27%, 6.75%, 6.99V, 7.32°, 7.34¢
N fce 5.90 6.33 3.91%, 4.35%, 4.817
CO atop 1.70 1.80 1.32%, 1.52k, 1.53!, 1.69/, 1.71b, 1.72¢,
1.80%, 1.819, 1.87¢
OH atop-tilted 2.23 2.51 1.68%, 2.097, 2.12°, 2.13¢, 2.21¢, 2.277,
2.33", 2.629
NO fee 2.01 2.28 1.27%, 1.85%, 1.937
H>O atop 0.21 0.38 0.27", 0.33"
@ Ref. 12: 1/4 ML, 5 layers, PBE, STATE ™  Ref. 13: 1/4 ML, 5 layers, PW91, Vasp
b Ref. 14: 1/4 ML, 6 layers, PBE, VAsp " Ref. 15: 1/9 ML, 3 layers, PW91, Dacapro
¢ Ref. 28: 1/9 ML, 3 layers, PBE, VAsp ° Ref. 29: 1/9 ML, 3 layers, PW91, DACAPO
@ Ref. 30: 1/4 ML, 7 layers, PBE, Vasp P Ref. 31: 1/4 ML, 4 layers, PW91, CASTEP
¢ Ref. 32: 1/4 ML, 5 layers, PBE, VAsp 7 Ref. 33: 1/4 ML, 3 layers, PW91, DACAPO
I Ref. 34: 1/9 ML, 6 layers, PBE, Vasp " Ref. 16: 1/4 ML, 5 layers, PW91, VASP
9 Ref. 35: 1/9 ML, 4 layers, PBE, Dacapo  ° Ref. 32: 1/4 ML, 5 layers, PW91, VAsp
h" Ref. 36: 1/4 ML, 3 layers, PBE, STATE ¢ Ref. 14: 1/4 ML, 6 layers, optB86b, VASP
* Ref. 17: 1/4 ML, 5 layers, PW91, Dacapo “ Ref. 17: 1/4 ML, 5 layers, RPBE, DAcAPO
7 Ref. 37: 1/4 ML, 4 layers, PW91, Vasp v Ref. 32: 1/4 ML, 5 layers, RPBE, Vasp
k' Ref. 22: 1/9 ML, 5 layers, optB86b, VAsp ~ * Ref. 22: 1/9 ML, 5 layers, PBE, VAsP
! Ref. 22: 1/9 ML, 5 layers, BEEF, Vasp

the vdW interaction plays an important role in the water adsorption [25, 26, 27].

All the site preferences, adsorption energies, and comparison with those in the

literature are summarized in Table 5.2, and geometries obtained in this work are

listed in Table 5.3.

Next, I examine the atomic and molecular adsorptions on all the Pt@GNRs consid-

ered in this work. Calculated adsorption energies and geometries are summarized

in Table 5.4 and Table 5.5, respectively, and some optimized structures are shown
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TABLE 5.3: Geometrical parameters of the atomic and molecular adsorption on
Pt(111). Za_p¢ is the vertical distance between the adsorbate and the Pt atom
underneath. AZpy is the vertical displacement of Pt atom beanth the adsorbate
with respect to that of the clean surface. dpi_p¢ is the average distance between
two adjacent Pt atoms beneath the adsorbate. da_p is the bond length of the
molecule considered. All the values are obtained using PBE (rev-vdW-DF2)

functionals. The unit of the length is A.

Pt(111) Gas Phase
ZA—pt AZpy dp¢—py da-B da-B

H  0.86(0.88) 0.05(0.05) 2.85 (2.83) _ -
O  1.15(L17) 0.3 (0.11) 2.88 (2.87) ; -
C 0.90 (0.92)  0.18 (0.17)  2.90 (2.89) _ ;
N 1.01 (1.03)  0.16 (0.15)  2.87 (2.85) - -
CO  1.83(1.84) 0.23(0.20) 2.80 (2.78) 1.16 (1.16) 1.15 (1.15)
OH  1.98(1.98) 0.15(0.13) 2.78 (2.77) 0.98 (0.98) 0.99 (0.99)
NO  1.24 (1.22) 0.16 (0.15)  2.85 (2.84) 1.22 (1.26) 1.17 (1.17)
H,0 243 (2.36) 0.03 (0.02) 2.79 (2.78)  0.98 (0.98) 0.97 (0.98)

89

in Figs. 5.3-5.10. In general, atomic adsorption on Pt@GNRs is weaker than that
on Pt(111). It is attributed to the lower coordination number of the adsorbates
on Pt@GNRs, which is similar to the case of atomic adsorption on the atop site
of Pt(111). In the case of CO on Pt@GNR, weaker adsorption (i.e., smaller ad-
sorption energy) is highly desirable to avoid the CO poisoning, which often occurs
at the Pt surfaces. Although CO strongly adsorbs on most Pt@GNRs considered,
CO on Ptg,@z;, Ptg, @29, and Ptc,c, @2y have smaller adsorption energies than
that on Pt(111). For Ptc,c, @z [see Fig. 5.1(f)], the single Pt atom adsorbs more
deeply at the edge of GNR. In this case, hydrogen atoms around the Pt atom
sterically hinder the adsorbates, making CO adsorption at the Pt atom rather
difficult. In addition, deformation of GNR upon adsorption [Fig. 5.7(f)] makes the

system less stable, resulting in the smaller adsorption energy.

To better understand the trend in the CO adsorption, I plot the Pt 4f core level
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FIGURE 5.2: The Pt 4f core level shift (Ecrs), the OH adsorption energy

(Eon), the CO adsorption energy (Eco), and the d-band center (Eg4 and Egq

for spin-up and spin-down states, respectively) as functions of the differential

Bader charge (AQ) for all the Pt@GNRs considered, including Pt(111). AQ is

defined as the difference charge with respect to the isolated Pt atom. The AQ
and Fcrg are obtained in our previous work [1].

shift (Fcrs), the Pt d band center (E,), and the adsorption energy of CO (E¢o)
as functions of charge (Fig. 5.2). It was found that Ego gets stronger as the Pt
atom gets more negative (more electron or more positive differential Bader charge
AQ), because a negatively charged system gives shallower electrostatic potential,

resulting in the shallower Fy, and thus, larger Fqo [38].

In the case of OH on Pt@QGNR, adsorption energies for all the Pt@QGNRs consid-
ered here are larger than that on Pt(111), except for Pto,c, 22 [Fig. 5.8(f)]. For OH
adsorption on Ptc,c, 22, steric hindrance from terminating hydrogen atoms and

deformation of graphene upon adsorption make the adsorption less stable, similar
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TABLE 5.4: Calculated adsorption energy (Faqs), in eV, of the atoms and

molecules adsorption on Pt@GNRs calculated only using rev-vdW-DF2. For H
(O) adsorption, E,qs is also calculated by taking a half energy of the gas phase
Hs (O2) molecule as a reference. The values are provided in square brackets.

H O C N CO OH NO H0
Ptr@z 2.91[0.40] 3.72[1.24] 519 435 232 296 265 0.8
Ptc, @z 2.30 [-0.21] 3.80[1.33] 4.03 3.82 1.79 328 1.58 0.56
Pto,c,@z  2.30 [-0.21] 347 [0.99] 4.13 3.74 193 291 169 0.73
PtrQ@z, 3.11[0.60] 4.33[1.86] 540 4.55 250 292 2.85 0.77
Ptc, @z 2.740.23]  3.61[1.13] 522 357 163 345 147 0.58
Pto,c,@z  2.70 [0.19] 418 [1.70] 4.72 552 0.64 221 092 027

[1.43]

[1.53]

[1.51]

[1.44]

[2.09]

Ptis@a;  1.94 [-0.57] 3.90 [1.43] 5.8 4.33 218 3.19 193 045
Pt(c.),@a;  2.00 [-0.51] 4.00 [1.53] 5.38 4.50 2.03 3.36 2.06 0.37
Ptc, @ay 245 [—0.06] 3.98 [1.51] 4.47 4.22 221 348 208 0.61
Ptc,.),@ay 249 [-0.02] 391 [1.44] 515 432 1.84 327 192 041
Pt(111) 3.02[0.51] 456 [2.09] 7.71 6.33 180 242 228 0.38

to CO. Contrary to the CO adsorption, OH adsorption energy decreases as AQ
increases (Pt gets more negative) (Fig. 5.2). I presume that decrease in OH ad-
sorption energy is due to the repulsive interaction between the occupied OH orbital
and Pt 5d states. In the case of NO, adsorption energies are smaller on Pt@GNRs.
Only NO on Ptr@z; and Ptr@z, show larger adsorption energies. HyO adsorption
is similar to the OH adsorption on Pt@GNRs: HyO on most PtGNRs show a ten-
dency of stronger binding than on Pt(111), except for that on Ptc,c, @z;. Again,
its small adsorption energy originates from the steric hindrance with the termi-
nating hydrogen atoms and large deformation of the Ptc,c,@z; upon adsorption

[Fig. 5.10(f)].
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(a) Pty @z, (b) Pt @z, (©) Ptc,c,@z (d) Pty @z, (e) Ptc, @z,

() Pteye, @2, (8) Pt p@a, (h) Pt ), @a, (i) Pte, @a,

FIGURE 5.3: Optimized structures of H adsorption on Pt@QGNRs. Purple,

brown, and light blue spheres represent of Pt, C, and H atoms, respectively.
(a) PtT@Zl (b) Ptca@zl (C) Ptcacﬂ@zl (d) PtT@ZZ (e) Ptcﬁ@zz

() Pteye, @2, (8) Pt g@a, (h) Pt ), @a, (i) Pte @a,

FIGURE 5.4: Optimized structures of O adsorption on Pt@GNRs. Purple,
brown, light blue, and red spheres represent of Pt, C, H and O atoms, respec-
tively.
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(a) Ptr@z, (b) Ptc, @z, (©) Ptc ;@2 (d) Pty@z, (©) Pte, @z,

() Pteye, @2, (8) Ptip@a, (h) Pt ), @a, (i) Pte, @a,

FIGURE 5.5: Optimized structures of C adsorption on Pt@QGNRs. Purple,

brown, and light blue spheres represent of Pt, C, and H atoms, respectively.
(a) Pty@z, (b) Ptc, @z, (©) Ptc,c,@z (d) Pty@z, (e) Ptc, @z,

() Ptcﬁcy@zz (g) Pt @q (b) Ptc,),@a, (1) Pte, @a,

FIGURE 5.6: Optimized structures of N adsorption on Pt@QGNRs. Purple,
brown, light blue and green spheres represent of Pt, C, H and N atoms, respec-
tively.
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(a) PtT@Z] . (b) PtCa@Zl (C) Ptcacﬂ@zl (d) PtT@ZZ (e) Ptcﬁ@Zz

() Pteye, @2, (8) Pt y@a, (h) Pt ), @a, (i) Pte, @a,

FIGURE 5.7: Optimized structures of CO adsorption on Pt@QGNRs. Purple,
brown, light blue, and red spheres represent of Pt, C, H and O atoms, respec-
tively.
(a) Pty@z, (b) Pt @z, (©) Pte,c, @z (d) Py@z, ©) Pte, @z,

() Pteye, @2, (8) Pt g@a, (h) Pt ), @a, (i) Pte, @a, () Ptc,),@a,

FIGURE 5.8: Optimized structures of OH adsorption on Pt@GNRs. Purple,
brown, light blue, and red spheres represent of Pt, C, H and O atoms, respec-
tively.
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(a) Pt @z, (b) Ptc @z, (©) Ptc,c,@z (d) Pty@z, (e) Ptc, @z,

(H) Ptcﬁcy@zz (g) Pt s@q (h) Ptc,),@a, (i) Ptc, @a,

FIGURE 5.9: Optimized structures of NO adsorption on Pt@GNRs. Purple,
brown, light blue, green and red spheres represent of Pt, C, H , N and O atoms,

respectively.
(a) Pt @z, (b) Ptc @z, (©) Ptc,c,@z (d) Pty@z, (e) Ptc, @z,

(0 Pte,c, @z, (2) Pt @a, (h) Ptc,),@a

FIGURE 5.10: Optimized structures of HoO adsorption on Pt@QGNRs. Pur-
ple, brown, light blue, and red spheres represent of Pt, C, H and O atoms,
respectively.
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5.3.2 Electronic structure analysis

To gain insight into the adsorption mechanisms for PtQGNR and to understand
the origin of strengthening and weakening of adsorption in more detail, I perform
the electronic structure analysis. Here I focus on CO and OH adsorptions as they
are relevant to the CO (electro-) oxidation and ORR of our interest. I choose
PtrQ@zy, Ptg, @z, and Ptg,c, @z, as representatives of one-, two-, and three-fold
coordinated single Pt atoms at the edge of GNR. Corresponding CO adsorption
energies are 2.32, 1.79, and 1.93 eV, respectively, whereas those for OH are 2.96,

3.28, and 2.91 eV, respectively.

Since the systems have different number of atoms, it is important to align the
electronic levels among the systems, to understand the electronic origin of their
relative stability. To this end, I aligned the energy levels as follows: I first choose
one of carbon atoms, which is located at the pristine edge (i.e., the edge opposite to
that with adsorbate), and use its 2p state as a reference, because it is not affected
significantly by the molecular adsorption. Energy levels of the systems considered
are aligned by using the 2p state of this carbon atom. Then, all the energy levels of
the systems are referenced to the Fermi level of pristine GNR, which is located at
the midpoint between the valence band maximum and conduction band minimum.
Note that the pristine GNR used in this work exhibits a band gap, because of the

finite width of the ribbon [39].

Figure 5.11 displays densities of states projected onto atomic orbital (PDOSs),

gross populations (GPOPs), and crystal orbital overlap populations (COOPs) for
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CO/Pt@QGNR [40, 36]. The COOP is a density of states weighed by the overlap
between a molecular orbital and substrate (graphene) states, and positive (neg-
ative) value indicates their bonding- (antibonding-) type interaction. Overall,
CO adsorption is characterized by the antibonding type interaction between CO
(40+450) orbital and Pt ds,2_,2 (d.2) orbital, and the bonding type interaction be-
tween CO 27* and Pt d,,/d., orbital, similar to CO adsorption on a Pt atom (see
Figs. S7 and S8) and that on Pt(111) surface [36]. The former is due to the Pauli
repulsion between the occupied (40+50) and d.2 orbitals, and the latter, to the
back donation to the unoccupied 27* orbitals. In addition, there is antibonding-
type interaction between 50 and extended Pt sp orbitals, which originate from the

hybridization between Pt and graphene orbitals.

The PDOS of Pty is similar to that of the Pt atom. In addition, there is insignif-
icant antibonding interaction between 50 and Pt orbitals, resulting in relatively
large adsorption energy. In the case of Ptc, @z, the population of 27 orbitals is
relatively small as can be seen in GPOP, and small Pauli repulsion is indicated
by COOP; leading to the small adsorption energy. On the other hand, Ptc,c,@z
shows larger population of 27* orbitals and larger Pauli repulsion, giving larger
adsorption energy as a competition of these two. It is concluded that CO adsorp-
tion at Pt@QGNR is determined by the balance of the binding through 27* orbital
and the Pauli repulsion between 50 and sp orbitals, and as a result Ptc, @Qz; gives
weaker adsorption, which is one of desired properties for a better catalyst for the

CO electro-oxidation (see below).
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(a) CO/Pt; @z, (b) CO/Ptc, @z, (©) COrPt @z,
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FIGURE 5.11: Density of states projected onto Pt s (orange), p (red), and d

(dark-blue) states; m-resolved density of states of Pt atom; GPOPs and COOPs

of CO adsorption on (a) PtT@z1, (b) Ptc,@z1, and (c) Ptc,c,@21. Energy zero
is set to the Fermi level (Er).

Figure 5.12 shows PDOSs, GPOPs, and COOPs for OH/Pt@QGNR. OH adsorp-
tion is characterized by antibonding type interaction between OH 3¢ orbital and
Pt d.», and bonding/antibonding type interaction between OH 1m; and 1wy or-
bitals and Pt d,. and d.,. In the case of Ptt@z; and Ptcacﬁ@zl, the antibonding
states derived from 17y are mostly unoccupied, suggesting the bonding interaction,

whereas 17 derived antibonding-type states are partially occupied, indicating the
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(a) OH/Pt; @z, (b) OH/Pt, @z, (c) OH/Ptc ¢, @z,
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FIGURE 5.12: Density of states projected onto Pt s (orange), p (red), and d

(dark-blue) states; m-resolved density of states of Pt atom; GPOPs and COOPs

of OH adsorption on (a) PtT@z1, (b) Ptc,@z1, and (c) Ptc,c,@21. Energy zero
is set to the Fermi level (Er).

antibonding contribution to the OH adsorption. In the case of Pt¢, @z, however,
although antibonding states derived from 17; and 17y orbitals are partially occu-
pied, their populations and thus the contributions are minor, resulting in smaller
Pauli repulsion and the larger adsorption energy than the other two. The degree
of bonding and antibonding interactions of 1m; and 1w, orbitals with Pt d states

determines the stability of OH on PtGNR. The strong OH binding is also one of
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the desired properties for better CO electro-oxidation catalyst as described below.

5.3.3 Implication to electrocatalysis

Having obtained the adsorption energies of atoms and molecules on Pt@GNR, I
examine the catalytic activity of Pt@QGNR for selected chemical reactions, namely,
CO electro-oxidation and ORR, based on the kinetic models proposed in Refs. 2

and 3 respectively, and discuss the implication to the electrocatalytic reactions.

5.3.3.1 CO Electro-oxidation

Following Ref. 2, T consider the reactions of CO and HyO through the following

processes:
CO + x £99 *Co (5.3)
H,O 4+ % <% H,O* (5.4)
H,O* 2% *OH 4+ H* + e~ (5.5)
*CO+*OH %% 24+ CO, + HY + ¢~ (5.6)

where * indicates a free Pt site on PtQGNRs. Kco and K, are the equilibrium
constants for CO adsorption (5.3) and HyO adsorption (5.4), respectively. CO
and HyO compete with each other to be deposited on a free Pt site, as represented
in the reactions (5.3) and (5.4). The reaction (5.5) is a dissociation process of
adsorbed H20, and the reaction (5.6) is that of adsorbed OH and adsorbed CO

to form CO,. The reactions (5.5) and (5.6) are characterized by the forward rate
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constants kog and kox, respectively. For both cases, the reverse reactions are

supposed to be slow enough and can be neglected.

The site balance in terms of the coverages of CO, HoO and Pt free site can be

written as

Oco + 6, +x=1. (57)

For the minority species (OH"), the pseudo-steady state approximation is applied:

dfon
dt

= konfw — koxfcoblon =0 (5.8)

The reactions (5.5) and (5.6) involve charge transfer, and the current density

associated with the CO oxidation can be expressed as:

J
A =2 .
Y konbw + koxbcobon = 2konb, (5.9)

where e is the elementary charge and M is the surface atom density. In this kinetic

model, the current density for the system ¢ can be written as

5iU) = jee(U)exp(—(6E" + 6pU/d)/keT)
= jpi(0) exp(—(6E" + 6pU/d — eaU) /kgT)

(5.10)

with

SE' = (Bt — E8b) — (Ebw — Eby) (5.11)
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FIGURE 5.13: Comparison between Aco and Agy for all the Pt@QGNRs consid-

ered in this work. The contour corresponds to the current density of a catalyst.

The orange, red, and dark-blue areas respectively indicate a better, an equal,
and a less catalytic activity of a catalyst with respect to Pt(111).

and
Sp' =~ (1o — 1oo) — (Mo — Hom)» (5.12)

where jp; is the current density for CO oxidation on Pt(111); U is the electrode
potential, d is the effective distance from the surface, in which the potential drop
takes place, and thus, U/d is the field strength; « is transfer coefficient; Ef;; and
Ef are the adsorption energies of OH and CO on the system i, respectively; p
is the dipole moment of the adsorbate in the gas phase. Here I assume that the
dipole moment difference du is small and is negligible, and only the adsorption

energies are required to estimate the current density.

According to Eq. (5.10), a better catalyst with respect to Pt(111) should has
negative dE°. Ideally, it can be realized if OH adsorption on the system i is

stronger than on pure Pt(111) (Aon = Eby — ESYy > 0) and CO adsorption
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TABLE 5.6: Adsorption energy of CO (Eco) on Pt@GNRs and adsorption
energy difference from Pt(111) (Aco) with ZPE correction. Those without
ZPE correction are given in the parentheses. The unit of energy is eV.

Eco Aco

Ptr@z, 2.28 (2.32) 0.52 (0.52)
Pte, @z 1.74 (1.79) ~0.02 (—0.01)
Pte, c, @z 1.87 (1.93) 0.11 (0.13)
Ptr@z 2.46 (2.50) 0.70 (0.70)
Ptc, @z 1.58 (1.63) 0.18 (—0.17)
Pt,c. @z 0.59 (0.64) 117 (~1.16)
Pts@a, 212 (2.18) 0.36 (0.38)
Pt(c, ), Qay 1.98 (2.03) 0.22 (0.23)
Ptc, Qas 2.16 (2.21) 0.40 (0.41)
Pt(c..),Qas 1.79 (1.84) 0.03 (0.04)
Pe(111) 1.76 (1.80) -

is weaker (Aco = Eig — E&Y < 0), or Aog > Aco. In Fig. 5.13 T plot Aon
and Ago for all Pt@GNRs considered. Ideally, a better catalyst with respect to
Pt(111) tends to go to the orange area. Otherwise, it will be appear in the blue
area. It is found that only Ptt@zy appears close to the blue area, indicating that
the Pt@GNRs have better catalytic activity than a pure Pt(111). I confirm that
the results are unchanged and the trend in the adsorption energies are the same,
when ZPE correction is included (Tables 5.6 and 5.7). I also confirm that this
conclusion is unchanged when the Pt@QGNR is supported by graphene (see Table

5.8 and Fig. 5.14).

5.3.3.2 Oxygen Reduction Reaction

I then consider ORR on Pt@GNRs and Pt(111) as electrocatalysts for fuel cell

cathodes. I adopt a kinetic model for the cathodic processes proposed by Ngrskov
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TABLE 5.7: Adsorption energy of OH (Eon) on Pt@GNRs and adsorption
energy difference from Pt(111) (Aopnu) with ZPE correction. Those without
ZPE correction are given in the parentheses. The unit of energy is eV.

Eon Aon

Ptr@z, 2.86 (2.96) 0.58 (0.54)
Pte, @z, 3.08 (3.28) 0.80 (0.86)
Pte, c, @z 2.80 (2.91) 0.52 (0.49)
Ptr@z 2.80 (2.92) 0.52 (0.50)
Ptc, @z 3.33 (3.45) 1.05 (1.03)
Pto,c, @z 2.10 (2.21) ~0.18 (—0.21)
Pts@a, 3.09 (3.19) 0.81 (0.77)
Pt(c, ), Qa; 3.26 (3.36) 0.98 (0.94)
Pte, Qay 3.37 (3.48) 1.09 (1.06)
Ptc..),Qas 3.16 (3.27) 0.88 (0.85)
Pt(lll) 2,98 (2.42) -

et al. [3]. A dissociative mechanism for ORR at a cathode can be described as

1
O* + H" + ¢e- — HO* (5.14)
HO* + HY + 7 — H,O + * (5.15)

Here, * denotes a free site at the PtGNRs or Pt(111). The adsorption energies

of reaction intermediates O* and OH* are defined as the reaction energies of the

TABLE 5.8: Adsorption energy of CO (Eco) on Pt@QGNRs with graphene sub-
strate and adsorption energy difference from Pt(111). The unit of energy is

eV.
Eco Aco
Ptr@z, 2.48 0.68
Pte, @z, 1.61 —0.19
Ptcacﬁ@fh 2.04 0.24

Pt(111) 1.80 -
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(a) CO/Pt;@z,/GR (b) CO/Ptc, @z,/GR (c) COMPic, ,@z,/GR
A"

W

POCOCOCO] POSOCOTO] POSOTOTOA

FIGURE 5.14: Optimized structures of CO adsorbed on PtQGNRs with
graphene substrate. Purple, brown, grey, red, and light blue spheres represent
Pt, C of GNR, C of graphene substrate, O, and H atoms, respectively.

following reactions

1
H0 + + — 0" + H, (5.17)

where HoO and Hy are the gas phase molecule. By calculating the adsorption
energies of the reaction intermediates, we can evaluate the activation free energies

for these processes as follows:
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TABLE 5.9: Adsorption energy of O (Eo) on Pt@GNRs and adsorption en-
ergy difference from Pt(111) (Ap) with ZPE correction. Those without ZPE
correction are given in parentheses. The unit of energy is eV.

Eo Ao
Ptr@z, 112 (1.24) ~0.89 (—0.85)
Pte, @z, 1.20 (1.33) —0.81 (—0.76)
Pte,c, @z 0.87 (0.99) “1.14 (—1.10)
Ptr@z, 1.73 (1.86) —0.28 (—0.23)
Ptc, @z 1.02 (1.13) 0.9 (—0.96)
Pte,c, @z 1.50 (1.70) —0.51 (~0.39)
Pty pQay 1.30 (1.43) —0.71 (—0.66)
Pt(c,),Qa; 1.41 (1.53) 0.60 (—0.56)
Ptc, Qas 1.38 (1.51) 063 (~0.58)
Ptc..),Qas 1.31 (1.44) ~0.70 (—0.65)
Pt(111) 2.01 (2.09) -

where, AG; and AGy are the free-energy differences for reactions (5.14) and (5.15),
respectively, and n = U — U, is the overpotential. Based on the calculated free
energies, we are able to calculate the rate constant of the reaction k in the unit of

current density as a function of potential

3 (U) = jrexp(—AGy(U)/kgT), (5.20)

where ji is the maximum current per surface area. I calculate the rate constant
as a function of potential and found that the results are very dependent on the
exchange-correlation functionals used. Thus, to investigate the catalytic activity
of the PtGNRs, we chose to discuss the difference from Pt(111), not the absolute

current density or rate constant for ORR activity.

To this end, I compare the O adsorption energy of Pt@GNR to Pt(111), which is
suggested as a good descriptor for ORR. In Table 5.9, O adsorption energy and

adsorption energy differences between Pt@QGNR and Pt(111) are summarized. As
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suggested by Norskov et al., the metals with adsorption energy lower than that
for Pt(111) by ~0.4 eV should give a higher rate constant for ORR [3]. Although
all of the Pt@GNRs considered in this work have lower adsorption energy than
Pt(111), only O/Ptr@z and O/Ptc,c, @z, fulfill the criterion proposed in the
literature [3]. Pt0@zy and Pt¢ BCW@ZQ are not the most thermodynamically stable
structures. However, they appear as metastable ones depending on the chemical
potential (environment) [1],and in the working condition, they could be locally
formed in the heterogeneous catalyst. Thus, it is suggested that some of Pt@QGNRs

considered in the present work are likely candidates for improved ORR catalysts.

5.4 Conclusion

I present a DF'T study of atomic and molecular adsorption on a set of PtQGNRs as
a first step to understand their catalytic activity. I provide adsorption geometries,
energeites, as well as the electronic structure analyses to understand the adsorption
mechanism. I further use DFT energetics and simple kinetic models to predict the
electrocatalytic activities of Pt@QGNRs. I found that at the thermodynamically
stable Pt@QGNR, in which the Pt atom adsorbs at the edge of GNR, CO electro-
oxidation is improved with respect to Pt(111). This is because the CO adsorption
is weakened on Pt@QGNRs and at the same time OH adsorption is strengthened,
which are prerequisites for an enhanced CO electro-oxidation catalyst. Thus, I
suggest that thermodynamically stable Pt@GNRs can be better catalysts for the
CO electro-oxidation. On the other hand, the enhanced OH adsorption leads to

the reduction of ORR activity. However, some metastable Pt@QGNRs were found
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to be efficient catalysts for ORR. In the heterogeneous catalyst, there are many
metastable configurations depending on the environment, and therefore we antici-
pate that Pt@QNGR with metastable structures can be better catalyst for ORR. To
assess their catalytic performances more quantitatively, it is desirable to study the
kinetics of the reactions of interest, which is underway. Furthermore, effect of the
solvent, and electrode potential should be included to assess their performances
as electrocatalysts. This may be enabled by the use of the recently developed
effective screening medium method [41, 42] with the reference interaction site
model [43, 44]. T envisage further study on Pt@QGNR will provide deeper insights
into the Pt single atom catalyst, which enables one to develop a better Pt single

atom catalyst with desired catalytic activities.
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Chapter 6

Summary and Future Plan

6.1 Summary

In this dissertation, investigation of functionalizing graphene as a substrate for
organic-solid surface interface and also as a support material towards single Pt

atom catalyst are shown from theoretical point of views.

Chapter 4 describes the investigation of the naphthalene adsorption on graphene
using the vdW-DF method. It is found that the intermolecular interaction drives
the molecules to form a well-ordered superstructure with a tilted adsorption ge-
ometry. Not only to stabilize the geometry, the intermolecular interaction also
induces IPS-like states on naphthalene overlayer, adding the new insight that IPS
is not only appears in metal surfaces or in graphitic materials but also in molecule
monolayer. Further, these states hybridize with the graphene IPSs to form hybrid
IPSs. Another important information that can be extracted from the results is the
impact of the naphthalene adsorption appears most prominently in the anisotropic

effective mass of the resultant hybrid IPSs, which strongly reflects the molecular
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structure of naphthalene. It is expected that similar hybrid IPSs widely exist at

interfaces of molecular overlayers and solid surfaces.

Chapter 5 presents a systematic study of Pt single-atom adsorption on graphene.
It is found that the single Pt atoms adsorb more preferably at the graphene edge
than on the bulk. More specific they preferably adsorb at the edge of hydrogenated
2GNR despite the fact that the pristine aGNR is thermodynamically more stable
than zGNR under a wide range of hydrogen pressure. From calculated core level
shifts and density of states for the stable structures, it is suggested that single Pt

atoms and graphene have a strong interaction.

Chapter 6 reports the adsorption of some atoms and molecules on several fa-
vorable structures presented in Chapter 5. Combine with kinetic models, it is
predicted that in comparison with the Pt(111) surface, single Pt atoms supported
by graphene nanoribbon show a better activity in CO electro-oxidation. It is pre-
sumably the origin for the improved CO tolerance in the anode electrode in direct
methanol fuel cell. Some metastable PtQGNRs are found to be efficient catalysts
for ORR. In the heterogeneous catalyst, there are many metastable configurations
depending on the environment, and therefore it is anticipated that Pt@QGNR with

metastable structures could be better catalyst for ORR.

The results which is presented in Chapters 5 and 6 lead to a basis insight for
further investigation of single-atom catalysts based on platinum and graphene

related materials.
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6.2 Future Plan

Obviously, the present study is not the end of all. The research presented in
this dissertation seems need to be improved by some future works. In particular,
study about catalytic activity of single Pt atom catalyst supported by graphene
nanoribbon is just a qualitative results. As a next challenge, reaction process of
a specific oxidation reduction reaction on single Pt atom catalyst supported by
graphene nanoribbons is essentially important to be studied. In this issue, I am
going to perform the nudge elastic band method to produce the reaction path of a
specific reaction. Further, it is able to give a better insight of the single Pt atom

catalyst supported by graphene nanoribbons.



Appendix A

Band Structure and IPSs of
Graphene (rev-vdW-DF2)

In Chapter 2, I have shown in Fig. 3.4 the band structures of naphthalene on
graphene and the naphthalene monolayer, and pointed out the existence of parabolic
dispersions at each I' point, which are analogous to the image-potential states of
graphene. In order to understand the analogy, it is instructive to review the elec-
tronic structure of graphene, although its IPSs have been studied intensively so
far [1, 2]. I show the unoccupied energy bands calculated with the rev-vdW-DF2
functional [3] for the (1 x 1) and (2v/3 x 2¢/3) unit cells in Figs. A.1(a) and (b),
respectively. In addition to the well-known linear dispersions at the K point, one
also finds two parabolic bands at the I" point in Fig. A.1(a), whose bottoms appear
at 2.84 and 3.68 eV from the Fermi level. These bands are in good agreement with
1" and 1~ IPSs of graphene obtained with the local density approximation plus
image potential correction of 2.94 and 3.69 eV, respectively [1]. The remarkable

agreement is due to the fact that the description of the image potential, especially
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@, ®),

0
r K r r M, K, r

FIGURE A.1: Band structures above the Fermi level (EFr) of graphene for the

(a) (1 x 1) and (b) (2v/3 x 2¢/3) unit cells. The large and small hexagons in

the inset illustrates the original and folded Brillouin zones corresponding to (a)
and (b), respectively.

at short distance < 3 A, is improved by the nonlocal correlation term in the vdW-
DF method [2], although accurate description of higher IPSs are still challenging
for vdW-DF. For the (2\/§ X 2\/5) unit cell, the parabolic bands of these IPSs
are retained at I', while the linear dispersions at K are folded into I' as shown
in Fig. A.1(b). Note that the parabolic bands with their bottoms at 2.84 and
3.69 eV are called the lowest IPSs (LIPSs) with even (17) and odd (17) parities,

respectively, in the main text.
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Appendix B

PDOS, GPOP, and COOP
Analysis

In this Appendix, I provide the densities of states projected onto atomic or-
bital (PDOSs), gross populations (GPOPs), and crystal orbital overlap popula-
tions (COOPs) for several systems: pristine z;, single Pt atom, selected pristine

Pt@GNRs, CO/Pt;, CO/Pt(111), CO/Pt@GNRs, OH/Pt;, and OH//Pt@GNRs.
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FIGURE B.1: m-resolved density of states for pristine mono-hydrogenated
zigzag graphene nanoribbon. Energy zero is set to the Fermi level (Ey)
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FIGURE B.2: m-resolved density of states for single Pt atom. Energy zero is

set to the Fermi level (Ey)
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B.3 Selected Pristine PtQGNRs
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FIGURE B.3: Density of states projected onto Pt s (orange), p (red), and

d (dark-blue) states of some pristine single Pt atom at the edge of graphene

nanoribbons (Pt@GNRs): (a) Ptr@z, (b) Ptc,@z21, and (c) Ptc,c,@z1. En-
ergy zero is set to the Fermi level (Er)
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B.4 CO/Pt; and CO/Pt(111)
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FIGURE B.5: Density of states projected onto Pt s (orange), p (red), and d

(dark-blue) states; m-resolved density of states of Pt atom; gross populations

(GPOPs) and crystal orbital overlap populations (COOPs) (d) of CO for (a)

CO/Pt; and (b) CO/Pt(111) systems. The 27}, 275, 50, and 40* orbitals are

shown in red, dark-blue, orange, and green filled lines, respectively. Energy zero
is set to the Fermi level (Er).
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FIGURE B.6: Gross populations (GPOPs) and Crystal orbital overlap popu-
lations (COOPs) of CO for the CO/Pt; system. The 27}, 275, 50, and 40*
orbitals are shown in red, dark-blue, orange, and green filled lines, respectively.
Energy zero is set to the Fermi level (Er). Wave functions which correspond to

some peaks are shown.
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orbitals are shown in red, dark-blue, orange, and green filled lines, respectively.
Energy zero is set to the Fermi level (Er). Wave functions which correspond to

some peaks are shown.
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Ficure B.8: GPOPs and COOPs of CO on Ptc, @z;. The 27}, 273, 50,

and 40* orbitals are shown in red, dark-blue, orange, and green filled lines,

respectively. Energy zero is set to the Fermi level (Er). Wave functions which
correspond to some peaks are shown.
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Ficure B.9: GPOPs and COOPs of CO on Ptc,c,@z1. The 277, 275, 50,

and 40* orbitals are shown in red, dark-blue, orange, and green filled lines,

respectively. Energy zero is set to the Fermi level (Ey). Wave functions which
correspond to some peaks are shown.
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FIGURE B.10: (a) Density of states projected onto Pt s (orange), p (red), and d

(dark-blue) states, and (b) m-resolved density of states of Pt atom for CO/Pt;

system. GPOPs (c¢) and COOPs (d) of OH on single Pt atom. The 1wy, 17,

and 3o orbitals are shown in red, dark-blue, and orange filled lines, respectively.
Energy zero is set to the Fermi level (Er).
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Ficure B.11: GPOPs and COOPs of OH on single Pt atom. The 1wy, 1mo,

and 3o orbitals are shown in red, dark-blue, and orange filled lines, respectively.

Energy zero is set to the Fermi level (Ex). Wave functions which correspond to
some peaks are shown.
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FIGURE B.12: GPOPs and COOPs of OH on on Ptp@z;. The 1w, 1w, and

30 orbitals are shown in red, dark-blue, and orange filled lines, respectively.

Energy zero is set to the Fermi level (Ex). Wave functions which correspond to
some peaks are shown.



PDOS, GPOP, and COOP Analysis 130

OH/Pt, @z

GPOP/ arb. unit

COOQP/ arb. unit

14 -12 -10!-8 -6 -4 -2 0 {2 4
E-Ep/eV

FiGure B.13: GPOPs and COOPs of OH on on Ptc, @z;. The 17, 1o, and

30 orbitals are shown in red, dark-blue, and orange filled lines, respectively.

Energy zero is set to the Fermi level (Ex). Wave functions which correspond to
some peaks are shown.
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Energy zero is set to the Fermi level (Ex). Wave functions which correspond to

some peaks are shown.



Appendix C

Energy diagrams of Molecular
Orbitals

In this Appendix, I provide the energy diagrams of CO and radical OH molecular

orbitals.
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Ficure C.1: Energy diagram of of carbon monoxide (CO) molecular orbitals.
Wave functions which correspond to each molecular orbital are shown.
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FIGURE C.2: Energy diagram of hydroxyl (OH) radical molecular orbitals.
Wave functions which correspond to each molecular orbital are shown.
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