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1. Introduction

Environmental issues come to our eyesight again since the 2015 United Nations Climate Change
Conference, reaching a global agreement on the reduction of climate change, the text of which
represented a consensus of the representatives of the 196 parties attending it[1]. In this conference,
the expected key result was an agreement to set a goal of limiting global warming to less than 2
degrees (°C) compared to pre-industrial levels.

Meanwhile, the unbelievable shocking news was disclosed that the Volkswagen and other vehicles
companies admitted to install a hidden software which is specialized to reduce the exhausted
emission from the tailpipe when examining the US clean air act standards. The allegations cover
approximately 482,000 vehicles sold in the United States over the past seven years [2]. However,
Volkswagen, as a European car company, is hard to convince the public that they have completely
obeyed clean air standards in Europe. It is also astonishing that such a successful company with good
reputation gambled risk on that.

Why? Simple answer: Everything is worth its own price. To lower the price of the catalyst cost, one
way is to improve its efficiency, meanwhile another way is to find cheap catalyst to replace noble
metal catalyst. NOx are the primary pollutants of the atmosphere, responsible for environmental
problems like fine particles, photochemical smog, acid rain, tropospheric ozone, ozone layer
depletion, eutrophication and even global warming. The catalytic abatement of NOx is one of the
major challenges in environmental catalysis [3].

Under current situation, it is urgent to discover a more efficient way to remove nitrogen oxides(NOy)
produced from vehicles which is responsible for various environmental problems. To find a brand
new catalyst, it is important to understand the detailed mechanisms of NOy catalytic dissociation,
covering the following issues: 1. catalyst surface relaxation and its electronic structure; 2. NOx
favorable adsorption sites; 3. dissociation barriers and reaction pathways; 4. activation energy and
reaction rate of NOy; 5. effect of coverage; 6. effect of surface steps, doping and defects; 7. effect of
temperature and external electric field.

1.1. NO on metal surface

Steps are generally found to possess better reaction activity than terraces [2.,4,6,7].
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Fig 1.1 Schematic dissociation of NOy on
Ru steps



A clean Ru (0001) surface in ultrahigh-vacuum condition was used to dissociate NO molecule
around 300K condition. Using scanning tunneling microscope (STM), the NO molecule prefers to
dissociate at steps on a Ru (0001) surface as shown in Fig 1.1 & 1.2[7]. The low-coordinated, top Ru
metal atoms of atomic steps were identified as the active sites for the NO dissociation.

B.Hammer investigated NO bond activation at a corrugated Ru (0001) surface using PBE, PW91 and
RPBE functionals based on Density functional theory (DFT) [3,4] . Monatomic steps in the Ru
surface are found to offer completely new reaction pathways with highly reduced energy barriers
compared to reactions at a flat surface.

For the flat Ru (0001) surface, slabs of five Ru atomic layers are repeated periodically in a c(4x4)
super cell geometry. Hammer’s result showed that hep site in the flat Ru (0001) surface is the most
favorable position for NO molecule adsorption (Ead = -2.64 eV). Followed by fcc site (-2.40 eV),
bridge site (-2.32 eV) and the least top site (-2.06 eV), respectively. Atomic single atom adsorption

energy regarding to N and O atoms (with respect to %Nz(g) and %Oz(g) ) were also calculated and

suggested that hep site are both most favorable site for N atom (-0.45 eV) and O atom (-2.16 eV).
The diffusion of the N and O atom possesses insignificant barriers from fcc site to hep site which are
around 0.3 eV in both cases, while the backward process (hcp to fce) is not as easy as forward for
which energy barriers are 0.79 eV for N atom and 0.5 eV for O atom.

N
L
-
go
% =20 r ;’.\ xfl l"\j l||
SN s )\
53 25 F || \ f, \ / \.A |
° SRV [\ \ \/
S /| N oV \\ i
z IR J

sof | Y

h's, as,B, s;s, h fs;s; B,s, 5,0 fN
NO position

Fig 1.3 Dissociation process at step  Fig 1.4 Potential energy variation of NO on different
edges [2], dark one is O atom, light  postitions [2]
one is N atom

The dissociation of NO on a flat surface is hindered by a barrier of 1.28eV. On a corrugated surface,
however, the dissociation at the step edges is hindered only by barriers as low as 0.15 eV and 0.17
eV (a; and o) (Fig. 1.3). The reduction of the energy barrier for NO dissociation at the step edges is
so large that rather the diffusion of NO to the step edge than the dissociation of NO becomes a rate
limiting step. The diffusion energy barriers for NO moving from the flat Ru (0001) (sites h or hO) to
the step edges (sites a or b) are about 0.5 eV (Fig. 1.4) indicating, however, that diffusion to the step
edges is still facile compared to dissociation at the flat Ru(0001)

Since the N, activation on Ru (0001) forming atomic N atoms is the backward reaction of the N,
recombination which is the last stage for the NO reduction over Ru (0001) surface. Thus, it is also
necessary for us to understand how N, molecule activate on Ru (0001) surface. Also, the O,
dissociation on metal surface could help us learn more about NO dissociation.



diss
—_

E,..(N,) [eV]

5 4 3 2 4 0 1 2
E.s(O,) [eV]

Fig 1.5 Theoretically predicted decomposition rate as a function of the dissociative
chemisorption energies of Ny and O,. 8]

The full potential energy diagram for the direct NO decomposition reaction over stepped transition-
metal surface was investigated combining an adsorption energies database known as Bronsted-evans-
Polanyi (BEP) relations for the activation barriers of diatomic molecule over metal surface.
Everything is two-sided, the high reacting activity over steps brings both advantages and problems.
To discover optimal catalyst is to balance the advantages and its problems, and find the most
optimized catalyst in specific situation.

J.K Norskov [8] concluded that, concerning the direct decomposition of NO on transition metals, Au

and Ag possess no significant reactivity for NO dissociation, while Rh and Ru will be poisoned by
strongly binding O atoms (especially on the most active step sites). Pd and Pt seem to be the best
option in the pure metal surfaces, but cannot be useful in real world like lean-burn conditions.

J.K Noskov also studied the role of steps in N, activation on Ru (0001) surface [6]. The adsorption
experiments and DFT results showed that N, dissociation on the Ru (0001) surface is totally
dominated by steps. The origin of the lower barrier of the N, dissociation comes from the
combination of electronic and geometrical effects. That indicates when the atomic N atoms is going
to form molecule N,, it might not tend to form around steps but flat area instead.
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P. Hu reviewed the accumulated theoretical results on NO reduction over metal surfaces [10]. There
are two types of NO removal that are important. The first one is under a reductive environment, the
NO reduction with CO, H, or NH3, which can be efficiently done by traditional three-way catalysts.
While the other type is under lean-burn conditions (O-rich conditions). The mechanism of NO
reduction on transition metals is expected to follow the scheme shown in Figure 1.7, while the
mechanism on noble metal based catalysts is less certain since NO dissociation is believed to be
unlikely on noble metals [12].

NO dissociation is highly structure sensitive. The comparison between flat surface and step surfaces
can be achieved by comparing the TS of NO dissociation on these two surface, as shown in
Figure.1.7. In the transition state on the flat surface, three (or four) metal atoms are involved in the
N-O dissociation process, while five atoms are involved in the TS on the step surface.

Table 1.1 Calculated Adsorption Energy (E.q)" of NO, N, and O on the Most Stable Sites, and the
Barriers (E,) for the Elementary Reactions on Ir and Pt [12]
Ir{211} Ir{111} Pt{211} Pt{111}

Eaq NO 3.14 2.10 2.44 2.05
N 5.51 5.16 4.50 4.45

O 5.39 4.73 4.31 4.00

E, NO—N+O 1.19 1.46 1.70 2.60
N+N—-N, 1.81 2.60 1.07 2.72
NO+N—N,0 231 1.33 1.66 1.78
NO+O—NO, 2.56 1.46 1.95 1.52

® The units are eV

David A.King etc. have systematically studied the NO reduction process on Ir and Pt metals. Both
flat (111) and the stepped (211) surface of the two metals have been studied for the NO dissociation,
N, formation, N,O formation and NO, formation. The most stable transition state (TS) for the
reaction and its energy barrier is listed in Table 1.1. The results show that NO dissociation prefers to
take place on the step rather than on the flat surface for both metal. And the stepped-Ir surface is
found to possess high reactivity for NO reduction.



1.2. NO over RuQO,

T.S. Rahman [15,16] reported results of DFT calculation of the interaction of NO with RuO, (110)
surface that provided further understanding of the experimental observation. The adsorption
configurations and their corresponding adsorption energy are given in Table 1.2.

Table 1.2. Calculated Adsorption energy of NO on different site on RuO,

NO-cus
O-bridge O-layer

[110]

O-layer Ru-bridge

[001]
[1&30” @ 00 ©
(it O atom Ru atom N atom
Adsorption structure side view Adsorption structure top view
Adsorption energy
Adsorption site Coverage Without With
zero-point  zero-point
energy energy
A: on top of Ru-cus 1 ML 1.61eV 1.49 eV
0.5 ML 1.72 eV 1.60 eV
B: bridge site 1 ML 0.47 eV 0.38 eV
C: on-top of O-bridge 1 ML 0.82 eV 0.74 eV
2 ML 0.74 eV 0.66 eV

Experimentally, no evidence shows that NO can be oxidized to NO, over RuO, (110) surface, while
CO is oxidized to CO; on RuO; (110) surface even at room temperature [15,16]. DFT results showed
that the origin of the fact that NO cannot be oxidized to NO, on RuO, (110) surface comes from the
high desorption energy of NO, and very low energy barrier of 0.37eV for NO, to dissociate to NO
and O backward, while for the energy barrier of NO + O = NO, is 1.22 eV.

As for NO direct dissociation, they found a transition state with energy barrier of 3.22eV to
dissociate NO molecule in to N and O atoms, while only 1.72 eV for NO molecule to desorb, that

confirm that NO dissociation is not on RuO (110) surface.

In the experiments of Wang[17], at higher exposure, they detected a small amount of N,O formed,
and they proposed the following mechanism:

NO +NO — 2NOy; = NOyg+ Nyg + 04y = NyOgy + Ogy
NO + NO - (NO), - N,0,4 + 0,45 = N, T +20,,

The energy profile for these reaction are shown in Figure 1.8 below.

10



Energy (eV)

2NO (NO), N,O +0 N, + 20
Reaction product

Figure 1.8 Schematic model of the intermediate products and the total energy change for
N,O formation. Desorption level is marked as a dotted line.

According to the DFT calculation results [13], the NO barely dissociate over RuO; surface, which
doesn’t support the first mechanism proposed. Their calculated energy profile for the second reaction
mechanism may explain the N,O production on the surface.

More DFT calculation concerning adsorption and reactions of NOx on RuO»(110)[14] showed
similar results to previous studies. In addition, they suggested that adsorbed NO (nitrosyl) and to a
lesser extent NOj (nitrate) dominate the surface phase diagram.

11



2. Methodology

2.1. Introduction of Density functional theory

2.1.1. General Theorems

In 1960s, Hohenberg, Kohn [29] and Sham proposed Density Functional Theory (DFT), based on the
idea that a total energy of the system could be described as a functional of electron density p(r). The
origin of DFT was attributed by Thomas and Fermi’s work in 1927, which assume that the energy of
whole system could be written as a functional of electron density, but without exchange energy term.
DFT provides the theoretical foundation for converting multi-electron system problem into single-
electron equation. That is a powerful tool to calculate electronic structure and total energy of
molecule and solid state matter.

DFT is nowadays widely used in many different research areas, including computational chemistry,
catalysis, materials, physics. The Hohenberg-Kohn theorems can be summarized as:

1) The full many-particle ground state system can be described as a unique functional
of electron density.

i1) The total energy of the system has a minimum value which is the correct ground-state
energy associated with the electron density.

From the electron density, p(7), all other properties of the system are determined and the total
energy E is calculated using

Elo(M)] = Teslp@] +3 [ [ 222 drdr’ + [ vpa(r)p(®dr + Exc[p(P] @.1.1)

where the first term Tyg[p ()] is the kinetic energy of fictitious, non-interacting electrons and
is obtained from the single-electron Kohn-Sham equations

(;—f:v + ”eff) Vi = & (2.12)

where v, is the effective field defined by the nuclei and the current electron density. The second
and the third term describe electrostatic electron-electron interaction and electron-nuclei interactions,
respectively. The last term, Ex, in the total energy equation depends on the unknown exchange-
correlation functional.

The fundamental philosophy of Density Functional Theory is to use particle density functional to
describe atoms, molecules and solid state matter ground state physical properties.

14



2.1.2. Local Density Approximation (LDA)

The simplest approximation proposed by Kohn and Sham [30] is the Local Density Approximation.
Based on homogenous electron gas theory, the LDA add exchange energy term for the electron
density where Ex[p(7)] can be expressed as

Exe? o] = [ drexc[p()] p(7) (2.1.3)

where Ex[p(7)] is the homogenous electron gas exchange correlation energy. This approximation is
strictly tenable when the electron is equally distributed. The LDA works remarkably well for bulk
materials where the electron density varies not significantly, but has insufficient accuracy for most
application in chemistry, including atoms, molecules, clusters and surfaces.

2.1.3. Generalized Gradient Approximation (GGA)

An extension to the LDA is the generalized gradient approximation (GGA) [31,32], which depends
not only on the local density but on the density gradient.

EZEAp(M] = [ drexc[pP]p(P) Fxc[p(P), Vo(P)] (2.1.4)

Where Fy. is enhancement factor. Since the gradient correction can be expressed a GGA functional
in various ways, different GGA functionals regarding different properties interest exist. The most
popular functionals are the Perdew-Wang 91 (PW91) and the Perdew-Burke-Ernzerhof (PBE)
functional.

Compared to LDA calculation results, GGA (1) can describe atoms, molecules, cluster and surface
better for their ground state properties; (2) has better accuracy for 3d transition metal than LDA
description; (3) gives more reasonable result for 3d transition metal magnetic properties.

2.1.4. Self Consistent Field (SCF) calculations

In many-electron system, for a given initial guess of electron density p(7), the energy of each terms
in Eq. (2.1.1) can be obtained, as well as v,sf. Using calculated v, to solve the K-S equation, each
term in the total energy and its corresponding wave function can be calculated, and give out a new
electron density p(7). If the new electron density is different from the previous electron density,

repeat the process until the electron density is converged to a given criteria, as shown in the Figure
2.1.

15
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Figure 2.1: A flow chart of the iteration scheme.

At first, an initial guess for the electron density is assumed, which is required for the calculation of
Vesy, the diagonalization of the Kohn-Sham equations, and the subsequent evaluation of p(¥*) along
with E;,;. As long as the convergence criterion is not fulfilled, the numerical procedure is continued
with the last p(#) instead of the initial guess. When the criterion is satisfied, various output
quantities are computed.

2.2. Super-cell model and plane wave basis set

In realistic system, there are more than 102° atoms in cubic millimeter, which is unaffordable to treat
by current numerical method. At this scale, the systems are periodic.

To build the model for the surface, there are two methods: cluster model and super-cell model. Both
methods are widely used to study surface science and molecule adsorption.

Cluster model method assume that the bond between the adsorbates and surface is localized.
However, the electron configuration for the surface could be highly delocalized, and results show
that the size of the cluster has a significant influence on reaction activity. Thus, how to select a
proper cluster model should be careful.

Compered to the cluster model, the super-cell model is conceptually easier, as the surface is
modelled using a unit cell periodically repeated in all three dimensions.

16



2.2.1. Bloch theorem
For a three-dimensional periodic system, the potential energy is a function of lattice periodicity.

Bloch theorem suggests that electron wave-function is a harmonic plane wave conducted in
accordance with the lattice periodicity, where

Ui(#) = fi(Pe™r 2.2.1)
the harmonic term of wave-function can be expressed as discrete plane wave in reciprocal space

fi(#) = Xgcige™ (2.2.2)
Thus, the three-dimensional electron wave function can be expressed as plane wave using,

Yi(P) = Zgciee' @7 (2.2.3)
For a three-dimensional periodic system, the first Brillouin zone is a restricted set of k-vectors with
the property that no two of them are equivalent, yet every possible k is equivalent to one (and only
one) vector in the first Brillouin zone. Thus, if we restrict k to the first Brillouin zone, then every

Bloch state has a unique k. Therefore, the first Brillouin zone is often used to depict all the Bloch
states without redundancy.

2.2.2. Plane wave basis set

A periodic system is assumed to be placed in a unit cell defined by the unit vectors ay, a,, as. The
volume of the unit cell is Q = [a;, a;, az| = a; - (azXas3)

It is easy to show from the periodicity constraint that the wave-vectors can be defined in terms of the
following reciprocal lattice vectors.

2><a3

b1 =27 (2.2.4)
b, = 24 (2.2.5)
bs = 2T “1”‘2 (2.2.6)
wave-vectors that satisfy the periodicity of the lattice
5i1i2i3 = (i1 - %) b_1) + (iz - %) b_z) + (ia - %) b_3) (2.2.7)
The exact form of the plane-wave expansion used in plane wave code is
u,(® = r211_1 Z2=1 N3_1 ., (6111213)#6111213 (2.2.8)
The upper-limits of the summation Ny, N,, N5 control the spacing of the real-space grid
s = (=D (- + (2= 229

17



There is a further truncation of plane wave expansion in plane-wave calculations. Namely, only the
reciprocal lattice vectors whose kinetic energy lower than a predefined maximum cutoff energy,
|2

|5 < E.t(wavefucntion cutof f energy) (2.2.10)

N | =

are kept in the expansion, while the rest of the coefficients are set to zero.
Since the density is the square of the wave-functions, it can vary twice as rapidly. Hence for

translational symmetry to be formally maintained the density, which is also expanded using plane-
waves

p(P) = ot (M (7) = T p(G)e®" (2.2.11)

Should contain 4 times more plane-waves than the corresponding wave-function expansion

2
| < 4E_,;(Density cutof f energy) (2.2.12)

|G

N | =

In solid-state systems, the plane-wave expansion given by
A = (G)eiGT
U, () = =X¢ iy (G)e (2.2.13)

in not complete. Based on the fact that the translation operators T(R) are compatible with the
Hamiltonian of the system. [T(R), H] = 0, and that not all eigenkets of T(R) can be expanded strictly
in terms of the set of eigenkets |u,,). The wave-function expansion can be generalized based on
Bloch’s Theorem

Ik, n) = [k)[wn) or Yz, () = e, (7) (2.2.14)

Where k are all the allowed wave-vectors in the primitive cell of the reciprocal lattice.

2.2.3. Pseudo-potential

The pseudopotential method [33,34,35] is based on two observations, the core orbitals and valence
orbitals. In pseudopotential approximation the original atoms that constitute a given chemical system
are modified by removing core energy levels and enforcing the Pauli exclusion principle via
repulsive pseudopotential. This removes the wiggles from the atomic valence orbitals and allows
efficient application of plane wave basis set expansion.

For a given multi-atoms solid system, based on different properties of wave-functions, the space
coordinates can be divided into two part:

1 Core states, that its wave-function has little or ignorable interaction with neighboring atoms’

wave-function
2 Valence electrons, that their wave-functions can overlap and interact with each other.

18



Use |Y,) and [y,,) to express the precise Wave-function of core state and valence electron, their

eigenvalue are €. and g, respectively.

Hllpc> = & ch)
Hll/)v> = & |lpv>
Then
[y = [¥5°) + X Belbe)
Where

Bc = _¢c|¢55>

Substituting this expression in the Schrodinger equation gives

HIp5®) + Beley — €[l [¥5°) = &, [95°)

(2.2.15)
(2.2.16)
(2.2.17)

(2.2.18)

(2.2.19)

so that the smooth pseudo-state obeys a Schrodinger eqation with an extra energy-dependent non-

local potential
(T + D°) = &, 195°)

U=V+ Zc(ev - EC) |ll)c>(l/)v|

Thus,

(2.2.20)

(2.2.21)

The potential U, whose effect is localized in the core, is so-called pseudo-potential, which gives the

wave-function of electron motion under this potential.

The Figure 2.2 gives the Schematic diagram of the relationship between all-electron and pseudo-
potentials and wave-functions. From the diagram, when r > r., the wave-function of the all-electron
and pseudo-potential are almost identical; when r < r., the wave-function of the pseudo-potential

change slowly.

lppscu\lu v

r

re
TR A /

Figure 2.2. Comparison of a wavefunction in the Coulomb potential of the nucleus (blue) to the
one in the pseudopotential (red). The real and the pseudo wavefunction and potentials match above

a certain cutoff radius Te.
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2.3. Stationary Point Optimization

2.3.1. Geometry Optimization

To make sure that the energy minimum we search in the potential energy surface is the global
minimum but not local minimum, the powerful searching algorithm to calculate the atoms movement
to the most stable position is needed. The most widely used method are steepest descent, conjugate
gradient method (CG), quasi-newton method etc [36,37]. The Figure give the pathway for different
algorithms for the optimization method.

Figure 2.3 (L) A comparison of gradient descent Figure 2.3 (R) A comparison of the

(red) and Newton's method (green) for convergence of gradient descent with optimal

minimizing a function (with small step sizes). step size (in green) and conjugate vector (in red)
for minimizing a quadratic function associated
with a given linear system.

Newton's method uses curvature information to take a more direct route. Conjugate gradient,
assuming exact arithmetic, converges in at most n steps where 7 is the size of the matrix of the
system (here n=2 in Figure2.3).

In this work, the CG and Quasi-Newton method were used for the calculations. To search the global
minimum, the CG is more efficient when the initial geometry guess is far from the minimum, while
Quasi-Newton method is seemed to be as stable as CG method, and is close to minimum much faster
than CG method. What need to be aware of is that Quasi-Newton method could potentially lead to
the local minimum.

2.3.1. Transition states search: Nudged Elastic Band (NEB)

The transition states were searched using Nudged Elastic Band (NEB) method [38,39].

The NEB is a method to find a minimum energy paths (MEP) between a pair of stable states. This
pair of stable states is composed of an initial state (IS) and a final state (FS), which are the local
minima on the whole potential energy surface (PES). Along the direction of MEP from the IS to FS,
the path is supposed to pass through at least one first order saddle point, which is so-called transition
state (TS).
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The NEB is a chain-of-states method in which a string of images are connected together to trace out
a pathway. The Figure shows the diagram of the NEB pathway and MEP pathway. The NEB path is
relaxed to the MEP through a force projection scheme in which potential force act perpendicular to
the band, and the spring acts along the band.

FNEB = it + F°I (2.3.1)

Where the F;- is the force due to the potential perpendicular to the band, and F;S” is the spring force
along the band.

i-1

~

T

s
L a—

|:i .
FI 1
FNEB/\

=

Figure 2.5 Two components make up the nudged elastic band force FNEB: the spring force FiS ”,
along the tangent T, , and the perpendicular force due to the potential F;-. The unprojected force do
to the potential F; is also shown for completeness. [40]

2.4. Bader Charge Analysis

If a spatial basis set like plane-waves is used to solve the Schrodinger equation, the wave-function
belongs to the whole system instead of to individual atoms. In this case, to define the boundary
between different atoms is useful to study the electronic charge property. Bader uses what are called
zero flux surface to divide atoms. In general, the charge density reaches a minimum between atoms
and this is a natural place to separate atoms from each other.

Henkelman’s Group developed a code to find the Bader Volume without lattice bias[41].
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Figure 2.6 An illustration of the steepest ascent paths (a) on a charge density grid to find the
Bader volumes using the on-grid analysis method. These ascent trajectories are constrained to the
grid points, moving at each step to the neighboring grid point towards which the charge density
gradient is maximized. Each trajectory either terminates at a new charge density maximum, mi , or
at a grid point which has already been assigned. After all grid points are assigned (b), the set of
points which terminate at each maximum (green to m1 and blue to m2) constitute that Bader
volume. The Bader surfaces (red curved line) separate the volumes. [41]

2.5. Computational details

All the spin polarized calculations were performed using Perdew-Burke-Ernzerh (PBE) generalized
gradient approximation (GGA) [31] functional within the framework of density functional theory
implemented in VASP code [42,43]. The projector-augmented-wave (PAW) pseudopotentials [35]
were utilized to describe the valence-core interaction and a plane-wave kinetic energy cut-off of 450
was employed.

The ion step optimization using CG [36] and Quasi-Newton’s Method [37], the criteria for the
Hellman-Feynman force of 0.02 eV/A was used for optimizations.

2.6. Adsorption, activation and dissociative chemisorption energy

The adsorption energy of surface species is defined as (for the single atom adsorption use the second
formula):

Eaay = Eury t Exy — Ex/sur) (2.5.1)

For the single atom adsorption:

1
Eaaxy) = Esury +5Exy) — Exysur) (2.5.2)

Where E (g, E(xy and Ex /s are the energies of the catalyst surface, X in the gas phase and X
adsorbed on the catalyst surface, respectively. The larger E,q(x) is the more strongly the species X
binds on the surface.

The activation energy is defined as the energy barrier for the surface species dissociate to isolated
atoms on the surface.

Ea(x) = E(X*/sur) - E(X/sur) (2.5.3)
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Where the E (x# /g,y 18 the energy of the transiontion state, E(x /s, i the chemisorption of the X
specie. The higher the activation energy is, the less possible the reaction proceed to the product.

The dissociative chemisorption energy is defined as the energy deference between the dissociative
species and the chemisorption species, which is

Epis = Ead(A—B) - Ead(AB) (2.54)

Where E,q(4-p) 1s the dissociative species on the surface for the AB molecule.
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Results & Discussions

3. NO dissociation on Ru (0001) surface

The Ruthenium metal is reported to be paramagnetic [45]. Ru bulk is closed-packed hexagonal

lattice (Figure 3.1), therefore its unit cell would have two lattice parameter, and experimental lattice
constants [45] are a=2.706A c=4.280A. The Ru (0001) surface is the most common exposure surface.
In this chapter, we focus on NO dissociation on Ru (0001) surface.

3.1. Ru bulk and surface optimization

For the bulk calculations, the K-mesh points used 16x16x10. Fitting by the Murnaghan Equation of
Statement [46], as shown in the Figure 3.2, to the calculated total energies at different lattice
parameters, both the theoretical lattice constants and theoretical c/a ratio were tested.

As it’s shown in Figure 3.1, at c/a ratio of 1.583, the theoretical lattice constant is a=2.725A,
c=4.316A which is in good agreement with experimental results. Therefore, it’s used throughout this
work.

1,005 ~18.401
« ] 1.0045 ~18.402
3 1 1.004 -18.403
:‘ 41,0035 -18,404
o | ~18.405
& { 10025 -18.408
5 -18.407
5 { t.002
o -18.408
8 { L.0015
£ { t.001
5
1 1.0005
: 1
1004 1008 1,008 1,00 1,012 1014 1,018
Lattice Parameter a * 2,704 A
Figure 3.1 Ru lattice Figure 3.2 Total energy with different lattice parameter a & c
fitted to Birch-Murnaghan equation of state. The energy units

are eV

To model the Ru (0001) surface, the optimized bulk was cleaved along the (0001) direction. The XY
unit cell needs to be large enough to avoid the interaction between the adsorbates along the XY plane.
To eliminate the interaction along the Z axis between the slabs, the slabs are separated by about 15A
of vacuum. The cleaved Ru (0001) used a p(3x3) surface unit with a 6x6x1 K-point mesh in the
calculations. The number of layers were tested from 4 to 6 and, their adsorption energies of NO
difference are around 0.1-0.2eV but the trend is the same. To study the surface properties and
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reactivity on the surface, it may be more reasonable to have more layers to get a better description of
the system. However, using more layers mean that it’s more computationally demanding. After
careful tests, the adsorption energy and activation energy differ slightly between 5-layer slab model
and 6-layer’s. Thus, in this work, 5-layer slab was used to study the surface properties and NO
dissociation.

A 3x3 supercell (see figure 3.3(a)) has been used, which mean that the length of a; and a, lattice
vectors are three times as large as the primitive cell. The three bottom layers were fixed, and all other
atoms are fully relaxed. For the optimized Ru (0001) surface, the interlayer distances range from
2.093 A to 2.158 A. The topmost Ru interlayer spacing of the optimized Ru (0001) surface is
contracted by 3.0%, that is close to LEED spectroscopy values of 2.1% [47], while the spacing
between second and third layers change slightly.

There are several adsorption sites which are top sites, bridge sites, and hollow sites, as shown in
Figure 3.2 (a). Since the Ruthenium is hexagonal close packing, where the layers are alternated in the
ABAB... sequence, as shown in Figure 3.2 (b). Consequently, there are two hollow site on the Ru
(0001) surface --- HCP (hexagonal close packing) sites and FCC (face centered cubic) site.

The spin density distribution of Ru (0001) surface was studied. As shown in the Figure 3.2 (c), the
spin density is near to zero, and the total magnetic moment of the surface system is close to zero,
which is in agreement with its paramagnetic property.

Py
338888POD
0000000

aguEuopdd

Figure 3.3 Ru (0001) surface top view(a), side view (b), Spin density distribution (c). The yellow
color is spin up, and blue on is spin down. The volume of the spin charge density is at 10~* order

The same approach was used to model other surface: step surface (1015), step surface (1019), saw
step surface (1115), surface (1019) surface (1010), that will be shown in the following chapter.
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3.2. Molecular adsorption of NO

3.2.1. Adsorption energies and geometries

D152 top bridge )8 fcc D hep
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Fig.3.4. top adsorption(a), brldge adsoption(b), FCC adsoption(c), HCP adsorption(d)

The molecular chemisorption of NO on the Ru (0001) surface has been investigated. After careful
studies, the NO molecule is not able to parallel adsorb on the Ru surface remaining a molecular state
and all the NO adsorbed molecules are perpendicular to the surface. There are four representative
adsorption sites on Ru (0001) surface, top site, bridge site, FCC site and HCP site, as shown in
Figure 3.4 (top view was shown in Fig.3.3). The Ru-N bond length and N-O bond length are shown
in the given figures.

Table 3.5 Calculation results and literature data for the NO chemisorption energy

This Work B.Hammer [48,49] M.Gajdos[50,51]
Functional PBE PWI1 PBE RPBE PWI1 RPBE
Top -2.45 -2.14 -2.06 -1.75 -2.51 -2.19
Bridge -2.43 -2.40 -2.32 -1.94 -2.38 -1.91
FCC -2.36 -2.49 -2.40 -2.01 -2.38 -2.00
HCP -2.68 -2.73 -2.64 -2.24 -2.59 -2.21

As listed in Table 3.5, the PW91 and PBE functional give very close results. Compared to PW91 and
PBE, the RPBE shows a considerable destabilization as expected. In our work,

all the calculations were performed under PBE level. All the results confirm that the NO molecule
prefer to adsorb on hcp site, and the adsorption energy is about -2.68 eV. According to B.Hammer’s
results, the adsorption preference order is hcp > fcc > bridge > top, while our results and M.
Gajos’s results agree that hcp > top > fcc = bridge. That could attribute to the same reason to the
single atom adsorption. To rationalize the adsorption results, the Bader charge analysis were
performed.

3.2.1. Bader Charge Analysis

The charge transfer of chemisorption of NO was also investigated. The Bader charge analysis shows
that the N in adsorbed NO over Ru surface possessed more negative charges than the N in NO
molecule by range 0.40e to 0.66e depending on the adsorption sites. The electrons mostly come from
the adsorption site atoms and a few from the atoms near adsorption sites.

The more detailed data for charge transfer is shown in Table 3.6.
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Table 3.6 Charge Transfer

Top Bridge FCC HCP
N 0.340 0.489 0.518 0.661
O -0.070  0.006 0.067  -0.022
Ru-I -0.299  -0.199 -0.201 -0.205
Ru-II  -0.008 -0.050 -0.157 -0.035
Ru-1IT  -0.010 -0.058  -0.003 -0.180
Ru-IV.  -0.019 -0.181 -0.184 -0.182
*The positive mean gain electrons, negative
mean lose electrons. The labels of Ru are
shown in Figure 3.3

In general, in the hcp adsorption site, the NO molecule attract more electrons from the binding Ru
atoms. The NO molecule also gains some electrons from the oxygen atom by 0.022 e. That indicates
the electronic density between N and Ru surface is more condensed, which means the Ru-N bond
would be more stable, leading to a relatively lower adsorption energy. For the top site adsorption, the
the binding NO will attract more electrons from the Ru atoms by about 0.3 e, same as the HCP
adsorption, it also gains 0.070 e from the oxygen atom. The bridge site and fcc site, the surface Ru
atoms lose about 0.5 e to the NO molecule, while oxygen, unlike in hcp and top site, will possess
more electrons about 0.006-0.067 e. Interestingly, when the charge transfers are closed, the
adsorption energies are also closed.

3.3. Atomic adsorption and diffusion of N and O

3.3.1. Atomic adsorption

We investigated the atomic chemisorption of nitrogen and oxygen. The results for the adsorption
energy and Ru-O bond lengths are listed in Table3.1, The corresponding geometries could be found
in Figure 3.3. the bond length of Ru-N bond is about 1.67A to 1.94A, which is quite close to

B.Hammer’s results (0 = %) except for the top site adsorption. The atomic nitrogen can strongly bind

in HCP site with a high adsorption energy of -1.06 eV, while the other sites are far less favorable
than most stable adsorption site. For the top site, the N atom possesses a positive adsorption energy
of 0.95 eV, meaning that it tends to desorb from the surface instead of binding with Ru atom. The
bridge site also shows a tiny adsorption energy of -0.08 eV.

At low coverage of © = % monolayers for the atomic species, both atomic N and O strongly adsorb

on the Ru (0001) surface, and prefer to adsorb on HCP 3-fold sites. The results show that the
adsorption site preference order: HCP > FCC > bridge > top. Compared to the Hammer’s result
[48,49], which is done in DACAPO code, we note that the adsorption energies differ quite
significantly, especially for the N atomic adsorption. M. Gajods’s results [50,51], conducted in
VASP code, show very close results to ours. M. Gajods suggest the differences come from some

sensitive parameters determining basis-set and k-point convergence between VASP and DACAPO
calculation. [50,51]
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Table 3.1 Calculation results and literature data for the atomic chemisorption energy
(eV) of nitrogen and oxygen and Ru-N(O) bond lengths (A) given in parentheses

. M.Gajdos
This work B.Hammer [48,49] 150.51]
N o N O N O

Top 0.95(1.67)  -1.44(1.76) | 032(1.96)  -1.51(2.06) - -
Bridge | -0.08(1.87) -2.18(1.96) | 0.34(1.93)  -1.66(2.03) - -
FCC | -032(1.94) -2.50(2.05) | 0.04(2.02)  -1.99(2.11) - -
HCP | -1.06(1.93) -2.902.01) | -0.45(1.98) -2.16(2.07) | -0.94 -2.67

The calculated Ru-O bond length at HCP site is 2.01 A, which is quite close to the LEED-determined
value of 2.03 A [52]. For the oxygen atomic adoption, the oxygen also prefers to adsorb on HCP site.
In contrast to the nitrogen, the oxygen can also strongly bind with Ru on other sites with a higher
binding energy of -1.44 eV for top site, -2.18 eV for bridge site and -2.50 eV for FCC site.

Compared to B.Hammer’s results, the atomic adsorption from DACAPO seemed to underestimate
the binding energy, while M.Gajos’ s result show very good agreement with ours. C. Stampfl’s [53]
results give the same adsorption preference, while the most favorable adsorption site (HCP) binding
energy is about -2.65 eV at coverage of 1/4 monolayers. Even though the coverage is higher than
Hammer’s work, the adsorption is still lower than -2.16 eV. Thus, we believe our results are reliable.

3.3.1. Atomic species diffusion

As shown above, the most favorable adsorption site is HCP site, and the second one is FCC site,
which are more stable than rest of adsorption sites. For atomic diffusion, we will only consider the
configuration between high symmetry threefold sites. The transition state of the diffusion from HCP
site to FCC site can be approximated as the bridge site adsorption. Those results are very close to the
results from NEB method, while much less computational demanding. The energy profiles for the
atomic diffusion are shown in Figure 3.4

As the results shown, it is found that the N atoms bind most strongly in the threefold hollow site. The
HCP sites have 0.75eV preference than FCC sites. The N bridge adsorption site could be considered
as transition state between HCP and FCC sites. The process has an energy barrier of 0.23eV from
FCC to HCP site (or 0.98eV from HCP site to FCC site).

Similarly, the oxygen adsorption and diffusion has been studied using same approach. The
adsorption preference is same as that for nitrogen. HCP site adsorption is 0.4eV lower than FCC site.
The process from FCC site diffusing to HCP site has a 0.32eV energy barrier. Reversely, it has to
overcome an energy barrier of 0.72eV from HCP site to FCC site for oxygen atom diffusion.
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Figure 3.4 Single atom diffusion between threefold sites, for N atom (up), and O atom
(down)

Consequently, if there is an atomic species of nitrogen or oxygen, it will easily diffuse to the more

energetic stable HCP site, since the FCC to HCP forward energy barriers are as low as about 0.2-0.3
eV, while the backward energy barriers are more than 0.7-0.9 eV.

3.4. N and O Co-adsorption.

In this part, the double atoms adsorption corresponding to N,, O, and NO have been studied. For the
reaction NO = 1/2 O, + 1/2 Ny, studying the dissociated adsorption gives us information about
difficulties in N, and O, desorption.

In a 3% 3 slab, several configurations for N and N, O and O and N and O were studied:
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for double N and O atoms co-adsorption: N(O) hep + N(O) hep, N(O) hep + N(O) fec; as for the the
configuration for N and O co-adsorption, N hcp + O hep, N hep + O fee, N fee + O hep and N fee +
O fcc were studied.

The interaction energy here is defined as the interaction between two adsorbed atoms with respect to
infinite distance, which is calculated by following formula:
e = Eff — Ef — B

Where E,,; is the interaction energy between atomic species, E4# is the energy of AB specie
adsorbed A and B site respectively, E£ is only A specie adsorb on A site; EZ is only B specie adsorb
on B site.

3.3.1 N-N Co-adsorption

The geometries of co-adsorption of nitrogen atoms are given in the Table 3.2. The bond length of
Ru-N is about 1.91A-2.0A. Compared to the Ru-N bond length in single atomic adsorption, the bond
length changes slightly. For the FCC-FCC co-adsorption, the bond length almost remains the same.
The bond close to adjacent atom is 0.05A longer than the bond length in single atomic adsorption,
while the rest of the bond lengths decrease about 0.01 A. That comes from the weak interaction (0.18
eV) between two nitrogen atoms. The atomic adsorption energy of two nitrogen, with respect to N,
in gas phase and bare Ru (0001) surface, are -0.45 eV. The separated adsorption of two atomic
nitrogen leads to -0.64 eV. It shows a modest repulsion between two nitrogen atoms.

Table 3.2 The calculated N-N coadsorption geometries,adosprtion energies (eV)
and bond length (A)

, K
=y (rq“‘“:
dosdl |
Geometry N Dok
PNSA7P<
LIS
)%
N(fce)-N(fee) N(hcp)-N(hcp) N(hep)-N(fcc)  N(hcp)-N(bridge)
E.qeV) -0.45 -1.66 0.90 0.01
Eine(eV) 0.18 0.46 2.33 1.15
Ru-Nbond (A) | 1.931.931.99 1.911.94 1.97 1.992.00 2.00 1.96
Ru-Nbond (A) | 1.991.93 1.93 1.971.94 1.91 2.142.141.99 234234
Ry_y (A) 2.96 2.98 1.70 1.12

Compared to FCC-FCC co-adsorption, the HCP-HCP co-adsorption shows very similar trend, but a
lower adsorption energy and higher interaction energies. The nitrogen atoms strongly bind with the
Ru at HCP sites with adsorption energy of -1.66 eV. Due to the repulsion between the two nitrogen
atoms (0.46 eV), the bonds close to the adjacent atoms are prolonged, while the rest of the bonds are
slightly shortened.

When one nitrogen atom adsorbs on Hcp site and the other one on fcc site, this configuration
possesses a positive adsorption energy of 0.90 eV, which indicates the nitrogen can hardly attach to
the Ru (0001) surface. The strong repulsion between two atoms are as high as 2.33 eV. Interestingly,
when the molecule nitrogen adsorbs on the hep and bridge sites, the N-N bond is slightly activated
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with a prolonged bond length of 1.12 A. It shows a tiny adsorption energy of 0.01 eV, that could be
considered as a molecular adsorption of nitrogen.

The co-adsorption of two nitrogen atoms suggests that nitrogen can strongly bind with Ru at both
HCP site. The FCC-FCC site, the adsorption energies is much lower than HCP-HCP site. The other
two configurations indicate that the surface atomic nitrogen species have great potential to desorb
from the surface. That was confirmed by N, recombination results, which could provide a favorable
desorption channel[55].

3.3.2 0O-0O Co-adsorption

The chemisorption of two atomic oxygen is considered in the following. Bond lengths and
chemisorption energies for FCC-FCC, HCP-HCP and HCP-FCC configurations are given in the
Table 3.3.

Table 3.3 The calculated O-O coadsorption geometries,adosprtion energies (eV)

and bond length (A)
Geometry

O(hcp)-O(hep) O(fcc)-O(fece) O(hcp)-O(fee)

E.q -5.52 -4.87 -4.12

Eint 0.28 0.14 1.28
Ru-O bond 1.99 2.01 2.05 2.042.02 2.07 1.892.09 2.09
Ru-O bond 2.052.01 1.99 2.04 2.06 2.02 2.182.18 1.89

Ro_o 2.92 2.92 2.34

The bond length is about 1.89-2.07A. Not surprisingly, the adsorptions are quite strong for the
oxygen, even for the HCP-FCC site is as low as -4.12 eV. Similar to double nitrogen atoms co-
adsorption, the bond lengths of Ru-O change slightly due to the repulsion between oxygen atoms.
However, compared to N-N atoms interaction energies, the repulsion between oxygen is smaller,
especially the HCP-FCC configuration. Unlike the N-N (HCP-FCC) adsorption, the oxygen
adsorbing on HCP-FCC site tend to be more separated. As shown in N-N (HCP-FCC) configuration,
the N-N distance is as close as 1.70A, where N-N bond is nearly formed, while the O-O distance is
about 2.34A. Consequently, the interaction between two oxygen atoms are less significant, leading to
a more stable adsorption state.

The results suggest that the dissociated O, can strongly bind with the Ru atoms at threefold sites. For
the re-combinative O, desorption, however, the adsorption is so stable, meaning that this process is
so endothermic, that oxygen will remain at the surface.
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3.3.3 N-O Co-adsorption

Table 3.4 The calculated N-O coadsorption geometries,adosprtion energies (eV)
and bond length (A)

Geometry ;.' " 8 a S
N(hep)+O(hep)  N(fee)+O(fee)  N(fee)+O(hep)  N(hep)+O(fec)
E.q -4.56 3.61 278 -3.08
E., 0.36 0.16 1.39 1.44

Ru-N bond 192193197 191199191 2.032.031.83 1.86 1.97 1.97
Ru-O bond 2.052.011.99 2.032.03207 1892.142.14 2412411.84
Ry_o 2.95 2.95 2.32 2.43

The configurations for N and O co-adsorption were studied, as shown in Table 3.4: N(hcp)+O(hcp),
N(fcc)+O(fec), N(fee)+O(hep) and N(hep)+O(fee). In the 33 slab, the most stable configuration,
not surprisingly, is the N(hcp)+O(hcp), since the atomic nitrogen and oxygen prefer to adsorb on hcp
sites. The adsorption energy is -4.56 eV. The separated adsorption energy of atomic N and O leads to
-4.92 eV. The HCP-HCP possesses much lower adsorption energy than other configurations about
0.95-1.78 eV. Since the diffusion energies from fcc site to hep site for N and O atoms are just about
0.2-0.3 eV, the other configurations have great potential to transfer to more energetic stable structure,
especially for the hep-fee sites which have about 1.40 eV interaction between N atom and O atom.
Based on this fact, for the NO decomposition, we only consider the hcp-hcp adsorption.
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3.5. NO dissociation
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Figure 3.9 Energy profile of NO dissociation on Ru (0001) surface for hcp and fec
routine

Table 3.7. Energy barrier and dissociation energy of NO dissociation of Flat Ru(0001) for hcp
and fcc sites

Reaction rotine hcp fce
NO(ad)+sur -2.68 -2.36
NO(ts)+sur -2.58 -1.40

N(ad)+O(ad)+sur -4.14 -3.61
Eactvation 1.17 0.96
EDissociation -1.80 -1.25

To study the NO dissociation on Ru (0001) surface, only the two most energetically stable
adsorption sites, fcc-fcc and hep-hep, were studied. The energy profiles are shown in Figure 3.9, and
the related energies are listed in Table 3.7. The figure includes the relative energy with the NO in gas
phase and surface as zero energy reference, the adsorption state of NO, the transition state of NO
dissociation, and the dissociative atomic N and O atoms.

Figure 3.9 shows the calculated minimum energy path (MEP), and indicates that NO dissociation is
more thermodynamically favorable than molecular desorption. The calculated energy barrier is quite
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close to B.Hammer’s results using different approach to find transition states. For the NO adsorb on
hep site, the energy barrier for NO dissociation is about 1.17 eV, and on fcc site, it has a slightly
lower energy barrier of 0.96 eV. However, since the NO tend to adsorb on the hcp site instead of fcc
site, and the dissociative atomic oxygen and nitrogen are more energetic favorable on both hcp site,
but not on fcc site. Thus, pathway of hcp routine is more favorable than fcc routine, especially when

the reaction occurs in realistic environment in three-way catalyst where the temperature can be up to
1000 K.

34



4. Step Effect

Steps are generally found to possess better reactivity than terraces [48,49,55,56]. Using scanning
tunneling microscope (STM), it has been found that the NO prefer to dissociates at steps on a
Ru(0001) surface[56]. B.Hammer investigated NO bond activation at a corrugated Ru (0001) surface
using Density functional theory. Monatomic steps in the Ru surface are found to offer completely
new reaction pathways with highly reduced energy barriers compared to reaction at a flat surface. B.
Hammer suggest that the step as active center, lead to a much lower energy barrier for NO
dissociation. The presence of the step, and low-coordinated Ru atoms are claimed to be the reason
for such extraordinary reactivity for the NO dissociation. However, B.Hammer’s model may be not
able to describe the step correctly. In the following part, we propose an improvement for the NO
dissociation on the step and the new understanding of this issue.

4.1. Step model

To model the steps, we take a supercell with double steps, where the terraces are consisted of Ru
(0001) surface. In this work, the stepped Ru surface of (1015) and (1019) were studied. Since the
Ru surface of (1015) and (1019) are quite similar to each other, except the number of atoms in
terrace. The terrace in Ru (1019) is composed of 4 atoms, while (1015) is 2 atoms. For the step
site, the reactivity properties of these two surfaces are almost identical that NO adsorption energies,
dissociation barriers are very closed. We first investigate the NO reactivity on step Ru (1015)
surface.

To describe Ru (1015) surface, the 2x super-cell was used for this study. In the 2x super-cell, the k-
mesh points of 1X2Xx1, 2x4X1, 3X6X1, 4X8x1 were tested, and the total energy are listed in the
Table 4.1. In this work, the k-mesh points of 3X6Xx1 is used in all 2x super-cell calculation since,
there is only energy difference of 0.006eV between 3X6X1 and 4X8X 1, which is not significant.
However, the k-mesh point of 4X8xX1 is more than twice computational cost compared with 3X6Xx1.
The vacuum region has been used between repeated cells in the z-direction. The vacuum is 15A thick
which is large enough to prevent the interaction between slabs,

Same approach was used to calculate the Ru (1019) surface.

Table 4.1 Total energy and computing time obtained with different K-Points

K-Points Energy (eV) Time (s)
1x2x1 -417.51286 23260
2x4x1 -415.92264 26071
3x6x1 -415.75986 47946
4%x8x1 -415.75343 80187

The calculations were done using 12 processors
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For the Ru (1015) surface, there are two types of steps: first steps are composed of four atoms; the
other steps are composed of three atoms, as shown in Figure 4.1 below (Yellow atoms).

Figure 4.1 Surface (1015) side view

4.2. Adsorption of Molecular NO.

The adsorptions of NO molecule were calculated in 2x supercell for two stepped surface as shown in
Table 4.2. There are several types of NO adsorption. Here all the NO adsorption geometries are
HCP site, since HCP sites were found to be most stable also near step sites.

When the molecular NO adsorbs on the fourfold step, this configuration is most energetic favorable,
whose adsorption energy is about -2.95 eV. The NO adsorption near threefold step, possesses a
binding energy of -2.53 eV, which is 0.42 eV less favorable than at fourfold step. In addition, the
adsorption on the terrace is less stable than at the fourfold step.

The bond length of N-O at fourfold step is about 1.393 A, which is slightly longer than N-O bond in
terrace configuration (1.232A), and very close to the threefold configuration (1.373 A). To explain
this, the reason could mainly attribute that the NO molecule adsorb on the fourfold or threefold site,
the O atom also coordinates with two Ru atoms at nearly bridge site, leading to activation of N-O
bond.

Table 4.2 The calculated geometry and binding energy (eV) of NO adospion on Ru
(1015) surface

Geometry

Hcp at fourfold step Hcp at terrace HCP at threefold step
E.q -2.95 -2.42 -2.53
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4.3. Atomic Adsorption

The adsorption energy of surface species is also defined as:
1
Eeaxy = Ex—sur) = Esur _EE(XZ)

Where E (g, E(x,) and E(x_s,ry are the energies of the catalyst surface, X in the gas phase and X
adsorbed on the catalyst surface, respectively. The larger E,q(x) is the more strongly the species X
binds on the surface.

The atomic chemisorption of nitrogen and oxygen have been investigated, as shown in Table 4.3.
The interaction of atomic species with the step surface has been considered for several different
hollow sites. The top site and bridge site haven’t been taken into account, since previous studies
suggest that the atomic species are more likely adsorb on the hollow sites. The results for atomic
adsorption configurations are listed in the Table 4.3. All the adsorption sites are on HCP site.

Table 4.3 The calculated geometry and binding energy (eV) of atomic adsorption on Ru (1015)
surface

Ad Site Fourfold step Threefold Upper Fourfold Upper
Geometry
| S -0.60
Geometry
| S -2.48 -2.52 -2.34

In general, as same on the flat Ru (0001) surface, the atomic species prefer to adsorb on hcp site

rather than on fcc site. The most stable adsorption site for both oxygen and nitrogen is upper terrace

hep site. Above all, their adsorption energies are close to that on flat surface, where are about -0.95

eV (N atom) and -2.94 eV (O atom), respectively. The binding energies for the rest of configurations

are less stable than upper terrace hcp site.

Figure 4.2 Atomic adsorption of N on step fcc site
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For the N atomic adsorption, the adsorbed N atom doesn’t, as strongly as O atom, bind with the Ru
surface. For the hollow sites near the step, the N atom weakly adsorbs on the fcc site. According to
the geometry as shown in Figure 4.2, the nitrogen atom binds with more Ru atoms than other
configurations, which make this atom stay in the mid of those atoms, making the adsorption energy
is as low as -0.24 eV. The binding energy is higher when the N atom adsorb near the step on hcp site.
N adsorption near fourfold step is 0.16 eV more favorable than N adsorption near threefold site.
Compared to N atomic adsorption, as expected, the O adsorption energies are much higher than N
atoms’ adsorption energies. The O atom adsorption preference and trend are quite similar to N atom.
The adsorption preference order is: upper terrace > fourfold hcp >threefold hcp>threefold fcc.

It experimentally [56] found that there are significantly more N and O atoms at upper terrace near
threefold steps than those at fourfold steps, that is in good agreement of our adsorption results. In
addition, it also found that N atoms can also be recombined forming N, and desorb from the surface.
Since the strong interaction between O and Ru surface, especially the upper terrace adsorption, if the
O atoms are present at the step, the adsorption of further species adsorption is blocked.

4.4. N and O co-adsorption

Table 4.3 The calculated geometry and binding energy
(eV) of N-O coadospion on Ru (1015) surface

Geometry

Ead (eV)

-4.51

The possible final states for dissociated NO on the step (1015) surface have been investigated by
studying co-adsorption of O atom at upper terrace and N atom near step, which are the most stable
configurations for the NO adsorption on fourfold and threefold step sites, as shown in Table 4.3.
For the final state threefold step dissociation, we posed the separated O and N atoms on both
threefold site, N atom on the hcp site near the step and O atom on the upper threefold fcc site.
Interestingly, after optimization, the dissociated O atom prefers to adsorb on the bridge site instead
of on its corresponding upper terrace threefold fcc site, since previous flat results show that the O
can also strongly interact with bridge atoms. Moreover, the bridge site on the edge is less
coordinated, leading to a more stable structure for the O adsorption.

4.5. NO dissociation on Ru step

The consideration of the initial geometries was due to the fact that these initial states are
energetically favorable. As for their corresponding final states, the configurations were tested to get
the most stable structure, where the initials guesses are given in both atoms on threefold site. After
the geometry optimization, the dissociated NO near the fourfold site can remain a similar
configuration, while the O near the threefold site prefer to stay in the bridge site on the edge Ru
atoms as previous discussed. Two step dissociation routines were calculated to be the most favorable
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path for the NO dissociation, as shown in Figure 4.3. The energy barriers and dissociation energies
are listed in Table 4.4
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Figure 4.3 Energy profile of NO dissociation process of flat, step fourfold, step threefold pathways.

Table 4.4. Energy barrier and dissociation
energy of NO dissociation of Flat Ru(0001) and Step (1015) Surface

Reaction pathways Flat Fourfold Step Threefold Step
NO(ad)+sur -2.68 -3.01 -2.53
NO(ts)+sur -1.53 -2.91 -2.45

N(ad)+O(ad)+sur -4.56 -4.47 -4.51

Dissociation Barrier 1.17 0.10 0.08
Dissociation Energy -1.80 -1.46 -1.98

For the dissociation of NO molecule on the step site, there are two tiny energy barriers of 0.08 eV on
threefold step and 0.1 eV on fourfold step. That was contributed by the unique adsorption geometry
of NO molecule on the step site, where the edge Ru atoms can form a bridge bond for the O atom,
leading to a relatively longer N-O bond length than on flat surface. And these processes are highly
exothermic with about -1.46 eV for the fourfold step and -1.91eV for the threefold step. We are not
able to determine which pathway is the most favorable routine based on the final states, since the
adsorption energies of final states are very close. The energy barrier of flat routine is about 1.17 eV,
which is much higher than the energy barriers on step sites. Thus, the step sites routines are more
favorable. As the the difference between fourfold and threefold step routines, the NO prefer to
adsorb on the fourfold step rather than threefold step. The adsorption energy on threefold step is even
0.15 eV higher than on flat hcp site. That makes the threefold step routine is less favorable than

fourfold step routine.
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4.6. Ru (1019) Terrace effect

It’s obvious that the Ru (1015) doesn't include a considerable terrace width, while Ru (1019)
surface has a four-atom-wide terrace that is more reliable to study the terrace effect. The get a better
description of the terrace, Ru (1019) was used to study the NO reactivity on the terrace.

For the relatively equivalent adsorption sites between Ru(1015) Surface and Ru (1019) Surface, as
shown in below, the energy difference are not significant. As the results suggested, all the species
near the (1019) step (N atom, O atom and NO molecule) have almost identical adsorption energy to
Ru (1015) surface’s results. In general, the Ru (1019)possesses same property as the Ru(1015)
near the step sites.

Table 4.5 The calculated geometries, adsorption energies of atomic oxygen & nitrogen,
and NO molecule on the Ru (1019) terrace

Step-HCP HCP2 HCP3 HCP4

N .A'Aﬁ'A'IIN” _A;AI'A'A'A'A'A" X A'A'Aﬁ'n'la"

'&A‘&A‘A‘A‘A 'A'A'L'A'A'AVL_ 'L'L'A'%‘A'L'A.,
Eaq -0.94
0 A.'A'A'A'A'A'A"

\WAVAVAVAVAVAVAN

Eaq
NO 433{%{3;3{%3;.-
Eaq -3.01

As for the terrace, it possesses a very close property as the flat Ru (0001) surface. On the Surface
(1019), the HCP2 and HCP3 are basically equivalent to Ru(0001) HCP site as the energy difference
is only 0.01 eV~0.05 eV. We also calculated the NO dissociation over the terrace. As expected, the
NO dissociation energy barrier is also very close to the flat surface’s results, which is about 1.15 eV.
Thus, the NO reactivity on the Ru terrace follow the behavior on flat surface.
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4.7. Reconstruction Ru (1019) surface

Previous studies show that Ru crystals tend to form double atom steps. For the Ru (1019) crystal,
analysis of the LEED behavior suggests the step-doubling reconstruction [61].

Figure 4.4 Ru (1019) Ideal surface (a) and experimentally found reconstruction (b) Ru
(1019) surface

The Ru crystal was cut along the (1019) direction. When the crystal was cleaved, it crystal surface
would expose five-atom wide (0001) terraces, separated by on-atom high steps of the (1010)
orientation. The step are equivalent to the step (1015) surface, that one step has threefold Ru atoms,
and other has fourfold Ru atoms, as shown in the Figure 4.4 (a)

It's found experimentally that step-doubling reconstruction took place by an analysis of LEED
behavior. When the double-atom step is formed, the reactivates were tested that the double-atom step
also show a high reactivity for NO dissociation. Since the steps are composed of Ru (1010), we will
illuminate the origin of the step effect and propose a new finding that the (1010) surface is the
active surface for NO dissociation.
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5. NO dissociation on Surface (1010)

In this part, we will compare the pathways for NO dissociation with serval adsorption configurations
based on a DFT description of the reaction paths. Two main typical adsorption states as initial state
will be considered, one is the molecule vertically adsorbed on the surface, the other one is parallel
adsorb on the surface.

5.1. Model

For all the calculations, a p (3%3) unit cell has been used, the slabs, clean Ru surface, was modeled
using four atomic layers. The two bottom layers were fixed, the two top layers and adsorbates were
totally relaxed. The K-point mesh of 3X3x1 was used. The geometry optimization used same
method (CG and Quasi-Newton) as previous work. For the transition state search, the NEB method
was used to find the saddle point of reaction path connected by a band of images between initial state
and final state.

The Ru (1010) surface is more open than the close-packed surface, as shown in Figure 5.1. As we
expected, the calculated cohesive energy of most common exposed surface Ru (0001) is 6.242¢eV,
that is slightly higher than (1010) surface which is 6.045¢V. In addition, LEED analysis [62]
confirmed that there exist stable clean Ru (1010) surface without any further reconstruction. In the
Ru (1010) surface, there are three types of equivalent sites, fourfold hollow site, hcp site and fcc site,
which are the possible binding sites for NO, as shown in Figure 5.1(c). The fourfold site is composed
of four Ru atoms, two of them are 9-coordintated and rest of them are 8-coordinated. The hcp site is
consisted of two 9-coordinted Ru atoms and one 8-coordinated atom, which fcc site is two 8-
coordinated and one 9-coordinated.

fed

Figure 5.1 Ru (1010) surface top view (a) , side view (b), first layer of surface (c)
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5.2. Molecular Adsorption of NO on Ru surface

The molecular adsorption of NO on different sites on Ru (1010) surface is fairly significant to study
the dissociation since the initial states of NO molecule affect the following redaction paths of the
reduction process.

For low-coverage adsorption (1/9 ML) on the Ru (1010) surface, all the possible adsorption sites for
the NO molecule are investigated, which are shown in following Table 5.1. Compared to the most
stable adsorption site on Ru (0001) surface (hcp site, E,¢= 2.68 eV), all the adsorption configurations
on Ru (1010) surface are more stable. There is no significant energy difference among various
adsorption structures. However, the NO molecule adjacent on the two Ru bridge sites have the
geometrical advantage to dissociate to atomic oxygen and nitrogen, while the vertically adsorbed
molecules show less possibilities to dissociate, that will be discussed in following paragraph.

For the NO molecule parallel adsorb on the fourfold site, there are three possibilities for the NO
binding with the fourfold site as shown in Table 5.1. Not surprisingly, the adsorption energies of
these three configuration are quite close which are from -2.72 to -2.78 eV. We found no stable
adsorption configurations for NO parallel adsorption on hep and fcc site, which is same as the results
on flat Ru (0001) surface. For the NO molecule vertically adsorbs on the Ru (1010) surface, it can
adsorb on fourfold site, hcp and fcc sites. Interestingly, the adsorption energy (-2.82 eV) on the
threefold sites (fcc and hep) are very close, that is different from the adsorption preference on flat Ru
(0001) surface. The NO molecule can also adsorb on the fourfold site vertically, that its adsorption
energy is quite close to parallel adsorption, but 0.14 eV slightly higher than threefold site. The bond
lengths of N-O are listed in Table 5.1. As results shown, for the parallel adsorption on the fourfold,
the optimal N-O distances are about 1.375 to 1.393 A, which are a bit longer than the bond lengths
for the vertical adsorption. (1.227 A for hep, 1.231 A for fcc and 1.250 A for fourfold)

Table 5.1 The calculated NO adsorption geometries,adosprtion energies (eV)
and bond length (A)

Fourfold-1  Fourfold-2  Fourfold-3 Hcp-vtc Fourfold-vtc Fcc-vte
Side view
Top view
Eyq (eV) -2.78 -2.72 -2.78 -2.82 -2.68 -2.83
N-O bond (A) 1.375 1.393 1.378 1.227 1.250 1.231

Bader charge analysis show that when the NO adsorb on the 4-fold site, the N atom attract 0.74 e
(0.76¢ for fourfold-2), O atom attract 0.16 e (0.16 e for fourfold-2) from the coordinated Ru atoms,
which lose about 0.20-0.23 e. Regarding the vertical adsorption, the electron transfer behaves similar
to the Ru (0001) surface, which the N atom attract 0.6 e from the adjacent Ru atoms. The N on fcc
site of Ru (0001) surface gain about 0.52 e.
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5.3. NO adsorption transformation

Energy Profile of NO adsorption configurations transformnation
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Figure 5.3 Top view of
Figure 5.2 Energy profile of NO adsorption configuration fourfold Ru site with

transformation adsorbed NO molecule
(Transition state)

Table 5.2 Energy Barrier and Dissociation energy of NO decomposition on Ru(101)

surface
E,; (eV) N-O (A) Ru(3,4)-0 (A) Ru(1,2)-N (A)
2.144 2.146
NO(vtc) + sur -2.68 1.250 - 29642062
NO(ts) + sur -2.42 1.307 2.508,2.379 1.971, 1.963
NO(para) + sur -2.78 1.375 2.175,2.169 1.978, 1.978

Due to the fact that NO molecule can adsorb both parallel and vertical on the surface, there could be
a possibility for the molecule to transfer to more energetically stable state. The energy profile of NO
adsorption transfer from vertical adsorption state to parallel sate is shown in the Figure 5.2. For the
NO fourfold-vtc adsorption state, it 0.1 eV less energetically favorable than NO fourfold-1
adsorption state. To transform the adsorption state from the vertical adsorption to parallel adsorption,
it has to overcome a energy barrier of 0.26 eV. The N-O bond length is prolonged during this
transformation process. The bond length of initial state is about 1.250 A. For the transition state, the
bond length increase to 1.307 A. The Ru; — O and Ru, — O bond are about 2.508 A and 2.379 A,
which nearly form a Ru-O bond. Meanwhile, the Ru-N bonds are shortening from 2.146A (Ru; — N)
2.144 (Ruy — N)A to 1.971A (Ru; — N) and 1.963A (Ru, — N). After the reaction reach to the
parallel adsorption state (fourfold-1), the Ru; — O and Ru, — O bond are formed with bond length of
2.175 A and 2.169 A. The bond length of Ru-N, where are both 1.978 A, are quite close to transition
state.
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5.4. Atomic adsorption

To determine the adsorption preference of the dissociated product, we investigated the atomic
chemisorption of the oxygen and nitrogen. The adsorption energy for the binding structures are listed
in following Table 5.3.

Table 5.3 The calculated geometries, adsorption energies of atomic oxygen and nitrogen
on the Ru (1011) terrace

Geometry

b 9.

fourfold fce
E ;(0) (eV) -2.73 -2.98
Ru-O bond (A) 2.2242.256 2.0852.091 2.034 2.033 2.037 2.000 2.050 2.052

E,q(N) (eV) -1.01 -0.78 -0.71
Ru-Nbond (A) | 2.1142.1052.0332.033  1.9301.944 1.949  1.943 1.943 1.976

As shown in the Table 5.3, for the N atomic adsorption, the most favorable adsorption site is fourfold
site, while for the O atom, it is more stable to bind with Ru atoms on fcc site.

For oxygen atomic adsorption, the adsorption preference order is: fcc > hcp = fourfold. For the
most stable adsorption site fcc, the binding energy is about -2.98 eV, and the bond lengths of Ru-O
are 2.034, 2.033 and 2.037 A, respectively, which are slightly shorter than the bond length in flat Ru
(0001) surface (2.05 A). Not like the adsorption preference order in flat Ru (0001) surface, the
oxygen binding with hcp site is less favorable than on fcc site. The oxygen atomic adsorption energy
on hep site is about -2.75 eV, which is lower than fcc site oxygen adsorption energy (-2.90 eV) on
Ru (0001) surface. Similarly, the bond length of Ru-O in (1010) surface is also slightly shorter than
in Ru (0001) surface. Regarding to the fourfold adsorption, the oxygen atom almost stays in the mid
of the fourfold Ru atoms. In fact, the bond lengths of Ru-O close to the fcc site are shorter than the
Ru-O bond close to the hep site by about 0.07 A. The reason for this imbalance may attribute to the
Ru atoms close to fcc site are 8-coordintated, meaning that these two Ru atoms may be more active,
leading to a relatively shorter bond length.

As for the N atomic adsorption, the order, different from the O atomic, is: fourfold > fcc = hcp
In general, the bond lengths are quite similar to the trend of O atomic adsorption. Same explanation
can be applied to the N atomic adsorption. However, the most stable configuration for the N atom
adoption is on the fourfold site, and its adsorption energy is about -1.01 eV, which is close to the
most stable adsorption energy (-1.06 eV on hcp site) on Ru (0001) surface.

The reason why the adsorption energies on fcc site is lower than hcp is because of the surface Ru
coordination number. Since hcp site is consisted of two 9-coordinted Ru atoms and one 8-
coordinated atom, which fcc site is two 8-coordinated and one 9 coordinated. The low-coordinated
Ru is reported to be more active on the step edge [3]. In the open flat Ru (1010) surface. The low-
coordinated Ru atoms also possess same property.
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5.5. Atomic Diffusion

In the Figure 5.4, the diffusion potential energy curves have been reported, based on the
chemisorption energies of N and O shown in the Table 5.3 above. The six diffusion routines have

been considered, diffusion between hcp and fec site, fcc and fourfold site, fourfold and hep site. The
atomic diffusion energy barriers are listed in the Table 5.4.
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Table 5.4 Atomic N (O) diffusion barrier (eV) on
Ru(1011) surface

N @)
Hcep-fee 0.38 0.22
Fce-hep 0.45 0.45
Fcc-fourfold 0.32 0.34
Fourfold-fcc 0.55 0.09
Fourfold-hcp 0.79 0.43
Hcp-fourfold 0.49 0.45

The energy barriers for the N diffusion are ranged from 0.32 to 0.79 eV. When the N atom diffuses
from the most stable fourfold site to hcp site, it is hindered an energy barrier of 0.79 eV. For the rest
of the diffusion routines, the energies are about 0.32-0.55 eV, which is not difficult to make the N
atom diffuse among these sites. The relatively higher energy barriers of the fourfold-hcp and
fourfold-fcc routines indicate that the N atoms, once adsorbed on the fourfold site, may hardly
diffuse to other sites.

For the O atom, the diffusion energy barriers are about 0.09 to 0.45 eV. The relatively lower energy
barriers may make the O easily transfer to the adsorption site nearby. Since the energy differences
among all the adsorption site are not considerable, all the sites could store the oxygen atomic species.
Compared to the flat Ru (0001) surface, the surface oxygen (or nitrogen) will diffuse from the fcc
site to the hep site, leading all the hcp will be covered first. Since the hep site is the most active site
on the flat surface, when the surface oxygens bind with hcp sites, the active centers will be blocked.

5.6. NO Dissociation

For the dissociation pathways on the Ru (1010), four different reaction paths involving different
initial adsorption states are studied. Three more favorable pathways indicate the NO tend to
dissociate on fourfold site, one pathway implies that vertical adsorption state is not favorable for the
NO dissociation.

Firstly, the dissociations of NO on the 4-fold site are studied. As the NO adsorption results suggested,
for the initial state, the NO can adsorb on the fourfold site parallel and vertically. For the final state,
we consider the co-adsorption of N on fourfold site and O on hcp site. The energy profile for both
routines are shown in the figure 5.5, and their corresponding energies, and bond length information
are listed in the Table 5.5.

50



Energy Profile of NO Dissociation Process
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Figure 5.5 The compilation of NO dissociation between vertical adsorption routine and parallel
routine

Table 5.5 Energy Barrier and Dissociation energy of NO decomposition on Ru(1010)

surface
4-fold 4-fold-vtc
E. 4 N-O Distance(A) E.q N-O Distance (A)

NO(ad) + sur -2.78 eV 1.376 -2.68 eV 1.250
NO(ts) + sur -2.62 eV 1.555 -1.78 eV 1.497
N(ad) + O(ad) + sur -3.80 eV 2.621 -1.78 eV 2.621

Transition Barrier 0.16 eV 0.90 eV

Dissociation Energy -1.02 eV -1.12 eV

The parallel adsorption is more energetically favorable than vertical adsorption by 0.10 eV. The N-O
bond length of parallel adsorption is 1.376 A, which is longer than vertical adsorption state (1.250 A).
For the parallel dissociation routine, the O in the molecule dissociates to the hcp site with the
assistance of bridge Ru atoms. For its transition state, the distance of N-O is prolonged to 1.555 A.
To activate the NO molecule, it is hindered a tiny energy barrier of 0.16 eV. The dissociated atoms
are separated on fourfold site and hcp site. Since the co-adsorption of O on hep site and N on
fourfold site is favorable. We considered this as final state. The whole process from adsorbed NO to
separated N atom and O atom is exothermic (-1.02 eV).

For the vertical adsorption routine, the NO bond length is 1.250 A, which is close to other vertical
adsorption states. The NO can strongly bind with fourfold site with an adsorption energy of -2.68 eV.
For the transition state, the vertical NO molecule is bended to hcp site. The N-O bond increases to
1.497 A. Compared to the parallel adsorption routine, the vertical adsorption routine has to overcome
about 0.90 eV to separate N and O atom. Since the vertical adsorption energy is less stable than
parallel adsorption by 0.10 eV, the dissociation process is more exothermic (-1.12 eV).
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As adsorption results shown, the NO has three types of parallel adsorption states, we have illustrated
one reaction routine (fourfold-1). The rest of two reaction pathway are given in the following Figure
5.6 and corresponding energies in Table 5.6.
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Figure 5.6 The reaction energy profile of NO dissociation for 4-fold-2 pathway (up) and 4-fold-3
pathway (down)
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Table 5.6 Energy barrier and dissociation energy of NO decomposition on Ru(1010)

surface
4-fold-2 4-fold-3
E.q N-O Distance(A) E.q N-O Distance (A)

NO(ad) + sur -2.72 1.393 -2.78 1.378
NO(ts) + sur -2.63 1.580 -2.58 1.779
N(ad) + O(ad) + sur -4.30 2.728 -4.33 3.100

Transition Barrier 0.09 0.20

Dissociation Energy -1.58 -1.55

For the fourfold-2 routine, the NO molecule, compared to fourfold-1 state, reversely adsorbs on the
fourfold site, that the O atom is close to fcc site. The adsorption energy of initial state is -2.72 eV.
The final state for this path is that the N adsorb on fourfold site and O bind with hcp site. Not
surprisingly, the separated N(fourfold) + O(fcc) state possess even more stable adsorption energy (-
4.30 V) than N(fourfold)+O(hcp) site by 0.50 eV. During the dissociation process, the adsorbed NO
molecule are activated by the bridge Ru atoms (part of fourfold site), the bond length increases from
1.393 A to 1.580 A. As we discussed before, the 8-coordinated Ru atoms are more active. For the
process involving the 8-coorindated Ru atoms as bridge atoms, its reaction barrier, only 0.09 eV, is
even lower than fourfold-1 pathway.

For the fourfold-3 pathway, the direction of NO adsorption is along the fourfold direction, the O and
N are both bind with one 9-coordinated and one 8-coordinated Ru atom. The final state is considered
as both atomic species are on fourfold site. Since the distance of N-O in final state is as long as 3.100
A, which is larger than N-O distance in other co-adsorption states, meaning the relatively lower
interaction between two atoms, the adsorption energy (-4.33 eV) of final state (N(fourfold) + O
(fourfold)) is even lower than previous one. The dissociation energy barrier, as we expected, is also
quite small. It is hindered an energy barrier of 0.20 eV to dissociate NO molecule to N and O atom
on both fourfold site.
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6. Theoretical study of cubane-type [Ni,Clg] complexes’ magnetic properties

6.1. Research Motivation

A new Ni,Clg cubane-type complex with the formula [Ni(u; — CI)CI(HL - S)], , where HL - S
represents a pyridyl-alcohol-type ligand with a thioether function group, is characterized by a
ferromagnetic coupling and is considered to be a single-molecule magnet (SMM) [64]. The complex
is composed of Ni,Clg cluster and 4 HL - S ligands as Figure 3 shown. There is a sulfur atom that
exhibits a high affinity for gold, thus allowing the covalent binding to the surface or acting as a
tunneling interface in a single-molecule junction between Au electrodes.

Experimentally [64], XPS results show that the sulfur atom in the ligand will bind with the gold
surface. It has been found in adsorption experiments that the bare HL - S ligand without central cube
can bind on the Au (111) surface. The XPS results showed that the doublet at 163.1 eV, which is
responsible for 52.9% of the total population, is recognized as binding for a thioether group. And
doublets at 162.1 and 161.1 eV are responsible for the remaining 47.1% of the signal, which are
attributed to a thiol group bound to gold surface. For the intact {Ni,} it is geometrically impossible
for all four ligands to bind to the gold surface. In fact, from the DFT calculation, we found that only
one ligand will attach to the surface. XPS spectra estimates that a weight of 50-75% unbound species,
which indicates that the {Ni,} loses at least some of its ligands when adsorbing on the surface.

Based on this background, we want to study the possibility of observing SMM behaviors when the
{Ni,} loses some of its ligand from 1 to 4; which is the stable adsorption of the complex on Au (111)
surface; and if adsorption affects the magnetic properties.

This report is arranged in the following aspects: 1. The molecular study regarding the first research
question, 2. The surface study concerning the second question, 3. The challenges and the difficulties
for the last question.

6.2. Theoretical background

All calculations for the complexes were carried out with the ORCA code [65]. For the geometries
optimization, we used B3LYP functional [66]. Since the vdW interaction is significant in this system,
the D3 method of Grimme [67] was used for the dispersion correction. The complex was prepared in
the solvent. Thus, we also included the solvation effect of CH,Cl, using SMD solvation model [68]
For the basis set, def2-tzvp, and corresponding RI-J auxiliary [69] were used.

The CASSCEF calculations on the optimized geometries were performed to get better description of
the energy differences. For active space of each metal center, we considered two electrons in a two
orbitals, meaning that for the {Ni,}, the CAS (8,8) were used, for the {Ni,Zn,} model, CAS(4,4)
were used. The spin-orbit coupling matrix was constructed within the active space and diagonalized
to calculated the zero field splitting (ZFS) parameters.

6.2.1. Heisenberg Hamiltonian

The magnetic exchange interaction between two magnetic center is described by the following Spin-
Hamiltonian
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H=-]S,"Sp

The Two-J model is used to characterize the magnetic coupling parameters can be expressed as:

H=—J1%Sa"Sp —J22Sc " Sq

where J is the isotropic exchange coupling constant and S,, Sy, S, Sqare the spins on Ni metal center
respectively.

The eigenenergies of the Spin-Hamiltonian are expressed as follows:

E(S) = —%[5(3 +1) —2s(s + 1]

Where S represents the total spin of the system and s is the atomic spin. Assuming that the magnetic
coupling in the complex is solely a spin exchange interaction between 3d electrons, we obtain the
energy difference regarding different spin state, that is known as Lande interval rule,

Ass_,=E()—EES—-1)=-]S

6.2.2. Electronic configurations

N IR ] [T ]
INICLETHTH T ]
INiCls] [} [HTH ] [1 ] [T ]

Contribution : 1/3

Figure 6.1 Geometries and Electronic configurations of [NiCl,]?~ and Ni,Clg, the ball model is Ni
and stick is Cl

Starting from the Ni2* cation, the electronic configuration is 3d® for Ni cation. For the [NiCl,]?~
complex, the Cl anions coordinate with the Ni cation center and form this electronic configuration.
The complex is tetrahedral and paramagnetic. The Nickel center is SP3 hybridization. The
geometries and their electronic configurations are given in Figure 1.

Similarly, for the Ni,Clg cluster, since the bridge Cl is shared by three Ni atoms, thus the
contribution to the 4p orbital is only 1/3, the paired electrons from CI atom are equally distributed in
the three Ni atoms. The Ni is distorted SP3 hybridization. The unoccupied orbitals are able to accept
more electrons from the ligands forming [Ni(u; — CI)CI(HL - S)], complex.

As shown in the Figure 6.1, there are two unpaired electrons from the Ni center. To extract the J
parameter, there are three different spin configurations for the Niy cluster, which are listed in Figure
6.2. The high-spin Syg =TT11, the intermediate-spin S;g =TTT! and the low-spin state S; g =TTl
configurations.
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Figure 6.2. Three possible spin-state for the cubane-type [Ni(p; — CI)CI(HL - S)], . The coupling
constants J represents the inactions between the Ni atoms.

For the highly symmetric complex like intact [Ni(u; — CI)CI(HL - S)], complex and the bare
{Ni,Clg} center, we can use two-J model and one-J model to describe the system.

For the bare Ni,Clg structure, since it possesses S, symmetry, which means the J constant is identical.
According to Heisenberg model, the energy spectrum for Ni?™ is:
Eys =—6] Eis=0 Es=2]

As for the intact [Ni(u; — CI)CI(HL - S)], complex, the energy spectrum is:
Eys = —2]; —4]; Es=0 Es=-2]; +4];
6.2.3. NiyZn, and NiZn3; model

When the [Ni(u; — CI)CI(HL - S)], complex loses several ligands, meanwhile it also loses its
symmetry. The distance between two Ni atoms are no longer identical. Thus, the Two-J model may
fail to describe the magnetic properties accurately. To study these complexes, we use an
approximation that replaces two Ni atoms into Zn atoms, that have no unpaired electrons in d orbitals.
Using this approach, we can use this Heisenberg model to study their magnetic properties.

To estimate the local D parameter in the Ni atom, the single-ion (local) ZFS was calculated using a

NiZn; model where the Ni center is in its real molecular environment. The rest of the Ni atoms are
replaced by Zn atoms.
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6.3. Molecular Results

6.3.1. [Ni(pz — CDCI(HL - S)], (x = 0,4) Result

Ni-Ni distance: 3.330 A Ni-Ni distance: 3.620 A (S) — 3.690A (L)
Td Symmetry S4 Symmetry

Figure 6.3. The molecular structure of Ni,Clg and [Ni(p; — C)CI(HL - S)],

Firstly, we performed the Ni,Clg and [Ni(u; — CI)CI(HL - S)], and calculations. Then we can
compare our [Ni(u; — CI)CI(HL - S)], results with previous theoretical and experimental work.

As shown in the Figure 6.3, one has four ligands and one does not coordinate any ligand. The
complexes are highly symmetric. The the bare Ni,Clgis of Td symmetry, and [Ni(p; — CI)CI(HL -
S)], is of S4 symmetry. The distance between the Ni centers is especially important than other
geometry parameter. For the complex with four ligands, the long term Ni-Ni distance is 3.690, and
short term is 3.620 which is 10% longer than bare Ni,Clg core without any ligand. That come from
the repulsion between the ligands that prolong the Ni-Cl bond, consequently the distances between
Ni atoms increase.

Table 6.1 The energy difference between high spin
state and other two spin states, and calculated J
parameter for [Ni,Zn,Clg](HL - S),

S Value |DEI2(L)/cm™” DE14(S)/cm’
S=2 0 0
S=1 5.3 4.6
S=0 7.9 6.9
J 2.6 2.3

For the [Ni(u; — CI)CI(HL - S)], complex, The energy difference between high spin state and other
two spin states, and calculated J parameter for [Ni,Zn,Clg](HL - S), are listed in the Table 6.1. The
computed isotropic coupling constant are both positive. The ferromagnetic solution and a total high-
spin ground state S=4 have been found in the complex. The energy difference between the lowest
Sus = 4 and the intermediate S;5 = 2 is 7.4 cm™?! from the CASSCF calculations. We used Ni,Zn,
to measure the long-term and short-term J value. The Ni(1) and Ni(2) represent the long-term
magnetic interaction and Ni(1) and Ni(4) stand for the short-term. For the long-term interaction, the
high-spin state is found to be the lowest energy. The energy difference between S=2 and S=1 is 5.3
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cm™!, and S=2 and S=0 is 7.9 cm™!. Thus, the calculated J constants using the the Lande interval
ruleare J; = 2.6 ], = 2.3.

Compared to the experimental value J=10.6 cm™*, the CASSCF result obvious underestimate the J
constants. And the DFT gives Jipego) = 15.93 cm’! andJ,pgro) = 12.40 cm'l, Ji®3Lyp-p3) = 18.15 cm™!
Jomsryp-p3) = 13.91 cm’' overestimate the J constants. It’ s known that CASSCF always
underestimate the J constants [71]. Basically, the CASSCEF value is 1/5 of experimental value. When
we have a J value of 2-3 cm™, we can believe this complex is ferromagnetism.

For the bare Ni,Clg, since it is belonged to Td symmetry group. The optimized geometry gives the
Ni-Ni distance of 3.330 A. The energy differences between different spin state are calculated under
CASSCF and NEVPT?2 level as shown in Table 6.2. The most energetic favorable state is low-spin
state S=0, the energy difference between S=0 and S=2 is 0.5 cm ™. The high-spin state is 5.5 cm™!
higher than the low-spin state. For the NEVPT2 calculation, it gives a relatively higher energy
difference, that might give a better description, but unfortunately, we have no experimental result to
compare. Since our NEVPT?2 calculations for other complexes are not converged, we will study the
magnetic properties on the CASSCF level. According to previous studies, NEVPT2 can give a quite
close J constant to experimental value. And the NEVPT2 J constant is about 5 times larger than the
CASSCEF result.

Table 6.2 The energy difference between low spin state and other two spin
states, and calculated J parameter for Ni,Clg under CASSCF and NEVPT2

level.
DE(CASSCF)/ cm’! DE(NEVPT2)/ cm”!
S=0(LS) 0 0
S=2(IS) 0.5 5.7
S=4(HS) 2.2 16.7
J 03 2

Based on the assumption above, results show that the S=0 is the ground state, and calculated J
constants is 0.3 cm™ for CASSCF and 2cm™ for NEVPT2 which lead to paramagnetic.

6.3.2 [Ni(pz — CDCI(HL - S)], (x = 1,2,3) Result

Figure 6.4. Molecular structure of [Ni(u; — CI)Cl],(HL - ), (x = 1,2,3)
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The optimized geometries of [Ni(u; — CI)Cl],(HL - S)4(x = 1,2,3) are shown in the Figure 4. The
four Ni atoms are labeled as Nil, Ni2, Ni3, Ni4. Since the distance between Ni atoms are essentially
important to the magnetic properties. The distance between every two Ni atoms are listed in the
Table 6.3. The D,_, represents the difference from the intact complex, Dy—, stands for the difference
from the bare Ni,Clg core.

Table 6.3. Comparison between the structural parameter of [Ni(u; — CI)Cl],(HL -
S),(x = 1,2,3)and intact complex, bare core. Bond distances are given in A, D,_, stand
for the difference between [Ni(u; — CI)Cl],(HL - S)and intact complex, Dy—, is
compared with bare core.

X=1 X=2 X=3

Dis Dy, Dy, | Dis Dy., Dyo | Dis Dyy Dy
Ni1-Ni2|3.649 0.029 0.319 | 3.340 -0.280 0.010 | 3.562 -0.058 0.232
Ni1-Ni3|3.326 -0.294 -0.004 | 3.384 -0.236 0.054 | 3.377 -0.243 0.047
Ni1-Ni4|3.353 -0.337 0.023 | 3.774 0.084 0.444 | 3.592 -0.098 0.262
Ni2-Ni3|3.718 0.028 0.388 | 3.655 -0.035 0.325 | 3.839 0.149 0.509
Ni2-Ni4|3.432 -0.188 0.102 | 3.629 0.009 0.299 | 3.763 0.143 0.433
Ni3-Ni4|3.360 -0.260 0.030 | 3.780 0.160 0.450 | 3.685 0.065 0.355

For the first complex, the ligand is attached to Ni2, as bold numbers shown. Compared to the Ni, Clg
bare core, due the interaction of the ligand, the distances between Nil-Ni2, Ni2-Ni3 and Ni2-Ni4 are
prolonged, while because of the H-bond (as blue dash line shown), the increase of Ni2-Ni4 is slightly
less significant than others.

For the second complex, the ligands are coordinated with Ni3 and Ni4. Compared to the Ni,Clg bare
core, the distances between Nil-N-4, Ni2-Ni3, Ni2-Ni4 and Ni3-Ni4 increase by 0.299A to 0.450 A.
The repulsions between the ligands prolong the the distances between Ni atoms.

For the third complex, only the Nil atoms is not attached with ligand. Not surprisingly, compared to
the distance in bare core, all these distances are longer. Since Nil atom doesn't coordinate with
ligand, leading the distance between Nil and other Ni atoms are shorter than the distance in

[Ni(u; — CDCl],(HL - S), complex.

Table 6.4. Energy difference of [Ni,Clg](HL - S),(x = 0,1,2,3,4)
between different spin state (cm-1)

X=0 X=1 X=2 X=3 X=4
S=4 2.2 0 2 0 0
S=2 0.3 6.1 0 2.7 7.4
S=0 0 9.9 4.6 8.9 17.3

As shown in the Table 6.4, for the bare [Ni,Clg], the low-spin state is calculated to be the most stable
state. As previous mentioned, the [Ni,Clg] is paramagnetic. For the rest of the complexes with ligand
(x=1,3.,4). The high-spin states have the lowest energies. Since for the geometries of complexes
(x=1,2,3) are not symmetric. We haven’t used Two-J model to calculate the J constants. To
illuminate the spin-spin coupling between different magnetic centers, we performed the energy
difference calculations using Ni,Zn, model. The calculated energy difference between lowest energy
spin state and other two spin state are listed in the Table 6.5.
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Table 6.5 The energy differences between most stable spin state and other two spin states, and
calculated J parameter for [Ni,Zn,Clg](HL - S),(x = 1,2,3)

DE12/cm” DEI13/cm” DEl4/cm” DE23/cm” DE24/cm” DE34/cm’
S=2 0 0 0 0 4.6 0
. S=1 22 3.8 2.6 3 1.5 6.1
S=0 33 5.6 3.9 4.6 0 9.1
J 1.1 1.9 1.3 1.5 1.5 3.04
S=2 0 0 0.8 1 0.8 0
- S=1 0.3 2.9 0 0 0 2.9
S=0 0.5 4.3 3 3.4 1.1 43
J 0.16 1.45 0.4 0.5 0.4 1.45
S=2 0 55 0 0 0 0
- S=1 42 1.8 4.9 24 3.8 4.6
S=0 6.3 0 7.4 3.7 5.6 7
J 2.1 -1.8 2.45 1.2 1.9 2.3

For the complex (x=1), the measured J constants are ranged from -1.5 to 3.04 cm™1. The numerical
average J constant is 1.22 cm™1.

For the complex (x=2), it’s found that the intermediate spin state is the most stable state. That is in
agreement to the Ni,Zn, model’s results. The calculated J constants between Nil-Ni-4, Ni2-Ni3 and
Ni2-Ni4 are negative. In addition, for these three configurations, the intermediate spin states (S=1)
are also found to be the most stable states. The numerical average J constant is 0.29 cm™1, leading to
a paramagnetic property.

For the complex (x=3), the magnetic behavior is quite similar to the x=1. For most of the
configurations, the high-spin state is the most stable one, except for the Ni1-Ni3 configuration. The
calculated J constants are slightly higher than X=1"s results. The numerical average J constant is 1.35
cm™ L,

Obviously, the ligand affect the magnetic property of the [Ni, Clg], to confirm and study how ligand
influence the magnetic property of the molecule. We extract the single-ion ZFS parameter from the

[Zn;Ni] model. The ZFS parameters are listed in the Table 6.6.

Table 6.6 The single-ion ZFS parameter from Zn3Ni model(cm-1)

Nil Ni2 Ni3 Ni4
x=1 -0.004 -0.167 -0.004 -0.091
x=2 -0.004 -0.002 -0.305 -0.388
x=3 -0.005 -0.075 -0.075 -0.036
x=4 -0.790

Interestingly, for the calculated ZFS parameter from [Zn;Ni] model, when the Ni atoms are
coordinated with the ligands, the ZFS parameters are more significant than those without ligands.
For those Ni atoms not binding with ligands, the calculated ZFS parameter are found nearly zero.
Based on all these results we have, we believe that the ligands are the origin for the [Ni,Clg] core to
possess magnetic property. Generally speaking, the more ligands have, the higher magnetic
interaction between the magnetic centers.
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6.4. [Ni(pnz — CI)CI(HL - S)], (x = 1,2,3) adsorption on Au (111) surface
6.4.1. Au bulk and surface optimization
The Gold bulk is face centered cubic (fcc) as shown in Figure 6.5(a). Fitting by the Murnaghan

Equation of State to the calculated total energies at different lattice parameters, the calculated lattice
constant is 4.180 A which is slightly larger than experimental value of 4.080A.
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Figure 6.5 Unit cell of Gold Bulk(a), Au (111) side view (b), Au(111) top view (c)

The slabs are separated by about 30A of vacuum since the adsorbates is really large. For the surface
and adsorption calculation using a p(4x4) slab for ligands, p(5x5) slab for the complex
[Ni,Zn,Clg](HL - S)4(x = 1,2,3). The K-points used 6x6x1 to optimized the surface, while only
gama point was used for the optimization due to the limitation of computational time. There are four
gold atoms layers, for the p(4x4), each layer has 16 atoms (Figure 5 b,c); p (5x5) has 25 atoms. The
bottom two layers are fixed and the top two layers and adsorbates are fully relaxed.

6.4.2. Ligand adsorption

Before we study the adsorption of the intact complex, we first try to adsorb the ligands on the Au
(111) surface. The adsorption sites were tested on hcp, fcc, bridge and top site, as shown in Figure
6.5 (c). According to the XPS results, it detects three different signal of the ligand adsorption. The
first one is thioether functional group binding with gold surface, rest of two are thiol functional

group.

Figure 6.6 The structure of ligand adsorption on Au (111) surface, the first on is thiother formation,
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the last two are thiol formation.

After optimization, for the thioether functional group adsorption, the sulfur atom prefers to adsorb on
the top site, the bond length of Au-S is about 2.559 A. The rest of two thiol functional group
adoptions tend to adsorb on bridge site. According to the XPS analysis, the thioether binding
structure is the majority of the adsorption state. For the complexes adsorptions, we will only consider
this configuration.

6.4.3. [Ni(n; — C)CI(HL - S)], (x = 1,2, 3) adsorption

Based on the geometry of the ligand adsorption, we simulate the [Ni(u; — CI)CI(HL - )], (x =
1,2,3) adsorption on the Au (111) surface. The complexes strongly bind with the Au surface with
an adsorption energies are -5.2, -5.1 and -5.3eV respectively.

After the complexes adsorb on the surface, the geometry, compared to the molecular data, barely
change. The Ni-Ni distance of all these three configurations are listed in the Table 6.7. Their
structures are shown in the Figure 6.7.

Table 6.7 Comparison between the molecular structural parameter of [Ni(u; — C1)Cl],(HL - ) (x =
1,2,3) and after adsorption on surface . Bond distances are given in A, Disy;_y; stand for the distance
between Ni atoms, Dy, o1 15 difference Ni-Ni distances between before and after adsorption

Ligand coordinated to Ni2 Ligands coordinated to Ni3 Ni4 Ligands coordinated to Ni2, Ni3, Ni4

Dis nini mol surface Dsur.mol mol surface Dsur.mol mol surface Dsur.mol

Nil-Ni2 | 3.649 3.564  -0.085 3.340  3.250  -0.090 3.562 3454  -0.108
Nil-Ni3 | 3326 3.300 -0.026 3.384¢  3.271 -0.113 3.377 3.188  -0.189
Nil-Ni4 | 3353 3275 -0.078 3.774  3.852 0.078 3.592 3.508  -0.084
Ni2-Ni3 | 3.718 3.632  -0.086 3.655 3.589  -0.066 3.839  3.775  -0.064
Ni2-Ni4 | 3432 3311 -0.121 3.629  3.678 0.049 3.763  3.691 -0.072
Ni3-Ni4 | 336 3307 -0.053 3.780  3.638  -0.142 3.685 3.576  -0.109

KRR ¢

Figﬁre 6.7 The structure ;)f:[Ni(IJ.g — CDCl],(HL - S), (x = 1(a),2 (b),3(c)) adsorption on Au
(111) surface
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In general, the distances between Ni atoms change slightly, that main come from the different
functional and convergence criteria.

During the optimization process, the [Ni(u; — CI)Cl],(HL - S), (x = 1,3) successfully converge to
the ferromagnetic solution with S=4, while [Ni(u; — C1)Cl],(HL - S), converge to the intermediated
spin-state (S=2). To be more specific, the magnetic moments are 7.8, 3.8, 7.9 receptively. That are in
agreement with the molecular results. However, since the hard convergence for the constrained spin
state calculation in VASP, and ill-description of PBE functional in tiny energy difference for such a
big system, we are not capable to calculate the energy difference between spin-state at this stage.

6.5. Conclusion

In this work, we have studied the magnetic prosperities of [Ni(u; — CI)Cl],(HL - S)y(x = 0,1,2,3,4)
complexes. The different spin state behavior is caused by the Ni unpaired electrons, ligand-field
effects, and magnetic anisotropy characteristics arising from single-ion effects. In this report, the
CASSCEF calculation underestimate the J constants. However, the trend of the CASSCF results is
correct.

In Ni4Clg complex, the J is close to zero, which lead to a S=0 ground state. The complex could be
paramagnetic as same behavior as [NiCly]*.

In the Ni4Clg(HLS) system, the number of ligands affects the magnetic properties. When n=1,3,4 the
calculated J constants (CASSCEF level) are positive, leading to S=4 ground state. The higher

coordination number is; the stronger interaction is the complex.

When the complexes adsorb on the Au (111) surface, the distance between Ni atoms change slightly.
The magnetic properties are supposed to remain the same to the molecular results.
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Conclusions

In first part of work, we have studied the NO dissociation on Ru (0001) surface, and the external
electric field effect for this process; NO dissociation on Ru (1015) step surface, and more open flat
Ru (1010) surface. This process is essentially important to the NOx reduce and environment related
issues. We have used DFT to describe the model of NO dissociation to simulation the reduction
process of NO molecule on different Ru surfaces.

We firstly studied the NO dissociation on Ru (0001) surface, and use these results as reference. The
results are in good agreement with previous studies [3,4], that justifies our research method. The hep
site is determined to possess relatively higher reactivity on the Ru (0001) surface for NO dissociation.
Since the hcp site is more active than fcc site, the atomic species can easily diffuse from fcc sites to
hep sites, leading a higher coverage of atomic species at hcp site.

When the external electric field is applied, the negative field yield an improvement for the NO
dissociation on Ru (0001) surface. That is mainly attributed to the fact that the negative field
decrease the NO adsorption on Ru (0001) surface. In contrast, when the external electric field is
positive, the activation barrier remains almost same to the results without electric field.

In addition, we have studied NO dissociation on stepped Ru surfaces. Since previous step model of
Ru surface may not describe correctly, we proposed to use step (1015) and step (1019) surface to
study the step effect. The NO can easily dissociate on the step site. The dissociated atomic species, to
be more specific atomic oxygen, strongly bind with the step site, leading a self-poisoning for the
further reaction. For the terrace, it mainly remains the same reactive properties to flat Ru (0001)
surface.

In fact, the step (1019) surface has been found to reconstruct in experiment, that the one-layer step
in ideal (1019) surface will construct a double-layer step. The two-layer step is (1010) surface.
Based on this fact, we further investigated the NO dissociation on Ru (1010) surface. For the NO
dissociation on Ru (1010) surface, the parallel adsorption states, due to their geometries, have
advantage to dissociate the NO molecule over vertical adsorption states. The NO dissociation barrier
on fourfold sites (parallel adsorption) are only about 0.1 — 0.2 eV. For the oxygen atomic adsorption,
there is small energy difference among all the adsorption site and it can easily diffuse on the Ru
(1010) surface. The Ru (1010), compared to the step surface, has more active sites for NO
dissociation. Moreover, Ru (1010) surface is more active than flat Ru (0001) surface for NO
dissociation.

In the second part of work done in Groningen, we have studied the magnetic prosperities of

[Ni(u; — CDCl],(HL - S)(x = 0,1,2,3,4) complexes. The different spin state behavior caused by the
Ni unpaired electrons, ligand-field effects, and magnetic anisotropy characteristics arising from
single-ion effects. In this report, the CASSCF calculation underestimate the J constants. However,
the tend of the CASSCEF results is correct.

In Ni4Clg complex, the J is close to zero, which lead to a S=0 ground state. The complex could be
paramagnetic as same behavior as [NiCly]*.
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In the Ni4Clg(HLS)x system, the number of ligands affects the magnetic properties. When n=1,3.4 the
calculated J constants (CASSCEF level) are positive, leading to S=4 ground state. The higher
coordination number is; the stronger interaction is the complex.

When the complexes adsorb on the Au (111) surface, the distance between Ni atoms change slightly.
The magnetic properties are supposed to remain the same to the molecular results.
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