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ABSTRACT 
Nanoparticles are highly relevant for catalysis due to their nanostructure, 
which increases the fraction of surface atoms, and the size dependent 
morphology and properties. Catalytic properties of nanoalloys also depend on 
the composition and chemical ordering. Therefore, it is important to 
understand how geometrical and topological features of mono- and bimetallic 
nanoparticles affect their stability and reactivity of the exposed surface sites.  
This Thesis deals with computational study of monometallic and bimetallic 
nanoparticles using methods based on Density Functional Theory (DFT). 
First, the exchange-correlation functional PBE was identified to reproduce 
experimental bulk and surface properties of Transition Metals overall more 
accurately than other examined functionals VWN, PBEsol, RPBE and TPSS. 
The performance was further improved by choosing exchange and correlation 
parameters between those of PBE and PBEsol functionals or restoring the 
local spin approximation of PBEsol. The d-band centre was found the most 
robust and transferrable among the studied electronic descriptors for 
different functionals. 

For different monometallic Pd nanoparticles it was shown that their 
energies can be quantitatively described using linear dependence on the 
quantity of atoms with different coordination numbers. Whereas employing 
such morphological features as number of corner sites, length of the edges, 
particle area and volume allowed only a qualitative energy prediction. 
Equilibrium chemical ordering for bare PdRh, PtNi, PtAu, PtAg, and PtCu 
bimetallic nanoparticles at low temperature was determined employing the 
so-called Topological Method parameterized on DFT data. Effects of 
temperature and reactive environment on the chemical ordering were also 
evaluated. A remarkable experimental finding of our collaborators is that CO 
molecules can bind stronger on some core@shell Cu@Pt particles than on pure 
Pt particles. It was rationalised by DFT calculations of specific surface sites, 
such as single Pt atom surrounded by surface Cu atoms, under-coordinated 
Pt atom, Pt adatom and vacancies with missing Pt atoms. 
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PART I. INTRODUCTION 

Chapter 1. Overview of the Thesis 

Nanoparticles (NPs) are clusters of atoms, ions, or molecules, with 
dimensions circa 1-20 nm.1,2 This size range is quite interesting in science 
because it fills the gap between small molecules, with discrete energy states, 
and bulk materials, with continuous energy states. Consequently, one of the 
main interests is the size-evolution of the geometric and electronic structures 
of clusters and their physical and chemical properties. Since NPs often have 
different properties from those of discrete molecules or bulk solids, they can 
be considered a new type of materials. The Thesis is focused on metallic NPs, 
specifically those formed by Transition Metals (TMs).3 Many properties such 
as ionization energy, electron affinity, or cohesive energy, among others, 
follow a simple scaling law in large metallic NPs. Meaning that the properties 
scale linearly with size until the bulk limit.4 However, small NPs show 
significant deviations with respect to the agreement of the scaling laws due 
to quantum confinement and surface effects. Quantum confinement leads to 
a collapse of the continuous energy bands of a bulk state into discrete energy 
levels when the dimensions of a material reach the nanoscale. Surface effects 
are referred to the higher surface-to-volume ratio at this regime. Metallic NPs 
can be formed of a single metal or more than one metallic element, becoming 
nanoalloys.2 Nanoalloys are technologically interesting because their 
chemical and physical properties can be modified by the choice of composition, 
their atomic ordering, and, as in monometallic NPs, their shape. In the case 
of catalysis, different surface sites formed upon combining two metals 
determine the catalytic activity of these materials. 
 To calculate the properties of TMs with first principles methods, the 
most common employed methodology with the best balance between accuracy 
and computational cost is the Density Functional Theory (DFT).  Within the 
DFT, there are different exchange-correlation (xc) functionals due to the exact 
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one is unknown. Each of them is classified according to different levels of 
complexity. The best choice of approximation depends on the system and 
properties one tries to calculate. Therefore, it is relevant to study which one 
is appropriate to compute the target systems, in our case the TMs.  

Then, the main topics of this Thesis are the evaluation and 
improvement of the DFT functionals for the description of TMs, and the 
understanding of interplay between the structure and stability of mono- and 
bimetallic nanoparticles. Because the stability of different sites is 
intrinsically related with the reactivity, some projects deal with molecular 
adsorption. Each of the topics mentioned above will be further developed in 
their corresponding Thesis section. The general objectives of the Thesis are: 

• Evaluate the performance of different functionals through bulk and 
surface properties of TMs. 

• Establish the most robust electronic surface descriptor through 
different functionals. 

• Improve the performance of PBE-based functionals as PBE and PBEsol 
through bulk and surface properties of TMs. 

• Unravel Pd NP energy in structural contributions based on the 
coordination number and geometric features. 

• Obtain the chemical orderings of bimetallic NPs under different 
temperature and reactive conditions using the topological method. 

• Analyse the topological method. 

• Find adsorption sites on Cu@Pt core@shell NPs where CO binding is 
stronger than in the pure Pt NPs. 
The Thesis is structured as follows: the first part, the introduction, 

explains the methodology and modelling approaches employed in the present 
work. The second part, on monometallic systems, reports the results obtained 
in this work for pure transition metals. The third part, on bimetallic systems, 
describes the results obtained for alloy NPs formed by two transition metals. 
Finally, the fourth part concludes with a summary of the results obtained 
through out the development of the Thesis. These conclusions are in line with 
the general objectives listed above. 
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Chapter 2. Basic Computational Methodology 

The following sections in this Chapter outline fundaments of the theory, the 
computational methods and analysis tools used through the Thesis. So, here 
the theoretical frame is provided, but not the objects of the simulations. 
 

2.1 DENSITY FUNCTIONAL THEORY 

The time independent Schrödinger’s equation (see equation 2.1) is the main 
mathematical problem in quantum mechanics that must be solved to obtain 
the electronic and nuclear structure of a given static system,  
 𝐻5Ψ = 𝐸Ψ (2.1). 

Here, 𝐻5 is the Hamiltonian operator, Ψ is the system’s wavefunction, 
and 𝐸 the system energy. The Hamiltonian is separated into the kinetic 

energy operators (one for the electrons, 𝑇86, and another for the nuclei, 𝑇8<), and 
the potential energies operators for electron-electron, 𝑉866, electron-nuclei, 𝑉86<, 

and nuclei-nuclei, 𝑉8<<, interactions 
 𝐻5 = 		𝑇86 + 𝑇8< +	𝑉866 	+ 𝑉86< + 𝑉8<< (2.2). 

Since the nuclei are more massive than electrons, the latter move much 

faster and the Hamiltonian can be split into an electronic, 𝐻56	(see equation 
2.3), and a nuclear part,	𝐻5<. This is known as the Born-Oppenheimer 
approximation, which decouples the movement of the electrons and nuclei. 

Thus, the 𝑇86 does not depend on the nuclei movements and 𝑉8<< is constant for 
any given nuclear configuration. Within this approximation, the 
wavefunction of the system depends directly on the electronic coordinates 
while the nuclei coordinates are taken as parameters. 
 	𝐻56 = 		 𝑇86 +	𝑉866 	+ 𝑉86< (2.3) 

As mentioned above, the time independent Schrödinger’s equation is 
central problem to solve to many theoretical methods. The most challenging 

part is the 𝐻56 in a multi-electronic system. Different methodologies to solve 
the Schrödinger’s equation are classified as two main groups:  wavefunction 
methods and density functional theory (DFT) methods. The most 
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representative wavefunction method is the Hartree-Fock (HF)5,6 

approximation, which is also used as starting point for other referred to as 
post-HF methods. The HF method begins from the simple way to describe the 
wavefunction of a multi-electronic system, using the product of 
monoelectronic spin orbitals, known as Hartree product. The problem is that 
electrons are fermions, but the obtained wavefunction of the Hartree product 
is not antisymmetric. To solve it a determinant which is a mathematical 
construct that switches its sign when permuting some of its elements in such 
a manner, is introduced. The Slater determinant considers the correlation the 
movement of electrons with the same spin, but not the movement of electron 
with the opposite spin. Then, the HF approximation is a method without 
certain amount of electronic correlation and thus implies that the obtained 
energy from the HF method is an upper bound with respect to the real energy 
of the system. In order to improve these results, post-HF methods as the 
Coupled Cluster (CC), Møller-Plesset (MP) Perturbational Theory7 or 
Complete Active Space (CAS) introduce electronic correlation effects. 
Nevertheless, usually the addition of the electronic correlation demands a 
high computational cost.  

In contrast, specifically for metallic systems, the other main 
methodological group, DFT, represents a good balance between 
computational effort and obtained accuracy. The basic idea behind this theory 
is that the ground state energy of a system is defined by its electronic density, 
making unnecessary to know the wavefunction of the system. DFT principles 
are two theorems proposed by Hohenberg and Kohn.7  

The first theorem establishes that the electronic density of the ground 
state,	𝜌-(𝒓), can only be derived from a unique external potential, the 
electron-nuclei potential, 𝑉6<. Thus, the non-degenerate ground state energy, 
𝐸-, is determined as a functional of 𝜌-(𝒓) being  
 𝐸- = 𝐸-[𝜌-(𝒓)] (2.4). 

The second theorem uses the variational principle to determine the 
𝜌-(𝒓) and the 𝐸- under the external potential. Then, 𝜌-(𝒓) can be calculated 
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from the electronic density that minimizes the non-degenerate ground state 
energy. 

These two important theorems allow replacing the problem of solving 
a 3N-dimensional wave function by instead solving the electronic density of 
the system that only depends on 3 spatial variables, see equation below. 
 𝐸[𝜌(𝒓)] = 𝐸6*A[𝜌] + 𝐹[𝜌] = C𝜌(𝒓)𝑉6*A(𝒓)𝑑𝑟 + 𝐹[𝜌] (2.5) 

𝐹[𝜌] is a universal density functional that includes the kinetic energy, 
coulombic interactions, and the exchange and correlation contributions,  
 𝐹[𝜌] = 𝑇[𝜌] + 𝑉66[𝜌] (2.6). 

Thus, the 𝑇[𝜌]	term is the kinetic energy of the system with electronic 
density 𝜌(𝒓), and the 𝑉66[𝜌] term contains the Coulombic repulsion exchange 
and correlations contributions for the system with the particular 𝜌(𝒓). 

In addition to the Hohenberg-Kohn theorems, an important step in the 
development of the DFT was the computational formalism proposed by Kohn 
and Sham to iteratively solve equation 2.5.8 They suggested that a solution 
for a polyelectronic system with 𝜌(𝒓) could be obtained by constructing an 
auxiliary system of non-interacting electrons with the same 𝜌(𝒓). This density 
of non-interacting system can be described as the sum of squares of N 
monoelectronic spin-orbitals, called Kohn-Sham orbitals, as 
 

𝜌GH(𝒓) =I|𝜓L(𝒓)|M
<

LNO

 (2.7). 

Then, the kinetic energy of the system could be exactly obtained from 
the Kohn-Sham orbitals as,  
 

𝑇P[𝜌(𝒓)] = −
1
2I

〈𝜓L(𝒓)|∇M|𝜓L(𝒓)〉
<

LNO

 (2.8). 

Assuming the hypothesis of the non-interacting system with the same 
𝜌(𝑟) as the real target system to solve, the system energy expression proposed 
in the equation 2.5 and including the expansion of equation 2.6, would be 
expressed as 
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 𝐸[𝜌(𝒓)] = 𝐸6*A[𝜌] + 𝐹[𝜌] = 𝐸6*A[𝜌] + 𝑇P[𝜌] + 𝐽[𝜌] + 𝐸*+[𝜌] = 

C𝜌(𝒓)𝑉6*A(𝒓)𝑑𝑟 +𝑇P[𝜌(𝒓)] +
1
2X

𝜌(𝒓)𝜌(𝒓Y)
|𝒓 − 𝒓Y| 𝑑𝒓𝑑𝒓

Y + 𝐸*+[𝜌(𝒓)] 
(2.9). 

In summary, the equation is constituted by the external potential, 𝐸6*A, 
which essentially is the nuclei-electrons interaction, the kinetic energy of the 
electrons, 𝑇P, the Coulombic repulsion between the electrons, 𝐽, and finally the 
exchange and correlation term, 𝐸*+, which is the difference between the 
kinetic energy of the real system and the non-interacting system and includes 
the exchange and correlation energies. The exact functional 𝐸*+ is unknown 
but can be expressed as 
 𝐸*+[𝜌(𝒓)] ≡ 𝑇[𝜌] − 𝑇P[𝜌] + 𝑉66[𝜌] − 𝐽[𝜌] (2.10), 

where the	𝑇[𝜌] − 𝑇P[𝜌] is the kinetic energy from the electronic interaction, 
the difference in kinetic energy between interacting and non-interacting 
systems. 𝑉66[𝜌] − 𝐽[𝜌] is the exchange-correlation contribution, so the non-
classic part of 𝑉66[𝜌]. In order to minimize the functional of the expression 2.9 
the Lagrange multipliers are useful in consideration with the constraint of 
the total number of electrons,  
 C𝜌(𝒓)𝑑(𝒓) = 𝑁 (2.11). 

Thus, the total energy functional within the Kohn-Sham formalism is 
obtained from the combination of the equations 2.7 and 2.9, expressing a 
dependence to a set of electronic states doubly occupied {𝜓L} instead of the 
𝜌(𝒓). Thus, the {𝜓L} could be calculated minimizing the following equation: 
 

^−
1
2∇

M + 𝑉6*A + C
𝜌(𝒓Y)
|𝒓 − 𝒓Y| 𝑑𝒓

Y + 𝑉*+_𝜓L(𝒓) = 𝜀L𝜓L(𝒓) (2.12), 

where the first term is the electronic kinetic energy, the second is the external 
potential, the third is the Coulombic repulsion between electrons, and the last 
one is the exchange-correlation and kinetic energy potential defined by 
 

𝑉*+ =
𝛿𝐸*+[𝜌]
𝛿𝜌  (2.13). 

The last three terms form the known effective potential, and since it 
depends on the 𝜌(𝒓), the equation must be solved iteratively. With an initial 
effective potential (an initial electronic density), one can extract the 
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monoelectronic states from equation 2.12, build with them a new electronic 
density from equation 2.7, and repeat this until an electronic density 
convergence. 

As explained earlier, from whole this approach the only term that 
remains unknown is the 𝐸*+, and then by default its derivative 𝑉*+ (see 
relation in equation 2.13). To solve this problem, several works proposed 
different approaches to accurately describe the exchange-correlation effects. 
The different functionals are classified by the balance between computational 
cost/simplicity and accuracy in the Jacob’s Ladder9 being the last step in the 
ladder the unknown real form of the exchange and correlation (xc) functional. 

The first group of xc functionals of this ladder and the simplest way to 
calculate the	𝐸*+ is the Local Density Approximation (LDA). Its basis of that 
group is that the particle xc energy, 𝜀*+, depends only on the electronic density 
(see equation 2.14).  
 𝐸*+`ab = C𝜌(𝒓)𝜀*+(𝜌)𝑑𝒓 (2.14) 

The exchange and correlation contributions are treated separately in 
all the groups of xc functionals, being 
 𝐸*+ = 𝐸* + 𝐸+ (2.15), 
 𝜀*+ = 𝜀* + 𝜀+ (2.16). 

In LDA, the electron gas model with a constant and homogeneous 𝜌(𝒓) 
is used for the exchange part. This part can be exactly derived from the 
Jellium system. So, the 𝜀*`ab has the following form,10 
 

	𝜀*`ab = −
3
4^
3𝜌(𝒓)
𝜋 _

O
f
 (2.17), 

and the total exchange energy,	𝐸*`ab, is consequently defined by  
 

𝐸*`ab = −
3
4 g
3
𝜋h

O
f
C𝜌(𝒓)

i
f𝑑𝒓 (2.18). 

On the other hand, the correlation energy does not have an explicit 
formula, but many authors suggested different analytical expressions.11 The 
LDA functionals have a quite good performance for metals, as such systems 
are close to the Jellium model, providing rather accurate lattice parameters 
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and minimum interatomic distances. However, this approximation misses a 
lot of accuracy when molecules or clusters (non-homogeneous systems) are 
treated, or any other strongly correlated system. Also, they overestimate bond 
energies.11–14 As examples of LDA functionals, one can find Ceperly and Alder 
(CA)15 and Vosko-Wilk-Nusair (VWN)16 functionals, among others. 

In order to improve the LDA functionals, a new group of functionals 
called Generalized Gradient Approximation (GGA) was developed being the 
next upper level in the Jacob’s Ladder. Here, the 𝜀*+ is not only dependent of 
the 𝜌(𝒓), it also depends on the density gradient, ∇𝜌, which allows introducing 
variations in the density, and making a semilocal approximation, 
 𝐸*+jjb = C𝜌(𝒓)𝜀*+(𝜌(𝒓), ∇𝜌(𝒓))𝑑𝒓 (2.19). 

There are many GGA xc functionals. One of the most common and most 
used in this Thesis is the Perdew-Burke-Erzenhof (PBE)17,18, the successor of 
Perdew-Wang 91 (PW91)19, developed without any fitting procedure and 
reducing the number of parameters used at PW91. With respect to the LDA 
functionals, PBE, and generally the exchange part, has an additional term 𝐹* 
that depends on the density gradient. 
 𝐸* = C𝜌(𝒓)𝜀*`ab(𝜌)𝐹*(𝑠(𝒓))𝑑𝒓 (2.20), 

  𝐹* = 1 + 𝜅 −
𝜅

1 − 𝜇𝑠
M

𝜅

		 (2.21), 

  
𝑠 =

|∇𝜌(𝒓)|

2(3𝜋M)
O
f𝜌(𝒓)

i
f
 (2.22). 

In the case of PBE, the 𝜅 = 0.804 and 𝜇 = 0.21951 that it comes from 

𝜇 = 𝛽 tu
v

f
w where 𝛽 = 0.06672 is a parameter of gradient contribution of the 

correlation part (𝐸+). Other variations of PBE differs from this parameters 
numbers as in the example cases of rPBE20 where 𝜅 = 1.245 or PBEsol21 with 
𝛽 = 0.046. Both cases modify PBE in order to improve properties description 
by the fitting of the parameters with results of complex methods. 
Nevertheless, the Lieb-Oxford bound is not satisfied in the rPBE it is not 
satisfied on spin-polarized densities.22 Also, there is the RPBE23 which in 
order to fix the local Lieb-Oxford bound varies function of 𝐹*	proposed at PBE. 
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About the performance, the GGA functionals, in general, provide better 
results in bond energies, but they still overestimate bond distances.14 

So, another step adding complexity to approach the xc functional is 
including the Laplacian of the density too. This group is called the meta-GGA 
functionals, which normally represent an improvement in thermochemistry 
estimates of molecules, but they generally do not notably improve accuracy 
improvement with respect to the GGA when describing extended TM 
systems.24 The functional from this group used in the thesis is Tao-Perdew-
Staroverov-Scuseria (TPSS) one.25 

Finally, hybrid functionals include a part of the exchange of non-local 
HF in the explicit form developed by Kohn-Sham. In general, most of them 
have been parametrized with molecular properties data. One of the most used 
functional is the hybrid version of PBE functional, PBE0,26 
 𝐸*+

z{| = 𝐸*+}~� + 𝑎-(𝐸�z� − 𝐸�}~�) (2.23), 

where 𝑎- = 0.25 using arguments from perturbation theory. Since the hybrids 
usually fail describing delocalised systems as metals,27,28 and they have the 
highest computational cost, they were not used in this Thesis. 
 

2.2 BASIS SETS 

To describe properly the electron density a suitable basis set is needed to 
represent the wave functions. Two different types of basis sets explained here 
are used in the two different codes employed in this Thesis, Vienna Ab Initio 
Simulation Program (VASP) which uses Plane Waves and Fritz-Haber 
Institute Ab Initio Molecular Simulations (FHI-AIMS) which employs 
Numerical Atomic Orbitals. Although, Pseudopotentials are not a basis set, 
they are introduced here because they are implemented with Plane Waves. 

2.2.1  Plane Waves and Pseudopotentials 

In calculations of periodic systems, plane wave functions are commonly used 
as the basis sets,  

 𝑃𝑊|�PLP = 𝑒L�� (2.24), 
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where k is the plane wave vector. The use of plane wave functions is 
computationally advantageous, however, a very large number of them is 
needed to describe all the electrons accurately. The solution to this problem 
is to reduce the number electrons to be represented by the plane wave 
functions without losing the accuracy but decreasing the computational cost. 
Accordingly, since core electrons are normally not involved in the bond 
making/breaking processes, they can be simulated with an effective core 
potential, commonly known as pseudopotential. Thus, during the calculation 
the core electrons are frozen and the interaction between them and the 
valence electrons is introduced by a potential. 

There are different types of pseudopotentials, but the usual ones 
employed with plane waves on periodic models are ultrasoft potentials,29 
norm-conserving pseudopotentials30 and the projected augmented wave 
(PAW) potentials.31 PAW is a method that allows to approximate the all-
electron wave-function by considering a set of fixed basis functions to describe 
the core-electrons. Particularly in this Thesis, PAW method is used because 
it restores the pseudo wavefunction which arise from the construction of 
pseudopotential to the all-electron wavefunction. Consequently, it has the 
advantages of the all-electron basis. The core electrons are modelled by the 
difference between the exact wave function and the pseudo-wave function.   

2.2.2 Numerical Atomic Orbitals 

For non-periodic systems, the common basis sets are usually composed by 
localised atomic orbitals, and these, in turn, are a linear combination of basis 
functions (e.g. Gaussian or Slater functions) centred in the atomic nuclei. 
However, they can also be used for periodic systems where crystalline orbitals 
are treated as linear combinations of Bloch functions, which is a function that 
obeys Bloch’s Theorem, introduced in the next Chapter.32 Specifically, 
Numerical Atomic Orbitals (NAO) were implemented to satisfy general goals 
of accurate all-electron wavefunction, a similar efficiency to the fastest 
existing plane waves pseudopotential schemes and, a good scalability of the 
calculation of larger systems.33 NAO basis function has the following form,  
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𝜑L(𝒓) =

𝑢L(𝑟)
𝑟 𝑌��(Ω) (2.25), 

where 𝑢L(𝑟) is the numerically tabulated radial function, 𝑌��(Ω)	denotes the 
real part (𝑚 = 0,… , 𝑙) and imaginary parts (𝑚 = −𝑙,… ,−1) of complex 
spherical harmonics, being 𝑙 an implicit function of 𝑖th radial function.  
 

2.3 MONTE CARLO APPROACH 

In many cases analytical solutions of some equations are too complicated, and 
one can only get numerical solutions by running simulations.34 Monte Carlo 
(MC) approaches are a group of simulation methods. The aim of them is to 
compute equilibrium properties of classical many-body systems.35 In 
particular, here it is used a Markov Chain approximation. This approach is a 
stochastic method that describes the evolution of a given system by carrying 
out sequential steps with a probability that depends only on the current state 
of the system. Specifically, a random walk is constructed in such a way that 
the probability of visiting a particular point 𝑟<, the coordinates of all 𝑁 

particles are proportional to the Boltzmann factor 𝑒�
∆�
���, being ∆𝐸 the 

difference in energy between the current (𝑟Y<) and previous (𝑟<) 
configurations, 𝑘~ is the Boltzmann constant and 𝑇 is an arbitrary 
temperature with no physical meaning. There are many ways to construct 
such a random walk. In the approximation shown by Metropolis et al.,36 the 
following scheme is proposed: 

1. Select a random structure to start and calculate its energy 𝐸(𝑟<). 
2. Modify the current structure randomly and calculate its new energy 
𝐸(𝑟Y<). 
3. Accept the move from 𝑟< to 𝑟Y< with probability  

 
𝑃(𝑟< → 𝑟Y<) �

= 1																								𝐸(𝑟Y<) < 𝐸(𝑟<)

= 𝑒�
∆�
���										𝐸(𝑟Y<) > 𝐸(𝑟<)

 (2.26). 

To start the simulation, initial positions should be assigned to all the 
system particles (𝑟<). All reasonable initial conditions are in principle 
acceptable as the equilibrium properties of the system do not, or should not, 
depend on them. When the simulation is for the solid state of a particular 



PART I. INTRODUCTION 

 14 

model system, the crystal structure of the system of interest is the most 
logical choice to initialise the procedure. Then, once the modification of the 
initial structure is accepted, the cycle will be repeated from the step 2 being 
now the current structures the one modified. This procedure will be repeated 
until reaching the number of MC steps specified for the simulation. 
 

2.4 MINIMA ANALYSIS 

Once the minimum energy geometry of a system under scrutiny is 
determined, one can apply several types of analyses to characterize its 
electronic structure depending on the information needed. The following 
kinds of analyses are employed through the different studies of this Thesis: 

2.4.1 Work Function 

The work function, 𝜙, is the energy required to take an electron from the 
last(highest) occupied level, as known as Fermi level, and place it in the 
vacuum,  

 𝜙 = 𝑉 − 𝐸� (2.27), 
where 𝑉 is the electrostatic potential energy of the electron in vacuum and 𝐸� 
is the energy of the Fermi level. The meaning of the work function is related 
to the ability of a surface to donate charge. A low work function value implies 
that the metal surface is a good electron donor, and a high work function 
value implies that it is a good electron acceptor. To compute the work 
function, the Fermi level is obtained by the occupation of the electronic states, 
and the average electrostatic potential energy is calculated in each point of 
the unit cell following the surface direction. Inside the surface, the potential 
energy oscillates due to the atomic positions, and in vacuum it increases to a 
constant maximum value, 𝑉.  
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Figure 2.1 Variation of the electrostatic potential energy for a 6-layered slab of the Mo 
surface (001) with the length of the vacuum axis. 

2.4.2 Density of States 

The density of states (DOS) of a system is the description of the number of 
states that lie at each energy. In the case of periodic boundary conditions, as 
the orbitals or bands do not have a discrete energy, a projection into spherical 
harmonics is used to the DOS from given atoms or orbitals. Thus, the values 
may belong to each atom and have a specific radius that depends on the 
element and the embedding of every atom, called Wigner-Seitz radius. For 
solids, two bands can be differentiated: the valence band and the conduction 
band, which for metals are shown as a continuum. In the first one, the orbitals 
occupied are below the Fermi level, 𝐸�, and in the second one the states are 
not occupied, above the Fermi level.  

2.4.3 Bader Charge 

The analysis of atoms in molecules by Richard Bader is a useful tool to assign 
charge density to different atoms in a molecule.37 The definition of an atom 
that he provides is based purely on the electronic charge density. In 
particular, the charge density forms a surface of minimum density between 
atoms, which defines a surface that contains the atomic volume in molecular 
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systems. Thus, the Bader’s scheme is used in charge analysis to examine the 
accumulation or depletion of electrons of the atoms in different environments. 
One obtains the atomic charge by calculating the difference between the 
electronic charge within the atom volume and the number of electrons of the 
neutral, isolated atom.  

2.4.4 Charge Density Difference 

A common analysis of the electronic density is done by Charge Density 
Difference (CDD) maps. They are very useful to see how the interaction 
between two or more different components in a system affects the electronic 
density. For that, one subtracts from the electronic density of a complete 
system the electronic density of two different isolated forming parts, 
obtaining the areas of charge transfer or rearrangement (accumulation or 
depletion of charge density). An example can be an adsorbed system to study 
the charge transfer between the adsorbate and the substrate. Then, from the 
total electronic density of the adsorbed system, the electronic density of the 
isolated adsorbate and the substrate is subtracted.
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Chapter 3. Modelling from Bulk to 
Nanoparticles 

In this Chapter objects of the simulations will be treated, that is, the solid 
state, in particular bulk, surface, and nanoparticle systems. The following 
sections deal with the choice of models and how these, either periodic or 
cluster models, are applied to properly describe the solid materials. 

 

3.1 PERIODIC BOUNDARY CONDITIONS 

Periodic models are used to simulate infinite crystalline solids with an 
ordered structure with one-, two- or three-dimensional extensions by 
translational symmetry. Periodic models are based on the periodic boundary 
conditions (PBC) where a defined unit cell is replicated in all directions (see 
Figure 3.1). PBC are a powerful tool to simulate infinite solids because of the 
impossibility to solve the Schrödinger equation for all the system atoms.  

 

Figure 3.1 Translation operations of a centred atom of a unit cell under PBC. 

The Schrödinger equation only must be solved for the atoms defined in 

the unit cell because applying the translational operator, 𝑇8 (see equation 3.1), 
the wave function does not change. 

!"
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 𝑇8 = 𝑛O𝒂 + 𝑛M𝒃 + 𝑛f𝒄 (3.1). 
In the above equation, 𝑛L are integer numbers that multiply the cell 

vectors	𝒂,	𝒃, and 𝒄. Unit cells can be classified as primitive and non-primitive. 
The primitive one is the irreducible form of the atomic solid pattern and 
provides a one-to-one correspondence between it and the discrete lattice 
points, being the equation 3.1 limited 
 𝑇8 = 𝑛O𝒂 + 𝑛M𝒃 + 𝑛f𝒄												where	0 ≤ 𝑛L < 1 (3.2). 

The primitive unit cells of a concrete systems have always the same 
volume independently of their shape. The non-primitive unit cell volume will 
be an integer multiple of the primitive unit cell volume. 

The discrete translation operations generate an infinite array of atomic 
positions in 3D space known as Bravais lattice. A typical example of Bravais 
lattice is Simple Cubic one depicted in Figure 3.2. 

 

Figure 3.2 Simple Cubic Bravais lattice with 𝒂 = 𝒃 = 𝒄, 𝛼 = 𝛽 = 𝛾 = 90° and one atom in the 
origin. 

The following most common unit cells for metallic crystalline 
structures (see Figure 3.3) are studied in the thesis: 

 

• Body centred cubic (bcc) 
• Face centred cubic (fcc) 
• Hexagonal closed packet (hcp)  

!
"

#

$
%&
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Figure 3.3 Common crystalline structures. 

The fcc and hcp structures have the highest atomic packing factor 
(APF) 0.74, bcc one has an APF of 0.68 and the simple cubic structure of 0.52. 

 

3.2 RECIPROCAL LATTICE  

To use the periodic models, one needs to work in the reciprocal space. 
Reciprocal space is a mathematical construction associated with the real 
space described by the lattice. In the real space the lattice is defined by the 
unit cell vectors 𝒂, 𝒃, 𝒄. In the reciprocal space they have their translated 
version 𝒂Y, 𝒃Y, 𝒄Y, and the relation between them is given by 
 𝒂Y = 2𝜋

𝒃 × 𝒄
𝒂 · (𝒃 × 𝒄) ;	𝒃

Y = 2𝜋
𝒂 × 𝒄

𝒃 · (𝒂 × 𝒄) ;	𝒄
Y = 2𝜋

𝒂 × 𝒃
𝒄 · (𝒂 × 𝒃) 

(3.3). 

Therefore, in analogy with the real space, any vector of the reciprocal 
space would be defined as 
 𝑮 = 𝑚O𝒂Y + 𝑚M𝒃Y + 𝑚f𝒄Y (3.4), 

where 𝑚L are integers numbers. Therefore, the description of the direct unit 
cell could be done through the description of the corresponding reciprocal unit 
cell, known as Brillouin zone or Wigner Seitz cell (see Figure 3.4 for a one-
dimensional lattice example, with 𝑎 being the lattice spacing). In addition, it 
is important to note that a small volume of the reciprocal cell implies a large 
volume of the real unit cell. This affects the number of k points employed to 
describe properly the unit cells, small unit cell needs more k points than a big 
unit cell which only needs one (Γ point). 

!""#"" ℎ"%
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Figure 3.4 One-dimensional lattice in real space and reciprocal space.  

3.3 BLOCH’S THEOREM 

The potential, 𝑉, in a specific position of the unit cell, 𝒓, is the same as the 
potential in an equivalent position in the replicated cell, 𝒓 + 𝑹, obtained by 

the translational operator,	𝑇8. 
 𝑉(𝒓) = 𝑉(𝒓 + 𝑹) (3.5). 

Then, the invariance of the potential in the homologous points in the 
replicated cells brings the periodic character determining the electronic 
density not only in the unit cell, but also in the complete crystalline structure. 
From this statement, the wave functions need to describe the electrons of a 
solid are reduced due to the translational symmetry and could be defined as 
 𝛹L(𝒓) = 𝑒L𝒌𝒓𝜈L(𝒓) (3.6), 

where 𝑒L𝒌𝒓 is a plane wave with a wave vector 𝒌 and 𝜈L is a periodic function 
that can be expressed by a linear combination of plane waves,  
 𝜈L(𝒓) =I𝐶L,𝑮𝑒L𝑮𝒓

𝑮

 (3.7). 

 In combination with the previous equation, they will lead to 
 𝛹L(𝒓) =I𝐶L,𝒌²𝑮𝑒L(𝒌²𝑮)𝒓

𝑮

  (3.8), 

with 𝑮 being the reciprocal vector (see equation 3.4). Each plane wave of the 

linear combination is characterized by a kinetic energy, |𝒌²𝑮|
v³

M�
. Consequently, 

depending on the kinetic energy value the number of plane waves will vary 
and, with it, the description of the observables of the system, such as the 
energy.   
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Therefore, the problem of the infinite number of the system electrons 
is transformed to express the wave function in an infinite number of 
reciprocal space vectors,	𝒌, in the first Brillouin zone. In order to simplify this 
using the symmetry, only a part of the first Brillouin zone is studied. 
Furthermore, the eigenvalues of the close 𝒌 vectors are essentially the same 
so the number of 𝒌 vectors needed is considerably reduced to only a discrete 
ones, called k-points. 
 

3.4 MILLER INDICES 

The Miller indices are a notation of the planes in the Bravais lattice. The 
intersection between a plane and the real space axis	(𝒂, 𝒃, 𝒄) is formed by 
three points, 𝑥, 𝑦,	and	𝑧. From that, Miller indices (ℎ𝑘𝑙) are defined as the 
reciprocal shortest perpendicular vector to the plane, by 
 ℎ =

1
𝑥 ; 𝑘 =

1
𝑦 ; 𝑙 =

1
𝑧  (3.9). 

For example, for 𝑥 = 2, 𝑦 = 1, 𝑧 = 2, the Miller indices are (121), 
calculated using the least common multiple. There are some considerations 
to take into account as for example, when the plane does not intersect with 
the axis then the Miller index is 0. Also, in the case that the intersection point 
is negative then the Miller index is notated with a slash on the top of the 
value, e.g. 1̧. From the cubic Bravais lattice the most common set of equivalent 
planes studied is {100}, {110}, and {111}, see Figure 3.5 for one representative 
plane of each set. Note that the notation changes to braces when a set of 
equivalent planes is represented.  

 

Figure 3.5 Representation of three common Miller indices planes of the Cubic Bravais lattice.  
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3.5 SURFACE AND NANOPARTICLES MODELS 

To simulate surfaces, the periodicity of the unit cell is only needed in 2 
dimensions, e.g. x and y axis. To model a surface within PBC, one normally 

applies a large vacuum region (≥ 10	Å) along the z axis to avoid interactions 
between the so-called slabs. The slabs are referred to as the unit cell of the 
surface to model. Consequently, they contain a considerable number of atomic 
layers to accurately describe surface and bulk properties (see Figure 3.6). The 
slab notation used is (n×m), where n and m are the number of times the 
primitive cell is replicated in the two distinct surface cell vectors, respectively. 
Furthermore, there are different ways to treat such slabs: 

• All atomic layers of the slab are relaxed in terms of allowed local 
displacements of atoms. This option is used mostly for no-
adsorption simulations and when using many. 

• Both upper and bottom layers of the slab are relaxed, while the 
internal layers are fixed, simulating the bulk (symmetric slab). 

• One or more outer layers on one side of the slab are relaxed, 
whereas its other layers are fixed (antisymmetric slab). 

The last two approaches are used when the surface is used to adsorb 
an atom or a molecule. The disadvantage of the symmetric slab is that it needs 
to contain the double number of layers than the antisymmetric one to 
simulate properly the bulk, so it will be more computationally expensive. 
Nevertheless, it can be useful to quantify possible interactions between two 
species adsorbed on different surfaces of the slab.  

Nanoparticles can be also studied under periodic conditions employing 
the same trick than for surfaces but, adding vacuum in all directions avoiding 
possible interactions between species in adjacent cells (see Figure 3.7). This 
is the same treatment as used for modelling isolated atoms or molecules. For 
surfaces and nanoparticles of TMs, spin-polarization was only considered 
when highly magnetic Fe, Co and Ni atoms were involved. Test calculations 
of other mono- and bi- metallic nanoparticles were carried out considering 
spin-polarization. Their results showed that the unrestricted calculations 
converged essentially to the restricted solutions. Therefore, all models not 
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containing Fe, Co or Ni atoms were calculated without considering spin-
polarization as it does not incur in significant structural or energetical 
changes. 

 

Figure 3.6 Side view of a six-layer slab with 10	Å of vacuum modelling the surface (001) of a 
fcc structure. 

 

Figure 3.7 Nanoparticle of 201 atoms in a cell with ~10	Å of vacuum in each direction. 

10Å

SLAB
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PART II. RESULTS ON 
MONOMETALLIC SYSTEMS 

Chapter 4. Performance and Improvement of the 
Most Common Functionals for Transition Metals 

4.1 INTRODUCTION 

In this Chapter, the studies dealing with benchmarks and improvements of 
diverse xc functionals with respect to description of different properties of the 
TMs are compiled.  

A good choice of the employed xc functional for a specific system needs 
to be substantiated by a balance between accuracy and computational cost. 
As already mentioned in the Chapter 2, xc functionals could be classified 
depending on its theory level, and indirectly by the computational effort, by 
the so-called Jacob’s Ladder. Thus, benchmark studies with a proper quantity 
of cases are needed to duly select, and even to improve, a xc functional for a 
particular system and/or property. Aside, from the results of the cases 
calculated directly one can extrapolate the overall performance of the 
functional. Then, the first aim is to address this lack of testing and make a 
direct comparison between the commonly used functionals (such as VWN,16 
PBE,17,18 PBEsol,21 RPBE,23 and TPSS25) when describing structural, 
energetic, and electronic properties of the TMs (see Figure 4.1). The present 
study considers bulk environments, more extensively used to test the 
functionals because of their low computational cost, and also three the most 
common surfaces of each type of TM structures (see Figure 4.2). Moreover, we 
explored the performance and transferability of electronic structure-based 
descriptors of such functionals. Finally, we proposed a PBE-based functional 
that improves description of the TM properties. 
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Figure 4.1 Studied transition metals classified by the different crystallographic 
structures.  

 

Figure 4.2 Studied surfaces for each type of structure and its employed unit cell. 

4.2 OBJECTIVES 

The objectives we want to reach in the present Chapter are: 
• To assess the best xc functional among the ones aforementioned when 

describing bulk and surface properties of the TMs (Section 4.3). 
• To establish the most robust electronic descriptor among the surface d-

band centre, width corrected d-band centre, and the highest peak of the 
Hilbert transform of the d-band for the VWN, PBE, and TPSS functionals 
(Section 4.4). 

• To formulate a new xc functional (PBE-based), which decreases the 
errors of the calculated results for the TMs under scrutiny. (Section 4.5). 
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4.3 ASSESSING THE PERFORMANCE OF BROADLY USED 
DENSITY FUNCTIONALS ON TRANSITION METAL 
SURFACE PROPERTIES 

4.3.1 Summary 

Introduction It is important to choose an appropriate xc functional for 
each kind of systems under study. An example, and the seed of the following 
results, are the studies by Janthon et al.,38,39 where various bulk properties 
of 27 TMs were tested with more than 10 functionals through different levels 
of theory. The properties selected were the minimum interatomic distance 
(𝛿), the cohesive energy (𝐸+»³) and the bulk modulus (𝐵-), each of them 
describing a different aspect of the system: the structure, the energy, and the 
interplay of energy and structure, respectively. The xc functional PBE17,18 and 
PW91,19 closely followed by TPSS25 from meta-GGA group, were found as the 
overall best functionals describing the above-mentioned properties of the TMs 
bulk systems. Although bulk systems are essential for the solid state, surfaces 
are indispensable, for instance, in catalytic applications and thus are in the 
focus of this Thesis work. Therefore, to continue the line of the previous 
studies, the next step was testing some functionals for the TMs surfaces. This 
provided a general view allowing to establish the best functional for TMs 
taking into account both the bulk and the surface properties. The surfaces 
studied were the (001), (011), and (111) for bcc and fcc structures, and (0001), 
(101̧0) and (112̧0) for hcp structures, as in general the most stable and 
common surfaces featuring the lowest Miller indices. 

Since the computational cost to model such surfaces is higher than 
their bulks, and the total amount of surfaces is 81, the list of functionals to 
test was smaller than that for the bulk studies.38,39 The functionals chosen 
were VWN16 from the LDA type, PBE, PBEsol21 and RPBE23 from the GGA 
type, and a meta-GGA TPSS functional. The selection of three GGA 
functionals is due to the fact that PBE was one of the most common 
functionals employed to model solid state and exhibited best results for TMs 
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bulks. PBEsol and RPBE functionals were included as modifications of PBE 
functional aiming to improve the results of the latter for solid state. Hybrid 
functionals were not included because they provided quite high errors for TMs 
(except for HSE06 performing well for bulk properties) tending to localize 
electrons,40 and due a high cost required for plane-wave calculations using 
hybrid functionals. The chosen properties to evaluate the TM surfaces were 
the interlayer distance (𝛿L¼) as a structural aspect, surface energy (𝛾) as the 

energetic one, and the work function (𝜙) to describe the electronic structure. 
The calculations of these properties are detailed in the Publication below. 

Experimentally, the 𝛾 is measured by the liquid surface tension and 
the solid-liquid interfacial energy of the metal. Then, the solid surface energy 
is estimated on the melted metal, and under isotropic approximations it is 
extrapolated to 0 K.41 Consequently, it is impossible to measure the 𝛾 of a 
specific surface and the measurement is on a mix of different surfaces. Since 
the calculated 𝛾	is on a specific surface, a weighted average of the values 
obtained is computed using the Wulff constructions42 in order to compare it 
with the experimental data. The Wulff constructions are the equilibrium 
shape of a crystal minimizing the surface free energy (see Figure 5.11). There, 
the free energy difference is calculated by,  

 ∆𝐺L =I𝛾¼𝐴¼
¼

 (4.1), 

where the	𝐴 is the area of each surface 𝑗. To compute which surfaces are 
exposed, the length of the normal vector to each surface plane is proportional 
to a constant	𝜆,  

 ℎ¼ = 𝜆𝛾¼  (4.2). 

 Once the exposed surfaces are computed, the percentage of exposure of 
each surface is calculated with the sum of the areas of the equivalent planes 
divided by the total area of the Wulff construction.43 

The contribution of the Thesis author in this publication was i) to 
create the models of bulks and surfaces of bcc and hcp metals, and of the (111) 
surfaces of fcc metals; ii) to optimize all the bulk and surface models for all 
the xc functionals, except the bulk, and (001) and (011) surfaces of fcc metals 
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by PBE; iii) to calculate all the surface properties and to compute the error 
bars. The author used the bulk properties computed and tabulated for each 
xc functional by Janthon et al. 38,39 

 

Figure 4.3 Wulff construction of gold with 
PBE obtained by using three surfaces (001) 
0.86 J/m2, (011) 0.86 J/m2, and (111) 0.68 
J/m2. The [011] is not expressed because the 
normal vector of [111] planes is shorter than 
the normal vector of [011]. 

 
Results  The main results of the project —further discussion of them and 
extended data can be found in the appended publication and Appendix A— 
are presented divided on the three surface properties studied and an overall 
functional assessment. As we mentioned in the summary introduction, the 
experimental surface energy measures are taken nearby the melting point of 
the metal, so not exposing a particular surface. For this reason, two ways 
were proposed to compare the experimental data with the calculated surface 
energy of each TM surface: either taking the calculated values of the most 
stable surface of the TM (𝛾+��+) or employing the Wulff constructions to make 

a weighted average with the 𝛾 of all the three surfaces of the TM (𝛾()�ÁÁ
+��+ ). As 

shown in Figure 4.4, the values of the most stable surface follow the 
experimental trend, especially the surface energies calculated with VWN and 
PBEsol functionals. The latter two cases are characterized by a high linear 
regression coefficient R=0.90 and the slopes closest to 1, a=0.98 and 0.97 for 
VWN and PBEsol respectively, as well as the intercepts (units in J/m2) closest 
to 0, b=-0.01 and b=-0.12. PBE and RPBE functionals with R=0.88 and 
a=0.89, b=-0.23 for PBE and, a=0.85, b=-0.34 for RPBE provide a worse 
agreement than to VWN and PBEsol data. Finally, TPSS shows the worst 
agreement with the coefficients R=0.52, a=0.81, and b=0.27. A fitting of the 
Wulff averaged surface energies resulted in slightly better R, a, and b values. 
In the RPBE case R drops from 0.88 to 0.56 although the slope and intercept 
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reveal a better agreement than the RPBE using Wulff averaged surfaces with 
the experimental data. This high dispersion of the points could imply that 
RPBE functional describes poorly not only the most stable surfaces, but also 
the other considered surfaces. Analysing the Mean Absolute Percentage Error 

(MAPE) for each functional, the MAPE of 𝛾()�ÁÁ
+��+  is lower than that of 𝛾+��+, 

except for RPBE. VWN is the functional showing a lower MAPE in the surface 

energy calculation in both cases, 12.24% in the case of 𝛾()�ÁÁ
+��+  and 13.48% in 

the case of 𝛾+��+. 
 
 

 
 

Figure 4.4 Comparison of the linear 
fitting between calculated (calc) and 
experimental (exp) surface energies for 
the different explored xc functionals. The 
top panel considers only the most stable 
surface,	𝛾+��+ whereas in the bottom 
panel Wulff shape averaged 

values,	𝛾()�ÁÁ+��+  , are compared. 

 
 
 
 
 
 
 

There are experimentally measured work function data for 
polycrystalline samples and specific surfaces. Therefore, as before, the Wulff 

averaged work function values (𝜙()�ÁÁ
+��+ )	are compared to the polycrystalline 

experimental data. But in this case the calculated values for particular 

surfaces	(𝜙HLÂÃ�6+��+ ) are also compared directly with experimental single-crystal 
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data for these surfaces (see Figure 4.5). PBE functional provides the best 

MAPE results, with 20.77% for 	𝜙HLÂÃ�6+��+  and 19.37% for 𝜙()�ÁÁ
+��+ . The 

performance decreases as PBE > PBEsol > RPBE > TPSS > VWN for analysis 
of the single-crystal surfaces. This trend is almost maintained for the 
polycrystalline data, where only PBEsol and RPBE values swap the positions. 
A better correlation not unexpectedly found using the direct comparison with 
the single-crystal surface energies than with the polycrystalline data justifies 
relying in our forthcoming analysis solely on the single-crystal data. 

 

 

 

Figure 4.5 Comparison of the linear 
fitting between calculated (calc) and 
experimental (exp) work functions for 
the different explored xc functionals. 
The top panel considers only single 
crystal data, 𝜙HLÂÃ�6+��+ , whereas in the 

bottom panel Wulff shape averaged 

values, 𝜙()�ÁÁ+��+ , are compared. All values 

are given in eV. 

 
 
 
 
 
 

Finally, we obtained the interlayer distance 𝛿L¼
6*Ä by the application of 

the experimental interlayer percentage relaxations of interlayer distances 
extrapolated to 0 K. Thus, obtained experimental values are compared with 
the computed interlayer distances (dij) for each xc functional. In general, the 
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interlayer distances for different functionals nicely fit the experimental 
results. So, all the regressions show slopes ~0.8, intercepts below 0.4 Å, and 
R2 ~0.8. However, PBE performs slightly better as one can see from Figure 
4.6 and the statistical analysis according to which PBE has the smallest 
MAPE (10.11%). 

 

Figure 4.6 Comparison of dij MAPE to experimental data, 𝛿L¼
6*Ä, as calculated and adjusted 

to linear regression for each functional. 

Adding the MAPE obtained for the three surfaces properties, surface 

energy (based on 𝛾()�ÁÁ
+��+ ), work function (based on 	𝜙HLÂÃ�6+��+ ) and the interlayer 

distance, PBEsol appears to be the most balanced functional, even if it is not 
the best one in any of these specific properties. Combining the present results 
with those previously obtained for the TMs bulk properties (cohesive 
energies, bulk moduli, and nearest-neighbour interatomic distances),31,32 the 
most accurate xc functional of the overall surface and bulk properties of 
transition metals is PBE, closely followed by PBEsol one (see Figure 4.7).  
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Figure 4.7 Summary of xc functional accuracy in describing bulk and surface related 
properties, according to the added MAPE values. Accuracies of distance related properties 
have been arbitrarily enlarged 5 times to help in clearly differentiating the performance of 
the different xc functionals on them. 

Conclusions The following conclusions are drawn from the results 
presented in this Section 4.3: 

• There is not a unique xc functional which describes better all studied 
here three surface properties. Also, for each TM, the best functional 
among the different studied surface properties varies. 

• In general, the best functionals for each surface property are: VWN for 𝛾 
and PBE for 𝛿L¼ and 𝜙. 

• The functional which provides the lowest balanced error of all surfaces 
properties is PBEsol. 

• Taking into account surface and bulk properties calculated in previous 
studies, the best overall functional is PBE. 
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4.4 ROBUSTNESS OF SURFACE ACTIVITY ELECTRONIC 
STRUCTURE-BASED DESCRIPTORS OF TRANSITION 
METALS 

4.4.1 Summary 

Introduction Electronic structure-based descriptors play a key role in 
material design for many scientific fields. Descriptors are useful to predict 
material properties, once the relation between them are known, In the most 
recent studies descriptors are widely used to nurture machine learning 
algorithms in machine learning tools to predict materials properties. Thus, 
one way or other descriptors may allow a simple scanning over different 
materials avoiding the property measure.44 In our study of TM surfaces 
outlined in the following, the specific electronic descriptors are the d-band 
centre (𝜀'), the width corrected d-band centre (𝜀'() and the highest point of 
the imaginary part of the Hilbert transform (𝜀)) of the d-projected DOS (d-
PDOS), and the materials are the TM surfaces (see Figure 4.8). However, our 
goal is not to calculate the descriptors and correlate them with a property, 
but to evaluate how dependent are these descriptors on xc functionals. The 
considered functionals are, as in the previous chapter, the VWN, PBE, 
PBEsol, RPBE, and TPSS. In addition, the optimized surfaces from our work 
presented in the previous section are reemployed as the systems under study.  
Earlier, the author’s group performed a similar study, where the TM bulks 
where analysed by four functionals VWN, TPSS, Heyd-Scuseria-Ernzerhof 
(HSE06) and PBE as reference.40 They observed a very good transferability 
of all the electronic structure-based descriptors for the TMs bulk through the 
functionals under scrutiny, except for hybrid functional by HSE06 for 𝜀' and 
𝜀) descriptors showing somewhat larger deviations. 

The contribution of the author in this study is the calculation of all the 
electronic descriptors for the different surfaces and functionals. Also, all the 
analysis of the obtained results was performed by the author. The python 
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program used to calculate the descriptors was developed by the MSc. Biel 
Martínez.  

 

 
 

Figure 4.8 (a) Representation of d-PDOS, with the band width, W, in blue, and the d-band 
centre, 𝜀', in red. (b) Representation of the imaginary part of Hilbert transform of the 
previous d-PDOS with the highest peak, 𝜀), marked in red. The shown case corresponds to 
Nb (001) surface as calculated using PBE functional. 
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Results The 𝜀� descriptors calculated for the TMs surfaces are not 
observables. For this reason, the transferability of values among the 
functionals is analysed using a set of reference values. In this case, the 
reference set is that obtained by PBE functional, as it was found previously 
to be in general the most accurate for describing TM surface and bulk 
properties. The main results (further details and data are given in the 
publication shown at the end and Appendix B) are that for 𝜀' there is an 
excellent agreement between the different functionals, for the 𝜀'( still a very 
good agreement is found but with slightly larger intercepts and TPSS 
functional showing quite large deviation. The largest deviations were found 
between the different functionals studied for the 𝜀) descriptor, see Figure 4.9 
left panel.  

Another aspect to investigate was, to what extent the descriptor 
transferability is affected by the structure relaxation using each functional. 
To evaluate this, the PBE optimized structures were employed to calculate 
the reference electronic descriptors values for all the functionals. It is shown 
that subtle differences in the surface relaxation explain part of the 𝜀' and 𝜀'( 
dependence on the xc functional. For the 𝜀) the use of the fixed PBE optimized 
structures only the R coefficient and intercept improved slightly in some cases 
(see Figure 4.9 right panel). Overall, the descriptors transferability through 
the xc functionals remains 40 as 𝜀' > 𝜀'( ≫ 𝜀). 
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Figure 4.9 Variation of the (a) d-band centre, 𝜀', (b) width-corrected d-band centre,	𝜀'( , and 
(c) highest Hilbert transform peak,	𝜀), energy values, all given in eV, calculated using 
different xc functionals with respect to those obtained at the PBE level (on the left panel) and 
those obtained at the PBE level with the structure obtained with PBE (on right panel). 
Dashed black line represents ideal matching with respect to PBE values. The linear 
regression applied follows the equation 𝜀�, =a·𝜀'}~�+b, where 𝜀�  can be 𝜀', 𝜀'(, or 𝜀), and R is 
the regression coefficient. 
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Finally, the relation between the electronic descriptors and such 
structural descriptor as the surface Coordination Number (CN) was studied. 
The hypothesis was that a more compact surface, e.g., with a CN of atoms 
closer to the bulk CN, would have more similar 𝜀' than other surfaces less 
compact surfaces with lower CN of atoms. This was confirmed for TMs with 
hcp and bcc structures, although the (001) and (111) bcc surfaces with CN=4 
provide quite different trends. But for fcc structure, the surface (011) with 
CN=7 is characterized by 𝜀'  values more similar to that of the bulk than the 
surfaces (001) CN=8 and (111) CN=9. To rationalize this unexpected 
behaviour, we studied the emergence of surface states. For that the absolute 
difference between bulk and surface d-PDOS was integrated (see Figure 
4.10). From it we observed that 27.8% of the hcp cases exhibit intense surface 
states, whereas they are majority states (61.9%) for bcc and (83.3%) for fcc 
TM surfaces. This can explain the disagreement of the CN of the surfaces and 
the bulk-similarity of the ed regressions for bcc and fcc metals. 

 

 

 

 

Figure 4.10 Representation of the integral values of the absolute difference between the bulk 
and surface d-PDOS in front of the 𝜀', all data obtained at PBE level. The considered highest 
integral cases are in the red part and the rest in the green part. 
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Conclusions The following conclusions are drawn from the results 
presented in this section:  

• The transferability of the surface TM descriptors through the studied xc 
functionals is worse than that for the bulk descriptors.  

• The surface descriptors transferability decreases from being excellent for 
𝜀'as follows:  𝜀' > 𝜀'( ≫ 𝜀).  

• The different surface relaxation plays a minor role in the variability of 
the descriptors values of each xc functional. 

• There is a relation between the CN of TM surface atoms and the 𝜀'. 
Surfaces with the CN close to that of the bulk exhibit 𝜀' values similar to 
the bulk ones, unless the surface states play an important role, as found 
for fcc structures. 
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4.5 GENERALIZED GRADIENT APPROXIMATION 
ADJUSTED TO TRANSITION METALS PROPERTIES: KEY 

ROLES OF EXCHANGE AND LOCAL SPIN DENSITY 

4.5.1 Summary 

Introduction  According to the section 4.3 the xc functionals PBE 
and PBEsol show the best overall performance for describing bulk and surface 
properties of TMs. The difference between these functionals is in the 
exchange 𝜇	 and the correlation 𝛽 parameters. The PBE functional has 𝜇 =
0.2195	and 𝛽 = 0.0667 and the PBEsol has 𝜇 = 0.1235	and 𝛽 = 0.046. In the 
case of PBEsol, the Local Spin Density (LSD) approximation is not preserved 

because the relation between 𝜇	and 𝛽 does not follow the condition 𝜇 = MuvÆ
f

. 

The reason of not choosing the corresponding value of 𝛽 is to satisfy a fitting 
of Jellium surface energy TPSS values. Analysis of these data suggests two 
ways to improve a functional for TMs: to identify the minimum by scanning 
the 2-dimensional surface error between the PBE and PBEsol 𝜇	and 𝛽 values 
(hereafter called VV) or to restore the LSD approximation in the PBEsol case 
(called VVsol). The bulk and surface properties under evaluation are the same 
as explored in the section 4.3. In the first case, the scanning is done for the 
bulk properties studied before (δ, Ecoh, and B0) and the overall error minimum 
point is extrapolated to the surface properties to be evaluated, g, f, and dij 

again. A previous study45 also attempted to restore the LSD approximation 
for PBEsol but the tested materials or properties were notably more limited. 
Furthermore, there are other similar studies of exploring the surface error 
but modifying the 𝜇 and 𝜅	( a parameter inside the enhancement factor used 
to calculate the exchange contribution) parameters and fixing the value of 𝛽. 

The author contribution was to modify the VASP program to be able of 
modifying the 𝜇	and 𝛽 values of the PBE-based functionals, to calculate 
different bulk and surfaces properties for the different functionals and 
metals, to evaluate the errors comparing with experimental values of the 
properties, and to analyse the obtained results. 
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Results For the three different bulk properties (δ, Ecoh, and B0), a scan of 
the MAPE between calculated properties and the available experimental data 
was done in a mesh of 11×11 points between the µ/β values of PBE (µ= 0.2195, 
β = 0.0667) and PBEsol (µ = 0.1235, β = 0.046). Each property, obtained by 
MAPE average of all the 27 TMs studied, has its own different minima point 
and even each TM has its own minimizing point (in this case the result being 
the addition of the obtained MAPE of the three properties). Since the 
employment of different µ/β values for each particular case is non practical, 
we obtained the TM MAPE at each point of the mesh from each bulk property 
across the 27 TMs and then, the property MAPEs added up in order to obtain 
a general minimum, named VV, which is at (µ = 0.2099, β = 0.0667) with a 
total MAPE of 18.77%, slightly less than PBE (20.18%) but moved away from 
PBEsol (30.40%), see Figure 4.11. With a strict convergence criterion, from 
0.02 eV/Å to 0.007 eV/ Å, almost identical MAPE surfaces are obtained 
concluding than the convergence criterion in this range does not affect the 
results shown before. From the Figure 4.11, it is seen that the exchange 
parameter has more influence on the MAPE dispersion than the correlation 
parameter. This could imply that a correct treatment of the exchange is a key 
in the development of new xc functionals. We note that this statement can be 

Figure 4.11 Surface variation of the MAPE sum of bulk properties of 27 TMs over the 
µ/β space between PBE and PBEsol parameters, plus the orographic projection in the 
basis. Obtained with a force’s criterion on atoms below 0.02 eV/Å. 
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only ensured for the calculated space of µ/β. Finally, the PBEsol xc functional 
with restored LSD approximation, named VVsol, has a 3–4.5% of error for 
bulk properties higher than PBE and VV. However, it obtained less 
percentage of error for bulk properties than PBEsol. 

In the case of the surface properties (g, f, and dij), to reduce the 
computational cost, instead of a scanning on the µ/β mesh we took the VV 
point expecting that it will improve also surface results. Then, we obtained 
for surface that VV shows a slightly higher error than that using PBEsol, but 
still lower than PBE by ~3.51%. VVsol shows the lowest error for the surface 
properties, circa 2.34% lower than PBEsol. So, considering bulk and surface 
properties, the VVsol global MAPE is decreased by 6–10% compared with 
PBE and PBEsol functionals, see Figure 4.12. The VV global MAPE is slight 
worse than VVsol, but still improving the PBE and PBEsol accuracies by 5–
8%. Although, these percentage differences might appear insignificant, they 
are the double and more in comparison with the improvement of PBE over 
PBEsol (~3%). An extended discussion of the results is the included in the 
publication at the end of the summary. The Supporting Information for the 
manuscript is found Appendix C. 

Figure 4.12 Property MAPE histogram, in %, for each studied xc functional. 
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Conclusions The following conclusions are drawn from the results 
presented in this section: 
• The minimum point of the two-dimensional µ/b variables between the xc 

functionals PBE and PBEsol (VV) that analyse the error of TM bulk 
properties is found near of PBE values with 𝜇 = 0.2099	and 𝛽 = 0.0667. 

• VV and the restored LSD approximation of PBEsol, called VVsol, 
represents a 5-8% and a 6-10% of improvement with respect to PBE and 
PBEsol functionals in TM bulk and surface properties, respectively; more 
than the improvement that PBEsol represented with respect to PBE. 

• The results show a strong sensitivity to the 𝜇 parameter. 

• The recovering of LSD response causes a better performance of PBEsol 
on the TMs. 
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Chapter 5. Unravelling Morphological and 
Topological Key Aspects of Pd Nanoparticles 

5.1 SUMMARY 

Introduction Nanostructuring, i.e. the use of metallic nanoparticles 
(NPs) has become an extended way of improving the catalyst activity while 
reducing the amount of precious and expensive transition metals (TMs). From 
the atomic-level point of view, the better catalytic properties of NPs arise from 
the special sites exposed involving low-coordinated atoms at corners, edges or 
facets of the NP. For instance, low-coordinated atoms are key for the 
molecular hydrogen dissociation on gold.46 In addition, particle shape varies 
often with particle size47 and it can affect the number of low-coordinated sites 
available. Thus, particle properties are size dependent, which makes the 
material tunable.48–52 For this reason, unravelling the morphology and 
topology of metallic nanoparticles is critical. Particularly, in this work we 
focus our attention on Pdn NPs with n ranging from 10 to 1504 atoms. We 
extend our analysis further from the Wulff construction, Truncated 
Octahedron (To), considering different shapes such as Cube (C), Truncated 
Cube (Tc), Octahedron (Oh), Cuboctahedron (Ch), Icosahedron (Ih), Sphere 
(S), Tetrahedron (Th) and Decahedron (Dh), see Figure 5.1 for a depiction of 
the different shapes.  

 

Figure 5.1 Schematic representation of the different shapes contemplated for Pdn NPs. 
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Pd is broadly used as a catalyst with a variety of applications. For 
instance, ultradispersed supported Pd clusters (up to 2 nm) act as highly 
active catalysts in hydrogenation processes.53 Here, interatomic distance (δ) 
and cohesive energy (Ecoh) are analysed in front of n-1/3, being n the total 
number of NP atoms, in order to examine the size-dependent evolution of NP 
properties and structure towards the bulk limit. 54–60 Furthermore, the data 
is also used to unfold how the amount of atomic sites with each different CN, 
such as corner, edge, facet, or bulk-like sites, are affecting the energetic 
stability, allowing for a breakdown of the energy by topological 
contributions.36,55 A last analysis, where instead of using CN, we considered 
geometrical contributions as: i) the number of corner sites, ii) the addition of 
all edge site lengths, iii) the total exposed area of the NP, and iv) the total NP 
volume to analyse the energetic stability of the NP. Both analyses allow to 
predict the energy of any NP independently of its size or shape. An extended 
discussion of the results is the included in the manuscript at the end of the 
summary. Further supporting data is found Appendix D. 

The author contribution to the project was to carry out part of the 
optimizations, concretely the ones with bigger sizes and shapes as 
Tetrahedrons, Spheres, Truncated Cubes and Decahedrons. Furthermore, 
the author also performed all the analysis here exposed, the redaction, and 
the image assembling. 

 
Results The first property that is evaluated with the NP size is the δ(Pd-
Pd), see Figure 5.2. For all the studied shapes, the distance increases with 
size, from small sizes to the bulk limit, reaching an approximated value of the 
δBulk(Pd-Pd). Similar shapes as Cuboctahedron, Octahedron, Truncated 
Octahedron, Truncated Cube and Sphere show a similar behaviour. 
Icosahedron is the one featuring the longest distance, which can be caused by 
the distortion on the fcc structure. On the other hand, Cube, Tetrahedron and 
Decahedron are the ones with the shortest distance, which can be caused by 
their superior surface strain. 
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Figure 5.2 (Top panel) Evolution of 
the minimum interatomic distance 

of Pd-Pd, δ(Pd-Pd), in Å	with the size, 
where n is the number of atoms of 
the NP. (Bottom panel) Evolution of 
the cohesive energy, Ecoh, in eV/atom 
with the size. Each line corresponds 
to the regression of each shape 
following the color legend.  

 
 
 
 
 
 

The second property evaluated is the cohesive energy in front of NP 
size. From the bottom panel of Figure 5.2, one can see that icosahedron is the 
most stable shape for smaller NPs. All exposed surfaces in icosahedron are 
(111)-like, which is the most stable surface of Pd and other fcc TMs. In 
addition, previous studies61,62 reported the icosahedron as the most stable 
shape in smaller NPs. Concretely, Rapps et al. 61 found the icosahedron as the 
most stable shape for smaller NPs of Pd. However, at larger NPs regime, from 

n-1/3=0.053 ca. n=6530,	 the stable shape is the sphere. This is different from 
the result derived from Wulff construction, Truncated Octahedron. Possible 
reasons could be that Wulff construction does not account for the effect of 
Corners and Edges on the energetic stability. Another reason could be that 
smaller spherical NPs have a similar shape to truncated octahedrons due to 
the way they were modelled. The Sphere was modelled cutting off Pd atoms 
out of a radius from the centre of the fcc Pd bulk. Anyway, inside the 
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truncated octahedrons group, it is possible to differentiate subgroups by the 
exposition proportion of the {001} and {111} surfaces. Differentiating them 
and comparing with the most stable shapes revealed in the bottom panel of 
Figure 5.2, Figure 5.3 shows that in the large NPs region the most stable 
shape, from n-1/3 = 0.08, i.e. ca. n = 1500, is a subgroup of the truncated 
octahedrons. Concretely, the subgroup is the one with more exposition of the 
{001} surface, contrary to the expected by Wulff. But this result has to be 
taken with caution, since the number of points used on the regression was 
limited. 

Figure 5.3 Comparison of the most stable Icosahedron and Sphere shapes and the Truncated 
Octahedron (To), split by each level of {001} cuts departing from Octahedron shapes. Inset 
NP image illustrates the removed atoms from each level from an Octahedron NP. Sphere and 
Icosahedron colour coding as in the signalled linear adjustments. 

Apart from the size-dependent study of the Pd-Pd distance and shape 
stability of Pd NPs, a model can be obtained using the dataset employed to 
predict the energy of unexplored larger or different-shape Pd NPs.  The 
models are based on the CN and the geometrical features as number of 
corners, edge length, area and volume of the NP. For both cases, a multilinear 
regression is employed, since understandable conclusions can be drawn from 
it. The amount of data is not enough to split the data into training and a test 
set without biasing our model depending on the selection of data in each set. 
Therefore, a cross-validation (CV)63 of the regression is carried out by a 
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Shuffle Split. This means that the data is split randomly m times in a training 
and test set, subsequently fitting and evaluating the model for each pair of 
training and test sets. In our case, we used m = 100 and the total data is 
randomly divided each time in a 75% and 25% of training and test set, 
respectively. Since there are 100 different fittings, the discussed regression 
coefficients and errors are an average of all of them.  

Then, the first proposed model is to disaggregate the NP energy using 
the cohesive energy of the NP, Ecoh, in front of the proportion of atoms of each 
CN, 𝜒L (see equation 5.1). E.M. Dietze et al.64 showed a similar analysis for 
more metals but less shapes. The 𝜒OM is not included because the correlation 
between the other variables due to the direct relation of 𝑛 = ∑ 𝑛LOM

LNf . Further 
than that, the Icosahedron shape has not been initially regarded since, at 
variance with the rest of shapes, it features a distorted core fcc structure. 
Within such treatment, the coefficients are the destabilization energy respect 
the intercept term which represents the fcc Pd bulk cohesive energy.  

 𝜒L =
𝑛L
𝑛 			 ; 			𝑖 = [3 − 11] (5.1) 

The mean coefficients obtained are: 
 𝐸+»³ = −3.72 + 1.95𝜒f + 1.88𝜒i + 1.47𝜒Ë + 1.29𝜒Ì

+ 1.01𝜒Í + 0.66𝜒Î + 0.52𝜒Ï
+ 0.14𝜒O- + 0.04𝜒OO 

(5.2). 

As one can notice, the coefficients stabilize in energy when the CN increases. 
The measured mean test errors show a good agreement between the 
calculated and the predicted energies, with R2=0.995 and Mean Absolute 
Error (MAE) of 0.011 eV/atom. These errors are depicted on Figure 5.4, where 
the top panel shows the excellent R2 between the predicted and the calculated 
Ecoh and bottom panel shows the averaged MAE learning curve.  This learning 
curve represents the averaged MAE evolution of the CV training and test set 
with the number of training set points, while keeping the test points ratio. 
From it, one can observe that with ca. 40 training samples a similar MAE can 
be obtained. The regression coefficients do not vary much when Icosahedrons 
are included: 
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 𝐸+»³ = −3.73 + 1.89𝜒f + 1.83𝜒i + 1.50𝜒Ë + 1.33𝜒Ì + 1.03𝜒Í
+ 0.75𝜒Î + 0.56𝜒Ï + 0.18𝜒O- + 0.03𝜒OO 

(5.3) 

However, the errors are slightly higher with values of R2=0.972 and a MAE 
of 0.022 eV/atom.  

Figure 5.4 Top panel: comparison of calculated Ecoh versus the predicted Ecoh, Ecoh
pred, for the 

CN breakdown. Bottom panel: MAE learning curve for the training and CV scores. The 
coloured areas represent the standard variation limits as a result of the 100 different fittings.  

In turn of the geometric analysis, the cohesive energy is fitted without 
using intercept in front of the features as the number of corners (𝐶), total 
longitude of edges (𝐿), total exposed area	(𝐴) and NP volume (𝑉) divided per 
𝑛. For this case, only regular shapes are employed, so spheres and truncated 
shapes are out of the analysis. Consequently, the number of cases in our 
dataset is reduced to 40. Applying the same CV explained before, with the 
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same m and the same percentages of training and test sets, the obtained 
mean coefficients are: 

 𝐸+»³ = 0.54
𝐶
𝑛 − 0.09

𝐿
𝑛 − 0.29

𝐴
𝑛 − 0.23

𝑉
𝑛 (5.4). 

The obtained coefficients show that corners destabilize the energy, the 
longitude subtly stabilizes it, and area and volume have the greatest 
contribution on the stabilization. Curiously, volume substantially contributes 
to the stabilization, by -0.23 eV, but less than area. This is simply because 
particularly for large NPs the NP volume is extensively larger than its 
exposed surfaces. The mean errors for the test set are R2=0.763 and 
MAE=0.11 eV/atom. In the learning curve (see Figure 5.5), it is shown that at 
around 15 training data points, the MAE of training and test set converge at 
0.11 eV/atom.  

Figure 5.5 Top panel: comparison of calculated Ecoh versus the predicted Ecoh, Ecoh
pred, for the 

geometry breakdown. Bottom panel: MAE learning curve for the training and CV scores. The 
coloured areas represent the standard variation limits as a result of the 100 different fittings. 
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A possible problem of the previous model is that different types of 
corners, edges and surfaces are considered the same. For example, surface 
(111) and (001) are not differentiated. To assess this effect, we calculated 
the energy only provided by surface elements for the Cube and 
Octahedron shapes, following a procedure earlier employed to obtain step 
and row energies.65,66 According to it, energies can be decomposed as 

 𝐸 = 𝑛𝜀|)�� + 𝛾𝐴 + 𝛽𝐿 + 𝜉𝐶  (5.5), 
where 𝜀|)�� is the energy of a single Pd atom in the bulk Pd fcc 

structure, and 𝛾, 𝛽, and 𝜉 are surface, edge, and corner energies, 
respectively. Notice than Cube and Octahedron have different surfaces, 
(001) surfaces in the Cube case and (111) surfaces in the Octahedron 
shape. This implies that edges and corners are different according its facet 
neighbours. The most relevant result is that from surfaces values, A, (001) 
and (111) facets energies are 0.09 and 0.08 eV·Å2, this is, values of 1.41 
and 1.24 J·m-2. These values are different from the obtained for extended 
surfaces, 1.5 and 1.14 J·m-2, respectively, meaning that on Pd NPs, the 
(001) surfaces are 0.09 J·m-2 more stable and (111) surfaces 0.10 J·m-2 less 

stable. This difference may be because of the reduction of the d(Pd-Pd) 
distance in the NP and the stabilization or destabilization of the Pd atoms 
found near the edges. Thus, these results could explain why the Truncated 
Octahedron was more stable within the increase of (001) exposure on 
Figure 5.3. 
 
Conclusions To conclude this chapter: 

• Icosahedral shape is the most stable shape of Pd NPs until 1500 atoms 
approximately. Contrary to what is derived from Wulff constructions, 
Truncated octahedron with higher (001) surface exposure is found as the 
most stable one beyond 1500 atoms. This is caused because on Pd NPs the 
(001) surface is found to be more stable than on extended surfaces.  

• About the models to unravel Pd NP energies, cohesive energies in front of 
the proportion of atoms of each CN, provides quite good test errors of 
R2=0.995 and MAE=0.011 eV/atom without including icosahedrons in the 
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fitting. Including them, the errors increase slightly with values of 
R2=0.972 and MAE=0.022 eV/atom. The coefficients have a physical 
meaning, this being the proportional energy that an atom with a specific 
CN destabilizes the bulk cohesive energy (intercept). Cohesive energies in 
front of the corners, edges, areas and volumes divided by the number of 
atoms provides higher test errors with an R2=0.763 and MAE=0.110 
eV/atom only providing a qualitative assessment.  
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PART III. RESULTS OF BIMETALLIC 
SYSTEMS 

Chapter 6. Chemical Ordering of Bimetallic 
Nanoparticles 

6.1 INTRODUCTION 

Bi- or multicomponent metallic particles are known as nanoalloys. Among the 
peculiarities of these systems are the complexity of their geometrical 
structures and the dependence of their properties not only on the size, like in 
the monometallic particles, but also on the composition. The notably 
increased complexity makes studies of the nanoalloys challenging both from 
the experimental and theoretical points of view. The presence of the second 
metal makes necessary determining the composition and the chemical (or 
atomic) ordering. The chemical ordering is the pattern in which atoms of 
different metals are spatially arranged with respect to each other within the 
crystalline positions of the NP under scrutiny. One can differentiate between 
the mixing and the non-mixing patterns. Among the mixing patterns, ordered 
phases and completely mixed solutions exist depending on the component 
miscibility in the bulk (see Figure 6.1). 

Figure 6.1 Representation of different mixing patterns from the ordered phases, left panels, 
and the completely random mixing, right panel. 
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The non-mixing chemical ordering patterns are characterized by phase 
separation. Common structures of this group are of core@shell types, meaning 
that A-type atoms form a compact inner aggrupation, and all B-type atoms 
are located at the outer shell. The notation specifying the atoms A of the core 
and B of the shell is A@B core@shell. At variance, the location of A and B 
atoms on the opposite sides of the NP results in the so-called Janus structure 
(see Figure 6.2). There are also other intermediate types of the chemical 
ordering patterns besides these most significant ones to be addressed in the 
following. Among the factors favoring the segregation of A and B atoms are 
their weak miscibility in the bulk, different surface energies of the two metals 
and a mismatch of atomic size triggering the larger atoms to be located on the 
surface to reduce the atomic stress.67 

All possible chemical orderings of atoms in a NP with a given shape, 
size, and composition are called homotops. The latter are defined as the 
structures which differ only by permutations of atoms of different elements.68 
Simulating the chemical ordering is a highly challenging combinatorial 
problem of considering a huge number of homotops 𝑁³»� estimated for a NP 
comprising NA atoms A and NB atoms B, 𝑁 = 𝑁b + 𝑁~, to be 

 𝑁³»� ≈
𝑁!

𝑁b!𝑁~!
 (6.1). 

Complexity of this problem grows very rapidly with the size increase of 
NPs. For instance, already a ~2 nm large bimetallic crystallite of 200 atoms 

Figure 6.2 Representation of most relevant non-mixing patterns the core@shell structure on 
the left and the Janus structure on the right. Atoms A – grey spheres, atoms B – white 
spheres. The notation of the core-shell structure is A@B. 
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can feature a colossal number of up to 1050 homotops,69 direct consideration 
of all of them is excessive for any computational method. To overcome this 
hurdle, our present studies employ a lattice-model approach recently 
developed in the research group of Prof. Neyman. The so-called topological 
(TOP) method allows to efficiently determine the lowest-energy chemical 
ordering of a bimetallic NP by parameterizing the energies of some homotops 
calculated by DFT.37 In this methodology, the DFT energy of a NP, EDFT, is 
approximated by the topological energy, 𝐸�Ô}, defined as,  
 𝐸�Ô} = 𝜀~Ô<ab�~ 𝑁~Ô<ab�~ + 𝜀	ÕÔÖ<�Öb 𝑁ÕÔÖ<�Öb + 

𝜀	�aj�b 𝑁�aj�b + 𝜀	�bÕ��b 𝑁�bÕ��b + 𝐸- 
(6.2), 

where 𝑁~Ô<ab�~  is the number of heteroatomic bonds (nearest-neighbour A-B 
contacts), the 𝑁ÕÔÖ<�Öb ,	𝑁�aj�b , and 	𝑁�bÕ��b  are the numbers of 𝐴 atoms on 
corners, edges and facets sites, respectively (see Figure 6.3).  

 

Figure 6.3 Different surface atomic positions in a truncated-octahedral fcc metal NP of 116 
atoms. 

Other variables, such as 𝑁~Ô<ab�b ,	𝑁~Ô<a~�~ ,	𝑁ÕÔÖ<�Ö~ ,	𝑁�aj�~  and	𝑁�bÕ��~  or 
𝑁×<<�Öb , and	𝑁×<<�Ö~  are not considered, mainly to avoid the linear dependence 
with the employed variables for a given NP size and composition. 𝐸- is the 
practically unimportant fitting intercept, a constant shift between the DFT 
and TOP energies, disappearing in the equation for the energy difference 
between two homotops, ∆𝐸�Ô}, 
 ∆𝐸�Ô} = 𝜀~Ô<ab�~ ∆𝑁~Ô<ab�~ + 𝜀	ÕÔÖ<�Öb ∆𝑁ÕÔÖ<�Öb + 

𝜀	�aj�b ∆𝑁�aj�b + 𝜀	�bÕ��b ∆𝑁�bÕ��b  
(6.3), 

𝜀L are the energetic parameters associated with the corresponding 𝑁L, as 
known as descriptors; not to be confused with the chemical descriptors 
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exposed in Chapter 4. Each topological descriptor has a specific physical 
meaning. For instance, 𝜀~Ô<ab�~  characterizes the gain or loss of energy upon 
creating one heteroatomic bond. 

The descriptors are obtained following an iterative procedure depicted 
on Figure 6.4. First, a set of descriptors is used as a first guess to the TOP 
equation. They are employed to generate new homotops through a MC 
simulation. The lowest energy homotops generated are then optimized within 
the DFT approach. The obtained DFT energies will then be compared with 
the corresponding TOP energies. In case of poor agreement, the descriptors 
will be fitted using the obtained DFT energies of the generated and previous 
homotops, if any. This procedure will be repeated until a good agreement 
between DFT and TOP energies is obtained. The double residual standard 
deviation (𝛿) (see equation 6.4) and the difference between the minimum 𝐸�Ô} 
value and the 𝐸�Ô} value corresponding to the minimum DFT energy homotop 
are used to evaluate the agreement between DFT and TOP energies. 
 

𝛿 = 2Ø
∑(𝐸a�� − 𝐸�Ô})M −

(∑(𝐸a�� − 𝐸�Ô}))M
𝑁��H�

𝑁��H� − 1
 (6.4). 

 

Figure 6.4 Iterative procedure diagram followed by ETOP to obtain the final set of topological 
descriptors. 
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The present MC simulations were performed as described in Ref.  
36.The TOP method addresses the chemical orderings of NPs in vacuum 
without explicitly considering effects of reactive environments or interactions 
with supports on which bimetallic NPs under scrutiny are deposited in 
experiments and applications. The environment and support effects on the 
nanoalloys are important because they could change not only the chemical 
ordering, but also the shape of the particles. Therefore, the effects of reactive 
environment on the NPs are evaluated in this Thesis employing the data 
provided by the TOP method.  

 

6.2 OBJECTIVES 

Objectives of the studies presented in this Chapter are to computationally 
predict and analyse chemical orderings in the bimetallic NPs PdRh (Section 
6.3), PtNi (Section 6.4), PtCu, PtAg and PtAu (Section 6.5) with fcc 

crystallinity and different contents of two metals. The modelling procedure 
consisted of DFT calculations of the NPs in the routinely accessible particle 
size ranges of up to ca. 200 atoms, using the DFT ordering/energy relations 
data to parameterize the TOP equations enabling efficient Monte Carlo pre-
screening of the lowest-energy orderings with subsequent validation of the 
latter (and of the TOP equations) by DFT energy minimization. The resulting 
TOP equations have been applied to determine by Monte Carlo calculations 
the lowest-energy chemical orderings in the NPs of the same metal 
combinations with more than a thousand atoms, which are too large for DFT 
treatment. Using this simplified computational procedure, temperature 
effects on the surface segregation and related rearrangements of the chemical 
orderings have been studied and estimates of the surface sites changes by 
typical adsorbates and reactants from the gas-phase environment have been 
performed.  
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6.3 USING DENSITY FUNCTIONAL CALCULATIONS TO 

ELUCIDATE ATOMIC ORDERING OF PdRh 
NANOPARTICLES AT SIZES RELEVANT FOR CATALYTIC 
APPLICATIONS 

6.3.1 Summary 

Introduction The first studied bimetallic nanosystem is PdRh. Its NPs 
form a promising nanomaterial catalysing a variety of reactions, including 
CO oxidation,70 three-way converters in the exhaust pipes of gasoline-
powered engines,71,72 glucose oxidation,73 Suzuki cross-coupling,74 and many 
hydrogenation reactions,75 among other processes.76,77For this reason, we 
selected PdRh to deeper investigate chemical ordering in its bare NPs with 
different contents of the constituting metals and then to predict the surface 
restructuring elevated temperature and in the presence of reactive 
environment. Also, a previous research on the modelling of the atomic 
ordering of cuboctahedral 55-atomic PdRh NPs that combined DFT 
calculations with cluster expansion approach78 provided a reference for 
comparing bare and oxygen-covered NPs of different compositions.79 These 
results revealed a simple alloying behaviour and a strong tendency of forming 
Rh@Pd core@shell structures for bare NPs. The presence of adsorbed atomic 
O causes surface segregation of Rh up to a reverse pattern Pd@Rh is formed 
at higher O coverage. The presently studied NPs are bigger, to belong to the 
scalable-with-size regime, thus making the ordering patterns representative 
of those in much larger PdRh NPs of technologically relevant size range. So, 
we modelled Pd-Rh NPs of different Pd:Rh ratios comprising from 140 to 3630 
atoms (1.4 to 5.4 nm, respectively) using for determining the equilibrium 
atomic ordering of large bimetallic NPs the methodology introduced above, 
and based on 6.5 of the type of equation 6.3.36,80   

 ∆𝐸�Ô} = 𝜀~Ô<a}'�Ö³∆𝑁~Ô<a}'�Ö³ + 𝜀	ÕÔÖ<�Ö}' ∆𝑁ÕÔÖ<�Ö}' + 
𝜀	�aj�}' ∆𝑁�aj�}' + 𝜀	�bÕ��}' ∆𝑁�bÕ��}'  

(6.5). 

The data of Wang et al. for 55-atom particles served as a reference 74  
not expected to be dramatically changed for the chemical ordering pattern of 



Chemical Ordering of Bimetallic Nanoparticles 

 89 

larger NPs driven by the lower surface energy of Rh compared to Pd and the 
absent miscibility of Pd and Rh atoms in the bulk of PdRh alloys. 

Among the aims of the study outlined in the present Section are i) to 
determine using DFT calculations the most stable atomic orderings and 
segregation effects in PdRh NPs containing up to 201 atoms at different 
Pd:Rh ratios; ii) to employ the developed Topological models to predict 
preferred atomic orderings in inaccessible by DFT larger PdRh NPs with sizes 
4-5 nm common for catalytic metal particles; and iii) to evaluate surface 
segregation effects induced by adsorbates on the arrangement of surface sites 
exposed by Pd-Rh nanoalloy catalysts. 

The author of the Thesis contributed to this work by performing DFT 
calculations of the model NPs Pd51Rh150, Pd101Rh100, and Pd151Rh50, 
generating the TOP equations from these data, analysing the temperature 
effects on the chemical ordering in larger NPs, studying the adsorption-
induced resurfacing of Rh atoms, preparing images, tables, Supporting 
Information and other material for publication as well as writing a part of the 
description of results and discussion of the published article. The published 
article is shown at the end of present summary. 

 
Results The main result for the atomic ordering obtained for the PdRh 
NPs is a clear preference of Pd atoms vs. Rh atoms to occupy under-
coordinated surface positions and the formation of non-mixed patterns. 
Particularly, 73% of the surface of Pd70Rh70 is occupied by Pd atoms, including 
all corner and edge positions and a part of terrace positions. Rh atoms form a 
complete core and expose compact nano-islands on terraces (see Figure 6.5). 

Figure 6.5 Atomic ordering in the lowest-energy homotops of Pd70Rh70 particle. As shown in 
the split image of the particle in the right panel, its inner region consists of Rh atoms only. 
Color coding: Pd – turquoise, Rh – purple. 
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Also, in a larger 201-atomic Pd101Rh100 NP of the same 1:1 composition 
Pd atoms are notably stabilized on the surface (see Figure 6.6), with the least-
coordinated surface sites of corners being preferred ones and the most-
coordinated surface sites on {111} terrace stabilized less than others. Here, at 
variance with Pd70Rh70 particle, Pd atoms do not form a complete shell, 
because it is not enough atoms to form it. Changing the Pd:Rh composition at 
the same size and shape of the NPs, at lower Pd content of Pd50Rh151 NP the 
relative sites stability dependence on the CN varies slightly making the 7-
coordinated site (edge) the most energetically preferable instead of the 6-
coordinated site (corner). In this case all 50 Pd atoms are located on the 
surface, where 72 Rh atoms are also present. Contrary, due to a higher 
content of Pd, there is enough Pd atoms in Pd151Rh50 NP to complete the outer 
shell by 122 atoms and remaining 29 Pd atoms are located in the inner 
positions. 

 

Figure 6.6 Atomic ordering in the lowest-energy (upper two rows) and Janus-type (lower two 
rows) homotops 201-atomic NPs with Pd50Rh151, Pd101Rh100 and Pd151Rh50. Colour coding as 
in Figure 6.5. 
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To quantify the miscibility of two metal components in PdRh NPs, one 
can compare the lowest-energy homotops with those featuring the most 
separated components in the so-called Janus-type atomic ordering (bottom 
panel of Figure 6.6). The latter structures possess around a half of the 
(slightly) destabilizing PdRh bonds compared to the corresponding found 
lowest-energy homotops, 96 vs. 197 for Pd50Rh151, 128 vs. 270 for Pd101Rh100, 
and 96 vs. 208 for Pd151Rh50. However, both DFT and TOP energies of the 
Janus-type homotops are notably higher than energies of the respective 
lowest-energy homotops. The cause of such a difference is a strong propensity 
of Pd atoms to be on the surface over Rh atom. Another measure of the 
miscibility of metal components at the nanoscale is the so-called excess 
energy (𝐸6*+), which for the 201-atomic PdRh NPs under discussion reads  

 𝐸6*+(𝑃𝑑M-O�Â𝑅ℎÂ)

=
𝐸(𝑃𝑑M-O�Â𝑅ℎÂ) − t

201 − 𝑛
201 w𝐸(𝑃𝑑M-O) − t

𝑛
201w𝐸(𝑅ℎM-O)

201  
 (6.6). 

There, from the energy of the PdRh system, 𝐸(𝑃𝑑M-O�Â𝑅ℎÂ), one 
subtracts the proportional fraction of energy of the pure monometallic NPs of 
each component, 𝐸(𝑃𝑑M-O) and 𝐸(𝑅ℎM-O), of the same size and geometry as the 
evaluated nanoalloy particle. The calculated negative 𝐸6*+ values (see Figure 
6.7) indicate miscibility of Pd and Rh components in terms of the preference 
of partially separated core@shell Rh@Pd structures over the Janus-type 
structures with completely separated Pd and Rh components. 

 

Figure 6.7 DFT excess energies Eexc per atom of Pd201-nRhn (n = 50, 100, 151) NPs. 
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Employing the energetic parameters from the TOP equations for 140 and 
201 atomic NPs (Table 1), the equilibrium atomic orderings were calculated 
in truncated octahedral and cuboctahedral PdRh NPs of 1463 and 3630 atoms 
(see Figure 6.8 and Figure 6.9).  

Table 6.1 Descriptors εi a in the topological energy expressions ΔETOPb for Pd-Rh nanoparticles 
of 1:3 (Pd50Rh151), 1:1 (Pd70Rh70, Pd101Rh100,), and 3:1 (Pd151Rh50) compositions. All energies 
are given in meV. 

 Pd50Rh151 
Pd101Rh100 

Pd70Rh70 
Pd151Rh50 

𝜀~Ô<a}'�Ö³ 18�MO²Oi 24�Ì²Ì	
21�M²M 

32�Í²Ì 

𝜀ÕÔÖ<�Ö}'  −603�ÎÍ²Ì- 
−755�Îf²O-O	
−814�Mf²fi −691�ÏË²ÏO 

𝜀�aj�}'  −631�OËM²O-Í −536�iÍ²i-	
−588�fÍ²MÌ −597�iÌ²fÏ 

𝜀��ÖÖbÕ�}'  −544�ÍË²ÎÍ 
−356�i-²iO	
−456�iÌ²f- −362�Oi²OÌ 

a 95% confidence intervals of are also given, e.g. 32#$%& denotes the interval 25 – 38. 

Validity of calculating the chemical orderings in much larger NPs using 
the TOP parameters determined for moderately large NPs calculated by DFT 
was justified in previous studies36,80–82 by the evidence that the TOP 
parameters of smaller NPs commonly vary only very slightly for larger NPs 
with the same relative contents of the two metals. This is also the case for Pd-
Rh NPs, where the TOP descriptors calculated for Pd70Rh70 and Pd101Rh100 
NPs are essentially the same. In addition, we found that a very similar 
chemical ordering is obtained in larger NP by using the descriptors for same 
and different compositions of PdRh. In the Figure 6.8 and Figure 6.9, the 
upper images are the arrangements obtained by the descriptors of the 201 
atomic NPs of the corresponding compositions and the lower panels are the 
arrangements obtained using the Pd101Rh100 descriptors for 1:3 and 3:1 
compositions of larger NPs, and Pd70Rh70 descriptors for their 1:1 
composition. Close similarities in the chemical orderings of both obtained 

ie
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structures for Pd366Rh1097, Pd1097Rh36, Pd908Rh2722, and Pd2722Rh908 NPs are 
evident. 

Figure 6.8 Atomic ordering in the lowest-energy homotops of ca. 4.4 nm large truncated 
octahedral 1463-atomic NPs with varying Pd:Rh composition: 1:3 – Pd366Rh1097, 1:1 – 
Pd731Rh732, and 3:1 – Pd1097Rh366. Upper panels (from left to right) display homotops 
calculated using the TOP equations. of Pd50Rh151, Pd101Rh100, and Pd151Rh50, respectively. 
Images in the corresponding lower panels are obtained using the equations Pd101Rh100, 
Pd70Rh70, and Pd101Rh100. Color coding is the same as in Figure 6.5. 

Figure 6.9 Atomic ordering in the lowest-energy homotops of ca. 5.4 nm large cube-octahedral 
3630-atomic NPs with varying Pd:Rh composition: 1:3 – Pd908Rh2722, 1:1 – Pd1815Rh1815 and 
3:1 – Pd2722Rh908. Upper panels (from left to right) display homotops calculated using the TOP 
equations of Pd50Rh151, Pd101Rh100, and Pd151Rh50, respectively. Images in the corresponding 
lower panels are obtained using the equations Pd101Rh100, Pd70Rh70, and Pd101Rh100. Color 
coding is the same as in Figure 6.5. 
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All results discussed so far in the Section were computed at 0 K. 
However, the MC simulation allow estimate the chemical ordering at higher 
temperatures as an average structure according to the Boltzmann population. 
Pd366Rh1097 and Pd731Rh732 NPs were used to explore the temperature effects 
on the chemical orderings, see Figure 6.10. Temperature increase makes Rh 
surface islands in Pd366Rh1097 NP first less regular (at 600 K) and then 
completely disappearing and revealing a disordered pattern (at 1000 K). In 
the second case, the equilibrium chemical ordering of Pd731Rh732 NP is a 
perfect core@shell Rh@Pd at 0 K. Although the core@shell structure remains 
at 600 K, the compact Rh core becomes visibly less regular than at 0 K. 
Finally, at 1000 K some Rh atoms appear in the surface shell and the even 
less regular Rh core is expanded to the subsurface layer. The immiscibility of 
Pd-Rh and quite strong preference of Pd atoms to occupy surface positions 
causes the weak influence of temperature on the atomic ordering of PdRh NPs 
compared, for instance, to PdAu NPs.80 

Finally, from the energetic TOP descriptors and the adsorption energy 
of molecules of interest one can estimate how the ordering pattern of 
bimetallic NPs could be modified by a reactive environmental media. For our 

Figure 6.10 Temperature effects on the atomic ordering in the representative homotops of 
truncated octahedral 1463-atomic Pd-Rh NPs at 0, 600, and 1000 K. Upper panels – 
Pd366Rh1097, bottom panels – Pd731Rh732 
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PdRh NPs under scrutiny we have chosen as test adsorbates atomic O and 
CO and NO molecules. Their adsorption energies calculated using the same 
GGA functionals on extended Pd (111) and Rh (111) surfaces, respectively, 
are (in eV): O – 4.64 and 5.22, CO – 2.16 and 1.99, NO – 2.37 and 2.49. Then, 
using the facet energy descriptor from Table  and knowing the number of Pd 
atoms comprising {111} terraces of the modeled 1463 atomic NPs one can 
estimate the coverage of the adsorbates needed to a complete surface 
segregation of Rh atoms. 

 
Conclusions The study outlined in the present section can be 
summarized as follows: 
• DFT calculations in combination with the Topological method were used 

to quantify the chemical ordering in PdRh NPs with ≤201 atoms and 
Pd:Rh compositions 1:3, 1:1, and 3:1. At all compositions Pd atoms show 
energetic preference over Rh atoms to be located at the surface, at less 
coordinated positions. The complete Pd surface shell is predicted to form 
in Pd151Rh50 NP when the number of Pd atoms becomes sufficient for that. 
Despite that the Pd-Rh bonds are found to be unfavourable with respect 
to the homometallic bonds, the strong preference of Pd atoms to stay on 
the surface causes the formation of Pd@Rh core@shell ordering instead of 
a Janus-type ordering with complete separation of Pd and Rh components.  

• The lowest-energy atomic orderings were predicted for 1:3, 1:1, and 3:1 
Pd:Rh compositions of 1463 and 3630 atomic PdRh NPs. The core@shell 
Rh@Pd NPs are formed with 1:1 and 3:1 compositions.  

• A simple approach of calculating the adsorption energy of different 
molecules on Pd and Rh (111) surface and knowing relative energies of 
different atomic ordering of the NP from the Topological description allows 
predicting the surface re-segregation induced by interactions with 
adsorbates and reactants from the environment. Here, the effects of 
adsorbed O, CO, and NO species has been studied.
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6.3.2 Publication  
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6.4 IRREVERSIBLE STRUCTURAL DYNAMICS ON THE 

SURFACE OF BIMETALLIC PtNi ALLOY CATALYST 
UNDER ALTERNATING OXIDIZING AND REDUCING 
ENVIRONMENTS 

6.4.1 Summary 

Introduction In this section, application of the TOP method to PtNi 
system is outlined accompanied with experiments performed by collaboration 
partners validating the obtained computational results. The bimetallic 
structure does not always remain intact under experimental conditions, when 
elevated temperature and presence of reactive gases at different pressures 
can modify the structure affecting the properties of the alloy. In particular, 
the PtNi alloy is interesting as a cathode catalyst in proton exchange 
membrane fuel cells (PEMFCs). To obtain new insights into the restructuring 
that occurs during oxidation and reduction cycles, the structure changes in 
PtNi NPs are investigated by our experimental collaborators at the 
alternating oxidation (O2) and reduction (H2) gaseous atmospheres using X-
ray photoelectron spectroscopy (XPS) and synchrotron radiation 
photoelectron spectroscopy (SRPES) techniques. XPS can characterize the 
material composition and chemical states by high X-ray energy. SRPES, in 
turn, is a technique allowing to tune the excitation energy of photons (Ep) so 
that the kinetic energy of escaping photoelectrons for both metals 
constituting the alloy under scrutiny can be set the same ensuring consistent 
measurement of the contribution of individual metals. In addition, Ep can be 
set to obtain the desired surface sensitivity, enabling that SRPES detects just 
a few top atomic layers.  

The experimental evidences provided by the group of Dr. Khalakhan 
(Charles University Prague) for PtNi nanoalloys were substantiated by the 
computational modelling. The author of the Thesis carried out all calculations 
described in the theoretical part of the corresponding article published in the 
journal Appl. Catal. B, designed computational models, analysed the 
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calculated data and prepared them to publication, wrote the theoretical part 
of the article and contributed to revising its other parts.  

 
Results The experimental data by Khalakhan and co-workers outlined 
in the following allow putting the theoretical results in the context. As in 
other Chapters of the Thesis, the complete description of the results is 
provided in the published article in the end of this Section. Further data is 
available on Appendix F. Experimentally, the PtNi system was exposed to 
alternating gaseous atmospheres of O2 (oxidation) and H2 (reduction) at 
different temperatures aiming to simulate working behaviour of the cathode 
in the PEMFCs. SRPES technique was used to determine the stoichiometry 
of the outer layers of the PtNi alloy from the integrations of the area of the 
Ni 3p and Pt 4f spectra. The first oxidation cycle revealed notable dependence 
of atomic concentrations in the upper PtNi layers on the treatment 
temperature and significantly different concentrations compared to the as-
deposited (AD) sample not exposed yet to a reactive environment, see Table 
6.2. This shows that interaction with oxygen induces surface segregation of 
Ni, possibly due to stronger Ni-O bonding compared to Pt-O, and that this 
effect is noticeably temperature-dependent.  

Table 6.2 Relative atomic compositions of Pt and Ni in the outer layers of the as-deposited 
(AD) PtNi sample after the first oxidation cycle performed at different temperatures. 

  Pt (at.%) Ni (at.%) 
AD 55 45 

Ox1 298 K 43 57 
Ox1 373 K 38 62 
Ox1 523 K 8 92 

 
Using the same methodology, the concentration of Pt and Ni was 

determined after the first reduction step carried out at each working 
temperature after the previous oxidation cycle, see Table 6.3. The presence of 
hydrogen causes a diffusion of surface Ni atoms into inner part of the alloy. 
However, gradual enrichment of Ni concentration in the upper layers of the 
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alloy takes place during subsequent oxidation-reduction cycles and finally 
becomes irreversible after 5 such cycles at the highest temperature 523 K. 
These results could be rationalised in terms of the bond strength preferences 
of oxygen with Ni and Pt metals versus supposed to be smaller for weaker-
bound hydrogen. 

Table 6.3 Relative atomic composition of Pt and Ni in the outer layers after the first reduction 
at different temperatures. 

  Pt  
(at.%) 

Ni (at.%) 

Red1 298 K 51 49 
Red1 373 K 45 55 
Red1 523 K 30 70 

 
The theoretical modelling predicted the equilibrium chemical ordering 

in ca. 4.4 nm large PtNi NPs with 1:1 Pt:Ni composition, of similar size and 
composition as in the experimental samples, and estimated effects of the 
experimental working temperature on the chemical ordering. For that several 
homotops of Pt101Ni100 and Pt157Ni157 NPs were calculated to obtain the 
following topological equations (in eV): 

 ∆𝐸�Ô}(𝑃𝑡O-O𝑁𝑖O--) = −0.048𝑁~Ô<a}A�<L 
−0.581𝑁ÕÔÖ<�Ö}A − 0.513𝑁�aj�}A − 0.399𝑁��ÖÖbÕ�}A 		

(6.7), 

  ∆𝐸�Ô}(𝑃𝑡OËÍ𝑁𝑖OËÍ) = −0.033𝑁~Ô<a}A�<L 
−0.465𝑁ÕÔÖ<�Ö}A − 0.490𝑁�aj�}A − 0.324𝑁��ÖÖbÕ�}A  

(6.8). 

Application of these equations results in the equilibrium chemical 
orderings of the larger Pt731Ni732 NPs at 0 K shown in Figure 6.11. There, the 
A column shows images corresponding to equation 6.7, and the B column to 
equation 6.8. The TOP method allows simulations of the ordering patterns at 
different temperatures by the Boltzmann population of different homotops at 
a given temperature. Results of such simulations are also presented in Figure 
6.11. Irrespective of the TOP equations applied to calculate the chemical 
orderings of the Pt731Ni732 NPs at elevated temperatures Pt is preferentially 
placed in surface positions, where the presence of Ni slightly increases with 
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the temperature. This finding is in line with the experimental observations 
that Ni atoms tend to segregate to the surface when the temperature 
increases. Finally, to model effects of the adsorption of oxygen and hydrogen 
on the chemical ordering pattern, the adsorption energies of atomic O and H 
on the surface of Pt and Ni were calculated. Knowing the adsorption energy 
of O and H species on both surfaces, the energy required to segregate one 
atom of Ni to the NP terrace provided by the corresponding energy parameter 
of the TOP equation, and the number of Pt terrace atoms, one can estimate 
the number of O and H needed to revert the equilibrium ordering pattern at 
0 K (neglecting edge and corner positions), see bottom row of Figure 6.11. 

Figure 6.11. Atomic ordering in the lowest-energy homotops of truncated octahedral 
Pt731Ni732 NP at varying temperature. Columns A and B display homotops calculated using 
the TOP eqs. 6.7 and 6.8 respectively. Here the Pt is represented in blue and Ni in grey. 
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The estimation in the oxidation case is that oxygen coverage of 0.3 
monolayer is enough to revert the pattern of all the facets of the NP to make 
them composed solely of Ni atoms. However, in the reduction case it is 
impossible to revert the pattern even with a maximum coverage of H. This is 
also in line with the experimental data that after the first reduction at 523 K 
ca. 30% of surface atoms are Pt although after the first oxidation at same 
temperature only an 8% of surface atoms are Pt. Most important here is that 
the experimental difference in the percentage of surface Ni and Pt atoms at 
the oxidation and reduction condition situations is in qualitative agreement 
with the coverage estimation from the simulations. Note that in the 
simulations only the monatomic outermost layer is considered as the surface, 
whereas experimentally the surface is considered as a range of outer layers. 

 
Conclusions The study outlined in the present Section can be 
summarized as follows: 

• Under oxidation environment PtNi alloy is oxidized on the surface mainly 
through the formation of Ni oxides, which forces Ni atoms to segregate to 
the surface. Under reduction environment the oxides are reduced, and Ni 
diffuses back into the alloy. During the first several oxidation/reduction 
cycles the surface changes were reversible, with slight enrichment of the 
average composition by Ni at elevated cycling temperatures. The 
deviations from the perfect reversibility are consistent with stronger Ni-
O binding compared to Ni-H binding. 

• The modelling data corroborate the experimentally observed effect of 
slightly increased Ni surface proportion at temperature increase. Strong 
propensity of Pt to surface segregation in the absence of the oxidizing 
media is predicted. It is estimated that 0.3 monolayer of adsorbed oxygen 
is sufficient to revert the surface ordering pattern with terraces of the 
PtNi NPs completely formed of Pt atoms to those completely consisting of 
Ni atoms. 
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6.5 ELUCIDATION OF THE STRUCTURE OF PtX (X=Cu, 

Au, Ag) NANOPARTICLES OF DIFFERENT SIZES BY 
DENSITY FUNCTIONAL CALCULATIONS 

6.5.1 Summary 

Introduction Our chemical ordering study of PtX bimetallic NPs of Pt 
with quite inert coinage metals X = Cu, Au, Ag is overviewed in the following. 
Large quantities of atoms of NP catalysts are essentially wasted since only 
atoms at the surface take part in catalytic reactions. For such expensive 
metals in catalyst as Pd and Pt this price aspect is a significant concern.83 

Thus, for systems involving catalytically active precious metals, A@B 
core@shell structures of nanocatalysts are beneficial, where A is a relatively 
cheap metal (e.g., Co, Ni, Cu) and B is a more expensive metal, often more 
catalytically active. Furthermore, the addition of a metal A may also result 
in synergistic effects on the catalytic properties of both metals. Combinations 
of Pt with coinage metals are actively studied as single-atom alloy catalysts, 
a rapidly developing field in catalysis84–86 where individual Pt atoms 
surrounded by coinage atoms can act as very selective catalytic centres.  

As in the previous Sections, in this Section the insights into the chemical 
ordering obtained from DFT calculations of NPs with ≤201 atoms are 
extended to NPs of larger sizes, closer to the sizes in common catalysts, and 
temperature effects on the orderings of such larger NPs are considered. 
Furthermore, since a previous study of our group dealt with similar PdX NPs, 
X=Cu, Au, Ag, a comparative analysis of the chemical orderings of the Pt- and 
Pd-based NPs calculated by the same methodology is performed. A notable 
difference with the previous studies is that in this work the TOP methodology 
is analysed in depth, highlighting its weaknesses and strengths.  

To summarize, the aims of the present study are: i) to quantify by DFT 
calculations the chemical orderings and surface segregation in up to ~2 nm 
large PtAu, PtAg, and PtCu NPs at different concentrations of the metals 
employing the TOP method; ii) to compare the structure, bonding and charge 
distributions in these NPs with the analogous Pd-containing NPs studied 
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earlier; iii) to deepen the knowledge of the accuracy and applicability of the 
TOP approach; iv) to identify equilibrium chemical orderings in PtAu, PtAg, 
and PtCu particles at common for catalysis sizes over 4 nm, also at elevated 
temperatures. 

The author contribution to this project was to provide all DFT data for 
PtCu NPs, to calculate chemical orderings in bigger PtAu, PtAg and PtCu 
NPs, to perform Bader charge analysis for all studied systems, to evaluate 
performance of the TOP method. Also, the author decisively contributed to 
the preparation of the manuscript to publication by writing several parts of 
it, drawing images and graphs and creatively discussing all the results. As in 
other Chapters of the Thesis, the complete description of the results is 
provided in the published article in the end of this Section. Further 
supporting data is found at Appendix G. 

 
Results 

i) Regarding the quantification by DFT calculations of the chemical 

ordering:  

The obtained energy terms in the TOP equations are listed in Table 6.4. Pt 
and Au atoms in the Pt-Au NPs are found slightly immiscible independent of 
the NP size. Quite similar positive values 𝜀ÜÝÞßàá�âã	 for Pt70Au70 and Pt101Au100 
NPs support this finding. Au atoms tend to occupy low-coordinated positions, 
see  and Figure 6.13.  
These features are maintained for different Pt:Au compositions 1:3, 1:1, and 
3:1 in 201-atomic NPs. According to the Bader charge analysis, the charge 
redistribution between Pt and Au atoms is minor, see Table 6.5. Similar to 

the results for PtAu NPs, the slightly positive 𝜀ÜÝÞß
àá�âä terms point to the 

unfavorable formation of heterometallic PtAg bonds, triggering immiscibility 
of Pt and Ag atoms. The substantial surface segregation propensity of Ag 
atoms in PtAg NPs decreases from the corner, to the edge and the facet 
positions. Important difference of PtAg systems with respect to Pt-Au ones is 
revealed by the Bader charge analysis, according to which notable electron 
density transfer occurs from Ag atoms to more electronegative Pt atoms in 
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PtAg NPs, see Table 6.5. Surface Pt atoms in Pt-Ag NPs are negatively 
charged and surface Ag atoms bear positive charges up to 0.15 e. These 
modified charge states of the atoms suggest their noticeably different 
reactivity compared to the corresponding sites of bare Pt and Ag NPs.  

Table 6.4 Energy terms, ε, in the topological expressions for energy differences 𝛥𝐸L¼åÝàof 

homotops i and j of PtnXm (X = Au, Ag, Cu; m+n = 140, 201) particles 𝛥𝐸L¼åÝà=𝜀ÜÝÞßàá�æ · 𝛥𝑁L¼,ÜÝÞßàá�æ  

+𝜀çÝèÞéèæ · 𝛥𝑁L¼,çÝèÞéèæ  +𝜀�aj�� · 𝛥𝑁L¼,�aj��  +𝜀�bÕ��� · 𝛥𝑁L¼,�bÕ���  are numbers of heterometallic 

bonds Pt-X (nearest-neighbour pairs of Pt-X atoms) and atoms X in the corner (vertex), edge 
and facet positions of the particle, respectively. All energies are in meV. Data for analogous 
Pd70Au70, Pd70Ag70, and Pd70Cu70 particles from Ref.81 are also shown. 

Nanoparticle 𝜺𝐁𝐎𝐍𝐃𝐏𝐭�𝐗  𝜺𝐂𝐎𝐑𝐍𝐄𝐑𝐗  𝜺𝐄𝐃𝐆𝐄𝐗  𝜺𝐅𝐀𝐂𝐄𝐓𝐗  

Pt70Au70 19�M²i −619�iÎ²ÌM −377�ii²ii −256�ÌÏ²ÎÎ 
Pd70Au70 −13�Ì²i −404�ÍM²ÍÌ −301�ÍÍ²ËM −200�Ìi²ËM 

Pt70Ag70 11�Of²O- −625�OÎË²OMM −336�OÎË²ÍM  −195�ËÎ²ÍË 
Pd70Ag70 −1�M²M −361�ÌÎ²Ë- −289�OMÏ²ÍÎ  −163�Ìi²if 

Pt70Cu70 −35�i²i −27�ii²iÍ 182�Ëi²ËÌ 344�fÌ²if 
Pd70Cu70 −26�Ë²Ë 95�ff²fÌ 147�iË²iÌ 183�i-²iM 

Pt151Au50 21�O²O −507�ÌM²ËO −543�OÎ²OÌ −431�if²f- 
Pt101Au100 21�Ì²Í −530�O-Í²OfÌ −492�ËÌ²ËÏ −335�ÏË²Îf 
Pt51Au150 15�OË²Oi −558�fi²iÏ −547�Îi²Ëf −259�ÏM²iÍ 

Pt151Ag50 32�OM²OO −396�OfË²O-Î −380�Ï-²ÏË −237�ÏË²O-f 
Pt101Ag100 16�O-²Ï  −499�OOM²ÏË  −466�Îf²ÎÍ −308�ÏO²ÍÍ 
Pt51Ag150 7�Ë²Ë −408�OËÎ²OOÎ −511�ÌÎ²ÍÏ −240�ÌË²iÏ 

Pt151Cu50 −25�Of²Ï  267�MM²f- 342�Oi²Oi 372�ii²iM 
Pt101Cu100 −43�Ë²Ì 15�ÍM²Ì- 208�ÌÎ²ËË 325�iO²fi 
Pt51Cu150 −54�OË²Oi 134�ÍÎ²Íf 184�Ïf²OËO 259�ËÏ²ÌË 

a 95% confidence interval of 𝜀 given as, e.g. 19#'%( denotes a range from 17 meV to 23 meV. 
Similar to the results for PtAu NPs, the slightly positive 𝜀ÜÝÞß

àá�âä terms 

point to unfavourable formation of heterometallic Pt-Ag bonds, triggering 
immiscibility of Pt and Ag atoms. The substantial surface segregation 
propensity of Ag atoms in PtAg NPs decreases from the corner, to the edge 
and the facet positions. Important difference of PtAg systems with respect to 
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PtAu ones is revealed by the Bader charge analysis, according to which 
notable electron density transfer occurs from Ag atoms to more 
electronegative Pt atoms in PtAg NPs, see Table 6.5. Surface Pt atoms in Pt-
Ag NPs are negatively charged and surface Ag atoms bear positive charges 
up to 0.15 e. These modified charge states of the atoms suggest their 
noticeably different reactivity compared to the corresponding sites of bare Pt 
and Ag NPs.  

Equilibrium chemical orderings and electronic properties of PtCu NPs 
are quite different from those of the aforementioned PtAu and PtAg NPs. 
Firstly, the TOP equation term show that Cu atoms are less stable in all 

Table 6.5 Average Bader charges, in e, on atoms with coordination numbers 6, 7, 8, 9, 12 in 
Pt70X70, Pt151X50, Pt101X100, and Pt51X150 (X = Au, Ag, Cu) NPs with the lowest ETOP energy. 
The charges in the monometallic Pt201 and X201 NPs are also shown for comparison. 

Particle   Pt      X   

 6 7 8 9 12  6 7 8 9 12 

Pt70Au70 - - - -0.02 0.05  -0.05 -0.02  0.02 - 
Pt151Au50 -0.09 -0.07 -0.08 -0.02 0.02  -0.05 -0.03 - - - 

Pt101Au100 - - -0.09 -0.04 0.03  -0.05 -0.03 0.01 0.02 - 

Pt51Au150 - - - - 0.01  -0.06 -0.03 -0.01 0.01 0.06 

Pt70Ag70    -0.17 -0.04  0.05 0.10  0.10 - 
Pt151Ag50 -0.13 -0.13 -0.24 -0.11 0.02  0.12 0.15 - - - 

Pt101Ag100 - - -0.30 -0.16 -0.05  0.05 0.08 0.13 0.09 - 

Pt51Ag150 - - - - -0.11  -0.02 0.01 0.04 0.04 0.12 

Pt70Cu70 - -0.25  -0.23 -0.33  0.18 0.27  - 0.30 

Pt151Cu50 -0.14 -0.11 -0.08 -0.07 -0.23  - - - - 0.37 

Pt101Cu100 - -0.29 -0.12 -0.27 -0.39  0.27 0.22 - 0.32 0.31 
Pt51Cu150 - - -0.57 -0.46 -0.60  0.11 0.15 - 0.19 0.19 

Pt201 -0.09 -0.06 -0.03 -0.01 0.07       
Au201       -0.07 -0.04 -0.02 -0.01 0.04 

Ag201       -0.04 -0.03 0.01 -0.01 0.03 
Cu201       -0.05 -0.02 0.02 -0.01 0.03 

 

Particle   Pt      X   

 6 7 8 9 12  6 7 8 9 12 

Pt70Au70 - - - -0.02 0.05  -0.05 -0.02  0.02 - 
Pt151Au50 -0.09 -0.07 -0.08 -0.02 0.02  -0.05 -0.03 - - - 

Pt101Au100 - - -0.09 -0.04 0.03  -0.05 -0.03 0.01 0.02 - 

Pt51Au150 - - - - 0.01  -0.06 -0.03 -0.01 0.01 0.06 

Pt70Ag70    -0.17 -0.04  0.05 0.10  0.10 - 
Pt151Ag50 -0.13 -0.13 -0.24 -0.11 0.02  0.12 0.15 - - - 

Pt101Ag100 - - -0.30 -0.16 -0.05  0.05 0.08 0.13 0.09 - 

Pt51Ag150 - - - - -0.11  -0.02 0.01 0.04 0.04 0.12 

Pt70Cu70 - -0.25  -0.23 -0.33  0.18 0.27  - 0.30 

Pt151Cu50 -0.14 -0.11 -0.08 -0.07 -0.23  - - - - 0.37 

Pt101Cu100 - -0.29 -0.12 -0.27 -0.39  0.27 0.22 - 0.32 0.31 
Pt51Cu150 - - -0.57 -0.46 -0.60  0.11 0.15 - 0.19 0.19 

Pt201 -0.09 -0.06 -0.03 -0.01 0.07       
Au201       -0.07 -0.04 -0.02 -0.01 0.04 

Ag201       -0.04 -0.03 0.01 -0.01 0.03 
Cu201       -0.05 -0.02 0.02 -0.01 0.03 
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surface positions than Pt atoms. Although the surface energy of Cu (0.77 
eV/atom) is smaller than that of Pt (1.03 eV/atom), the notably smaller size 
of Cu atoms leads to reverting their surface segregation expected from the 
surface energies to decrease the structural stress. Particularly, surface Cu 
atoms in 201-atomic NPs of different Pt:Cu compositions are more 
destabilized in facet positions, followed by edge and corner positions. In fact, 
the corner position becomes favourable by 27 meV in the smaller Pt70Cu70 
NPs. One more notable difference of the Pt-Cu system with respect to PtAu 
and PtAg ones is that the heterometallic Pt-Cu bonds are characterized by 
negative energy terms in the TOP equations reflecting favourable mixing of 
Pt and Cu atoms. Regarding the charge distribution, PtCu NPs feature the 
highest electron density accumulated on Pt atoms, up to ca. -0.6 e per Pt atom 
depending on the NP size and Pt content. The notable negative charges on Pt 
atoms bound to Cu atoms acquiring positive charges up to 0.3 e are expected 
to significantly change the reactivity of both Pt and Cu surface sites. 

 

 

Figure 6.12 Chemical orderings of ca. 1.4 nm large 140-
atomic truncated-octahedral fcc nanoparticles Pt70Au70, 
Pt70Ag70, and Pt70Cu70 with the lowest DFT energies. 
Particles images are split in two parts for better 
visualization.  Pt – blue, Au – yellow, Ag – gray, Cu – red-
brown. 

 
 

Besides the indicator εÜÝÞßàá�æ , the miscibility of Pt and X atoms has been 
characterized by the excess energies Eexc, see Figure 6.14. The energies for 
PtAu NPs range from -38 to -65 meV and for PtAg NPs from -58 to -90 meV 
depending on the concentration. For PtCu NPs the excess energies are 
notably more negative, from -127 to -163 meV, in line with the observed 
miscibility of the Pt and Cu components in the bulk and the propensity of the 
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formation of heteroatomic bonds indicated by the corresponding energy term 
in the TOP equations. For all 201-atomic PtX NPs the excess energy curve 
reaches minimum close to the 1:1 compositions, with the values very similar 
to those of the corresponding smaller Pt70X70 NPs. 

Figure 6.13 Chemical orderings of 1.7–1.8 nm large 201-atomic truncated-octahedral fcc 
nanoparticles of the compositions Pt:X (X = Au, Ag, Cu): 1:3 – Pt51X150, 1:1 – Pt101X100, 3:1 – 
Pt151X50 with the lowest DFT energies. Particles images are split in two parts for better 
visualization. Colors of atoms as in Figure 6.2. 

 
 
 
 
 
 

 
 
 

Figure 6.14 DFT excess energies Eexc per atom (see Eq. 2) circles – of Pt201-nXn (X = Au, Ag, 
Cu; n = 50, 100, 150) nanoparticles and squares – of Pt70X70 nanoparticles. PtAu – yellow, 
PtAg – gray, PtCu – orange. 

 



Chemical Ordering of Bimetallic Nanoparticles 

 125 

 
ii) Regarding the comparison between Pd-X and Pt-X systems:  

In the case of X = Au and Ag the main difference from Pt is that Pd becomes 
slightly miscible with X. The preference of Au and Ag to be located on the 
surface of nanoalloys with Pd follows the same trend with the coordination 
number; stabilization of the surface site increases with decreasing its 
coordination number. For both PtCu and PdCu NPs the formation of 
heterometallic bonds is favorable. Also, the surface occupation propensity 
follows the same order for both systems, Cu is more destabilized in the surface 
positions with larger coordination numbers. 
iii) Regarding the performance of the TOP method:  

The employed method for pre-screening different homotops and their DFT 
energies relies on a simple equation based on the topology to reach the lowest-
energy chemical ordering. The strength of this method is its simplicity 
sufficient to describe the topology trends and clear physical meaning of its 
parameters. The price for that are simplifications such as: accounting only for 
interactions between the nearest-neighbour pairs of atoms and assuming all 
bond types to be equal; describing positions of atoms in the NP lattice solely 
by the coordination numbers, distinguishing between surface atoms with 
different coordination numbers but treating all inner atoms of each metal 
type as equivalent; grouping homotops in so-called topologies of the same 

𝑁ÜÝÞßàá�æ . 𝑁çÝèÞéèæ . 𝑁éßúéæ . 𝑁ûâçéåæ  numbers in TOP equation, and assuming that an 
arbitrarily chosen homotop of a given topology represents reasonably well the 
DFT energy and the chemical ordering of all other homotops of the same 
topology. 

To evaluate some of these simplifications ≥10 random homotops of Pt-
Au and PtCu systems with the same 𝑁ÜÝÞßàá�æ . 𝑁çÝèÞéèæ . 𝑁éßúéæ . 𝑁ûâçéåæ  numbers 
were generated and optimized with DFT. The spread in DFT energy is the 
magnitude of error of assuming that two homotops with same N parameters 
have the same energy by TOP method. The biggest spread for both systems 
was 1568 meV found for the lowest-energy Pt70Cu70 homotop, similar to that 
calculated for Pt70Au70. Analysing these spreads, we observed that not all 
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atoms of one type (Pt-Pt, Pt-X, or X-X bonds) are equivalent, i.e. that the 
energy of bonds formed by Pt or X atoms to each of their first neighbours is 
partially dependent on the identity (and quantity) of the rest of first 
neighbours. In fact, certain structural motifs (such as {111} facets solely 
composed of Au) seem to become stable for some compositions due to elusive 
long-range interactions. But these long-range interactions are neglected in 
the present topological description. In a nutshell, irrespective of possible 
inaccuracies of the used TOP approach based on the DFT structure 
optimization, the equilibrium chemical orderings in bimetallic nanoalloys 
provided by this approach approximate reasonably well the orderings 
obtained with the employed DFT exchange-correlation functional. An 
important point is that the calculated atomic-level data are much more 
detailed than those currently accessible experimentally and are very useful 
for rationalizing surface reactivity of bimetallic catalysts and related 
applications. 
iv) Chemical ordering of larger Pt-X NPs and temperature effects:  

The energy terms of the TOP equations for 140 and 201 atomic NPs are used 
to determine the chemical ordering of 1463 atomic NPs. In the case of 
Pt732Au731 and Pt732Ag731 similar core@shell Pt@Ag and Pt@Au orderings are 
obtained independently of the energy terms set employed, see Figure 6.15. 
For Pt732Cu731, the number of surface Cu atoms obtained when using the 
energy terms for 201 atomic NPs is more than twice larger than the obtained 
with the energy terms for 140 atomic NPs.  

By increasing the temperature, several Pt atoms appeared at the 
surface of Pt732Au731 and Pt732Ag731 NPs and some Au and Ag atoms migrated 
to the core. In addition, the number of both Pt-Au and Pt-Ag bonds increased 
at higher temperature. In Pt732Cu731 NP, Cu atoms migrate upon the 
temperature increase from corner and edge positions most populated at 0 K 
primarily to surface terrace positions. In this case, the number of Pt-Cu bonds 
slightly decreased at higher temperatures, from 58% at 0 K to 54% at 1000 
K.  
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Figure 6.15 Equilibrium chemical orderings of ca. 4.4 nm large truncated-octahedral fcc 
Pt732Au731, Pt732Ag731, and Pt732Cu731 nanoparticles at 0K with the lowest TOP energies 
calculated using TOP equation for Pt70X70 particles (Pt732X731(140), left column) and Pt101X100 
(particles Pt732X731(201), right column). Colors of atoms are as in Figure 6.12. 

Conclusions The study outlined in this Section can be summarized as 
follows:  

• The energy terms in the TOP equations for Pt70X70 and Pt101X100 NPs 

are very similar justifying that the equations are applicable for 
determining the chemical ordering of much larger bimetallic PtX 
particles. 

• Au and Ag atoms in Pt-Au and Pt-Ag NPs are strongly energetically 
favored to be exposed on the surface, whereas Pt atoms preferentially 
occupy inner positions. This results in the core@shell chemical 
orderings Pt@Au and Pt@Ag. Charge distribution in PtAu NPs shows 
essentially neutral character of atoms. Pt and Ag atoms in PtAg 
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nanoparticles are moderately charged negatively and positively, 
respectively, suggesting noticeably different reactivity of surface Pt 
sites on PtAg NPs compared to purely Pt NPs. 

• PtCu NPs exhibit the preference of Pt atoms at surface sites with 
higher coordination number, with terrace {111} positions being the 
most stable. In this case, the formation of heterometallic bonds is 
favorable. Surface Pt atoms in PtCu NPs withdraw very significant 
electron density, up to -0.5 e in terms of the Bader atomic charge, from 
less electronegative nearby Cu atoms. 

• Pd-based nanoalloys with Au and Ag differ from the Pt-based ones by 
forming slightly destabilizing heterometallic bonds favoring mixing. 
PtCu and PdCu NPs exhibit similar lowest-energy chemical orderings, 
reflecting that their stability is driven by the stabilizing heterometallic 
bonds. 

• Independently of the terms of the topological energy equation 
employed, for 140- or 201-atom NPs, a similar chemical ordering is 
predicted in Pt732Au731 and Pt732Ag731 NPs. However, Pt and Cu atoms 
in Pt732Cu731 NP are arranged somewhat differently in the lowest-
energy Pt732Cu731(140) and Pt732Cu731(201) homotops. All studied 
bimetallic NPs show more disorder upon temperature increase. 
Notably, heating leads to appearance of (mainly) single-atom surface 
Pt sites on facets of Pt732Au731 and Pt732Ag731 NPs and enriches 
concentration of surface Cu atoms on facets of Pt732Cu731 particle. 
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Chapter 7. Nanostructuring Determines 
Poisoning: Tailoring CO Adsorption on PtCu 
Bimetallic Nanoparticles 

7.1 SUMMARY 

Introduction In the last project of Bimetallic Results, the focus is not 
the chemical ordering of the bimetallic NPs itself, but the chemical activity of 
different NP sites, in particular for the CO molecule on the PtCu system. Fuel 
cells are an efficient way to transform chemical energy to electricity with low 
pollutant emissions.87 During the last decades, polymer electrolyte 
membrane (PEM) fuel cells have been one of the most promising fuel cells 
technologies because of their sustainable zero carbon emission, their high 
energy conversion, and acceptable durability. Nevertheless, they are 
expensive and some improvements to reduce their cost are needed. Pt is the 
most suitable catalyst for PEM fuel cells due to its role in rapid oxidation and 
reduction reactions, stability, and its high activity towards H2 dissociation. 
However, the main problem is that Pt is quite expensive given its scarcity. 
Moreover, the trace CO found in H2 gas binds strongly onto Pt surfaces, 
diminishing H2 dissociation activity. This phenomenon is known as CO 
poisoning. 

Thus, a possible solution for such limitations is the use of core@shell 
M@Pt nanoparticles, in which Pt is located at the surface and M at the core. 
M is a sacrificial cheaper metal which maximizes the surface area to mass 
ratio when creating small nanoparticles. This solution implies that the 
electronic properties will be modified by the presence of the M metal.88 Since 
the electronic properties change depending on which M is used, the H2 
dissociation activity and CO poisoning of the catalyst can be modified, looking 
for a perfect case with weaker CO binding and similar or higher H2 
dissociation activity. There are some previous studies using different 
sacrificial and cheaper transition metal cores.89–100 For example, Kristian et 

al.92 synthetized Co@Pt core@shell NPs from Co NPs. The surface atoms of 
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Co were oxidized and replaced by Pt atoms by the reduction of PtCl42-. They 
found that pH had a key role in the activity and morphology of the NPs.  

From all, still, one of the most promising metals is Cu, being the most 
common metal for many industrial applications. Its electrodeposition is quite 
well known, usually using carbon supports. Cu@Pt core@shell NPs can be 
obtained from Cu NPs by galvanic exchange with Pt, using the same 
synthesis method described before for Co@Pt. Adzic and co-workers made this 
method popular for the synthesis of a Pt-monolayer catalyst for the oxygen 
reduction reaction.101–103 Apart from that, the electronic effect caused by the 
presence of a Cu core induces a reduction of CO poisoning. Recently, single 
atom alloys (SAA) have been introduced as very good selective catalysts and 
a more economical way to reduce typical active metals like Pt, Pd, and Rh, 
since only a few single atoms of the active metal are alloyed in the surface of 
a more inert host metal. In the case of SAA PtCu catalyst, it has been shown 
that it is more tolerant to CO poisoning.104  

For all the previous reasons, Cu@Pt core@shell NPs supported on 
carbon (Cu@Pt/C) were synthetized by the electrochemical deposition of Cu 
and galvanic exchange of Pt, to be compared with commercial Cu@Pt/C and 
Pt nanoparticles also supported on carbon (Pt/C). Note that three different 
Cu deposition methodologies were used to obtain three different samples of 
Cu@Pt core@shell NPs. Surprisingly, for one of the Cu@Pt NPs, CO binding 
is stronger than in the pure Pt NPs. A deep examination of CO adsorption is 
carried out through the performance of DFT optimizations on proper models. 
We found out that different defects present in Cu@Pt core@shell NPs feature 
stronger CO binding than the equivalent situations in Pt NPs. Concretely, 
those defects are i) a Pt adatom at the surface, ii) a single atom of Pt 
surrounded by surface Cu and subsurface Pt, and iii) a three-Pt-atom vacancy 
at the (111) facet. The average diameter of the synthetized NPs is of around 
1.5 nm, being a smaller NP size than the ones featured in previous studies. 
Consequently, we think that the synthesis procedure of the Cu@Pt core@shell 
NPs could have a critical role on CO poisoning. 
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The author carried out all the computational part of the project, the 
adsorptions at different sites, the chemical ordering analysis, and the charge 
analysis. Furthermore, the author participated actively in the redaction of 
the manuscript and presentation of the results. The manuscript is included 
end of this summary. Further supporting data is found Appendix F. 

 
Results Experimentally, the most important result is that one of three 
synthetized samples of NPs of 1.5 nm and a ratio of Pt:Cu of 60:40 with a 
core@shell structure of Cu@Pt, featured a peak of potential shifted by ~50 mV 
to more positive potentials for the CO oxidation peak compared to Pt/C. Thus, 
implying a stronger CO adsorption with respect to Pt. This result shows a 
different CO resistance behaviour than the one found for the other 
synthetized Cu@Pt samples and the one reported by previous studies.105–109 

To gain a deeper understanding of this unexpected result, we carried 
out a systematic DFT study of CO adsorptions on realistic NP models. 201-
atomic NPs, ~1.5 nm size comparable with the experimental samples, are 
modelled with a truncated octahedron shape following the Wulff construction. 
Pt201 (model 1) is employed as a reference to compare the results. Different 
models were created to understand the experiments. The ones where we focus 
the following discussion are: i) Cu@Pt core@shell NP, Cu79@Pt122 (model 3), 
ii) NPs with single surface Pt atoms surrounded by surface Cu neighbours 
(model 6), iii) NPs with single surface Pt atoms surrounded by surface and 
subsurface Cu neighbours (model 7), iv) models derived from the latter by 
removal of the surface Cu atoms and subsequent local optimization of the 
structure (model 8). For completeness, other models with surface defects, 
adatoms and vacancies, created on the immaculate Cu79@Pt122 model are 
studied and compared with the equivalent defects on Pt201. These other NP 
models are included at the Supporting Information, see Appendix F. 

CO adsorption was studied on different possible sites of the NP models 
(see Appendix F). To evaluate the CO binding strength the adsorption energy 
was calculated using, 



PART III. RESULTS OF BIMETALLIC SYSTEMS 

 146 

 𝐸�'P = 𝐸ÕÔ/<} − 𝐸<} − 𝐸ÕÔ (7.1) 

where 𝐸ÕÔ is the energy of the optimized CO, 𝐸<} the energy of the 
optimized bare NP and the 𝐸ÕÔ/<} the energy of the optimized NP with the 

CO adsorbed. 
The relevant models to compare with model 1, are model 3, as the ideal 

modelling of the experimental samples, and model 6, 7 and 8, because some 
sites show stronger CO binding, see Figure 7.1. One can observe that model 
3 features weaker CO adsorption than model 1 on all the studied sites by 0.35-
0.91 eV. This is in agreement with two prepared experimental samples and 
the literature, where the Cu→Pt charge transfer and lowering of the d-band 
centre may cause weaker CO adsorption.110,111 Furthermore, isolated Pt 
atoms (surrounded by Cu) can lead to stronger CO binding than pure Pt NP. 
Indeed, model 6 still features weaker CO adsorption energies than model 1 
but they are 0.21 eV stronger with respect to model 3. However, in the (001) 
terrace, CO adsorption is stronger than at the equivalent site of model 1. This 
effect is aggravated by the presence of subsurface Pt. Model 7 shows stronger 
CO adsorption energies than those of model 1 for all the different studied 
sites, in the site C case up to 0.44 eV. Besides this, when surface Cu atoms 
are removed because of Cu oxidation and dissolution after several cycles of 
CO stripping, model 8 is obtained. The resulting relaxed structure of model 8 
becomes distorted featuring highly undercoordinated Pt atoms. The 
undercoordinated Pt atoms feature similar adsorption energies to model 1. 
However, at some of the studied sites, it features a strengthened CO 
adsorption, for example at site C and D, and in other sites a weakened CO 
adsorption as in site F.  

Since defects, such as the vacancies of surface Cu, can lead to a stronger 
CO poisoning effect, we explored CO adsorption on a Pt adatom and Pt 
vacancies on (001) and (111) facets, see on Table 7.1. The same sites are 
modelled on a pure Pt NP for comparison. The cases of a Pt adatom on (111) 
facets and vacancies of one and three missing Pt atoms in (111) facets, 
strengthen CO adsorption by 0.28, 1.01 and 1.23 eV, respectively. The last 
case leads to a surface reconstruction that generates more active (111) facets  
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Figure 7.1 Differences in CO adsorption energies, DEads, on PtCu NPs with respect to 
reference Pt201 NP, calculated for all topologically different top sites, see Section S2 of the 
Appendix F. From top to bottom, perfect Cu@Pt core@shell NP —model 3, see Section S1 
Appendix F— with a surface Pt atom fully coordinated to Cu atoms —model 6—, with a 
surface Pt atom coordinated to surface Cu atoms —model 7— and model 8 resulting from 
removal of five surface Cu atoms from model 7 and subsequent optimization. For a 
comprehension of the model notation, we refer to SI of the Manuscript, appended at the end 
of the Thesis.  

and sites. Indeed, CO adsorption on two sites of the Cu@Pt NP —the Pt 
adatom and the three-Pt atom (Pt3) vacancy on the (111) facet— is stronger 
than on the most stable regular site of the Pt201 NP. 

 To have a better understanding of those cases than feature stronger 
CO adsorption, Bader charge analysis and charge density difference (CDD) 
plots were analysed. Briefly, the stronger CO bonding is mainly due to the 
more negative charge of the surface Pt atoms when it is superficially Cu-
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surrounded compared to a pure Pt NP case. Such accentuated negatively 

charged site favours the attraction to it from the Cδ+ CO atom. Apart from the 
Bader analysis, CDD plots reveal a donation/back-donation mechanism. The 
aforementioned excess charge is back-donated from Pt 5d states to the 2𝜋* 
CO orbital, contributing to a stronger binding. This electronic rearrangement 
is a common feature observed on Pt3 vacancies and Pt adatoms attaching CO 
stronger to PtCu NPs than to the pure Pt one. 

Table 7.1 CO adsorption energies, Eads, calculated on a Pt adatom or Ptn vacancies defects in 
core@shell Cu79@Pt12, as well as on reference Pt201 model NPs. Values are given in eV. 

Facet Site Cu79@Pt122 Pt201 

(001) Pt adatom -1.96 -1.95 
 Pt vacancy -1.88 -2.02 

(111) Pt adatom -2.53 -2.25 
 Pt1 vacancy -1.70 -0.69 
 Pt3 vacancy -2.43 -1.21 
 Pt7 vacancy -0.73 -1.69 

 
Conclusions To conclude this section, the main ideas are: 

• That the synthesis method of PtCu NPs defines the NP size and structure, 
while modifying the CO adsorption strength. Well-shaped particles larger 
than 2 nm with low Cu content are more resilient towards CO poisoning. 

• Single Pt atoms surrounded by surface Cu ones or under-coordinated Pt 
atoms, Pt adatoms, and few-atom Pt vacancies in Cu@Pt NPs, may even 
strengthen the CO binding, implying more CO poisoning. This particular 
cases could be more frequent for core@shell Cu@Pt NPs of ca. 1.5 nm with 
a relatively low Pt:Cu content of ~60:40, where the presence of such 
defects may become more visible, i.e. less hidden by the presence of other 
more regular sites. 
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PART IV. CONCLUSIONS 

Partial conclusions resulting from each study have been already provided in 
the end of the corresponding Chapters. These are the general conclusions 
related to the objectives formulated in the Chapter 1 Overview of the Thesis: 
• Performance assessment of LDA, GGA and meta-GGA xc functionals 

VWN, PBE, PBEsol, RPBE and TPSS, to describe surface properties of 
transition metals such as the surface energy, work function and interlayer 
distance revealed that PBEsol is the most accurate functional. 
Considering also the previously examined bulk properties38,39 such as 
cohesive energy, bulk modulus, and minimum interatomic distance, PBE 
functional resulted to be the best overall xc functional under scrutiny in 
describing general properties of transition metals. 

• Evaluation for VWN, PBE and TPSS functionals showed that the d-band 
centre is a more robust surface electronic descriptor than other descriptors 
such as the width-corrected d-band centre and the maximum peak of the 
imaginary part of Hilbert transformation of the d-projected DOS. 
Although this is consistent with the previous finding for bulk electronic 
descriptors,40 the transferability between different functionals of bulk 
descriptors is better than surface ones. 

• Analysis of the performance of PBE and PBEsol functionals opened a 
possibility of improving functionals by modifying their exchange (µ) and 

correlation (b) parameters. Scanning the 2-dimensional µ/b error surface 
between PBE and PBEsol resulted in the functional called VV with 𝜇 =
0.2099	and 𝛽 = 0.0667. Restoring the LSD approximation not fulfilled in 
the PBEsol functional resulted in the functional called VVsol. The new 
functionals allowed improving the description of bulk and surface 
properties of transition metals by 5-8% and 6-10%, respectively, over PBE 
and PBEsol functionals, which exceeds the improvement for surface 
properties exhibited by PBEsol functional compared to PBE one. 
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• For monometallic bare Pd nanoparticles icosahedral shape is found to be 
more stable than other shapes of Pd nanoparticles up to ca. 4 nm size and 
ca. 1500 atoms. Truncated octahedron shape becomes the most stable at 
larger sizes of Pd nanoparticles, but with exposure of {001} facets which 
are larger than expected from the Wulff construction approach. The 
cohesive energy of Pd nanoparticles of different sizes and shapes is found 
to be quantitatively described employing the proportion of atoms with 
different coordination numbers. However, considering such geometric 
features as number of corners, length of edges, area of facets and volume 
of the nanoparticles allows only for a qualitative estimate of the cohesive 
energy.  

• Chemical orderings of bimetallic nanoparticles containing combinations of 
different metals PdRh, PtNi, PtAg, PtAu and PtCu were determined using 
a combination of DFT calculations with the Topological method. Pd atoms 
in PdRh nanoparticles are found to prefer locations in the outer surface 
shell and to avoid mixing with Rh atoms. This results in a trend of forming 
core@shell Rh@Pd ordering. Similar orderings are obtained for PtAg and 
PtAu particles, with Ag and Au atoms occupying surface positions. In PtNi 
particles, Pt atoms are those preferring surface location and stabilizing 
Pt-Ni bonds favoring mixing, enabling the appearance of surface Ni atoms 
even when enough Pt atoms to complete the skin layer are present. 
Similarly, Pt atoms are more stable on the surface of PtCu nanoparticles, 
preferring terrace {111} positions. For all studied combinations of metals, 
the Topological equations fitted on DFT data for nanoparticles with up to 
ca. 200 atoms are used to predict the chemical ordering of particles too 
large be treated at DFT level. For the latter particles temperature effects 
on their ordering patterns were simulated, revealing, as expected, 
disordering of core@shell patterns stable at 0 K and appearance of inner 
atoms on the surface. Based on adsorption energies of molecules and 
atoms commonly present in the reactive environment calculated on the 
(111)-surface of each metal forming the binary nanoalloy modifications in 
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the chemical ordering were predicted due to resurfacing of the metal, 
which more strongly binds the species from the environment. 

• The Topological method enables predicting the most energetically stable 
trends of chemical ordering of bimetallic nanoparticles in a simple way 
and rationalizing, which interactions trigger the predicted ordering. One 
of the simplifications is considering solely the first-neighbour interactions 
of atoms and not differentiating between atoms from different surface 
terminations.  Therefore, many homotops belonging to the same topology 
are assigned the same energy in the Topological equations, neglecting the 
actual energy splitting for this group of the homotops. Also, focusing of the 
present formulation of the Topological method on the description of the 
surface as most important part of systems for catalytic applications results 
in that subsurface atoms are not distinguished from the more inner atoms. 
These limitations of the method were analysed in view of not capturing by 
it some exotic ordering arrangements of bimetallic nanoparticles (see 
Appendix H) and in order to evaluate energy inaccuracies in the 
description of individual homotops. 

• Depending on the method used for synthesizing Cu@Pt nanoparticles, 
some sites featuring stronger CO binding than the homologous pure Pt 
sites could be exposed, resulting in enhanced CO poisoning compared to 
purely Pt nanoparticles. Based on DFT calculations of a series of dedicated 
models these sites stronger binding CO molecules are found to be: i) single 
Pt atoms surrounded by surface Cu ones, ii) under-coordinated Pt adatoms 
and iii) few-atom Pt vacancies in Cu@Pt nanoparticles. 
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H. Inner ordered phase L11 of PtAg 
Nanoparticles 

Using ETOP method the structure of the Ag158Pt43 nanoparticle (NP) with the 
inner L11 ordered phase, which is the most stable homotop,112 is not found, 
see Figure G.1.113 The inner L11 layered structure is more stable than the 
core@shell one by 1.6 eV. 

 

Figure G.1 Structures of core shell (obtained by ETOP) and layered core Ag158Pt43. Pt 
and Ag atoms are shown in cyan and pink spheres respectively.  

To solve this, the layer descriptor, 𝜀`bý�Ö, was included in order to catch 
the inner ordered phase. It multiplies the term 𝑁`bý�Ö, which is calculated as 

𝑁`bý�Ö = ∑ þ𝑛¼b − 𝑛¼~þ`bý�ÖH , where 𝑛¼band 𝑛¼~ are the numbers of atoms A and 

atoms B, respectively, in layer j of a NP and the sum is taken over all layers. 
|𝑛¼b − 𝑛¼~| is maximal for layers composed entirely of atoms A or B and is close 

to zero for layers composed of both atoms in equal proportions.36 But, it does 
not work because the layer descriptor considers all the layers of the 
nanoparticle and not only the inner ones. Thus, we modified the MC program 
to count only the inner atoms for the layers descriptor. However, the inner 
L11 layered structure was not obtained because the negative heteroatomic 

bonds descriptor, 𝜀~Ô<a
}A�bÃ, that leads to the layered inner core, is causing the 

presence of Pt atoms at shell. Then, the last modification to the program in 
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order to fix the problem was to freeze the shell of Ag atoms and let only core 

atoms move. A kind of inner L11 layered structure was obtained (𝑁𝐵𝑂𝑁𝐷
𝑃𝑡−𝐴𝑔= 354, 

𝑁`bý�Ö= 35) but not a complete one (𝑁𝐵𝑂𝑁𝐷
𝑃𝑡−𝐴𝑔= 336, 𝑁`bý�Ö= 79), see Figure G.2.  

 

Figure G.2 Minimum structure obtained by ETOP using the descriptors in top Table. 
Pt and Ag atoms are shown in cyan and pink spheres respectively. 
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