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Abstract 

Novel design of Pt-M alloy catalysts for a Polymer Electrolyte Fuel Cell (PEMFC) developed 

over the last decade has substantially not only saved the materials cost but also enhanced 

oxygen reduction reaction activity. Currently, one of the most challenging issues is how to 

empower the nanocatalysts electrochemical stability for a wide commercialization of PEMFC 

as long-term power sources of transportation vehicles. Using first principles and multi-scale 

computations this thesis investigates the underlying mechanism of the electrochemical 

degradation of Pt-Co alloy nanocatalysts. The objectives of the thesis are to identify atomic 

level descriptors of the mechanism and to figure out novel ways to increase the 

electrochemical durability. To achieve the goals we setup model systems of Pt-Co 

nanoparticles as function of Co composition and the size of the particle. And then, Monte 

Carlo simulations combined with the cluster variation method will provide 

thermodynamically the most stable configuration of Pt-Co alloy catalysts for any given 

temperature and alloy composition as well as a chemical potential of oxygen atom. To 

estimate the electrochemical stability we calculated the dissolution potentials of the particles 

characterized by the computations. Our results indicate that a “Core-Shell” structure (Pt at 
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shell and Co at around inner core) is stable under vacuum condition. The interactive two step 

phenomenon controls the electrochemical durability of a Pt-Co alloy nanoparticle which 

quickly declines as particle size increases: A surface segregation of Co atoms driven by 

adsorbed oxygen and then successive electrochemical dissolution of the segregated Co atoms 

into acidic electrolyte. Our results indicate that underlying mechanism of Pt-Co alloy 

degradation is a subtle competition between surface energy (destabilizing) and cohesive 

energy (stabilizing) with varying particle size and thermodynamic variables.   
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Chapter 1 

Introduction 

1.1 Introduction to PEM fuel cells 

Harvesting fossil fuel based energies has driven the industrial revolution and human 

civilization ever since 18 centuries. Current humankinds, however, are faced with serious 

problems mainly caused by the fossil fuel consumption: environmental pollution and 

exhaustion of the resources. Fossil fuels are the major sources of the greenhouse gases such 

as carbon dioxide (CO2), sulfur oxide (SOx), and nitrogen oxide (NOx) which leading to 

global warming1. On top of it, spatially localized and limited amount of total reservoir 

strongly push to develop alternative forms of clean renewable energies2.  

Fuel cells which convert chemical energies in fuels into electricity by a direct electrochemical 

reaction are one of the best systems harvesting such renewable energy sources with high 

efficiency and clean nature in producing electricity.3,4 According to electrolytes employed 

and operating temperature a variety of fuel cell types are available as shown Table 15. A 

Proton Exchange Membrane Fuel Cell (PEMFCs) is known to be the most efficient in 

currently available systems, expected possibly to replace conventional fossil fuel based power 

sources of transportation vehicles. Figure 1.1 illustrates operating principles of PEMFCs. 

Using hydrogen and oxygen as fuels PEMFCs generate electric energies by electrochemical 

reactions as shown Eq (1), (2) and (3) 5. 
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Anode (oxidation reaction) : 2H2  →  4H+ + 4e-
                      (1)  

Cathode (reduction reaction): O2  +  4H+  +  4e-  →  2H2O   (2) 

Overall reaction:  2H2  +   O2  →  2H2O  (E = 1.23V vs. SHE)   (3) 

Here, E means the electrochemical potential being in thermodynamically equilibrated with 

aqueous solution at 25℃, 1 atm. A PEMFC system consists of three major parts: two 

electrodes (anode, cathode) and membrane. In the anode, H2 is electrochemically oxidized 

into proton (H+) and electrons by an electrocatalyst. While electrons go around an external 

circuit protons diffuse into cathode side through the membrane. Oxygen gas reduces into O2- 

by electrocatalysts which then electrochemically reacts with the protons transported from the 

anode to produce electricity and H2O with a small amount of heat. Typically the energy 

convergence efficiency of a PEMFC amounts to 80 % if the heat is used for the system.  

In spite of these merits, several scientific/technical challenges hinders a further progress of 

PEMFCs development a wide-scale commercialization; high materials cost, low oxygen 

reduction reaction (ORR) efficiency, and weak electrochemical stability.  

Since these problems are mostly caused by Pt-based catalyst materials, concentrated 

experimental and theoretical research have been focused to develop nano-scale catalysts. 

Indeed, several successful cases were reported that Pt-M binary alloy nanoparticles (M: 3d 

transition metals, Co, Ni, Fe etc.) showed higher ORR activities than bulk Pt with reduced Pt 

loading.6,7.  
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Recently, it was argued that the durability of nano-scale particles are seriously damaged if 

exposed to acidic media at much lower potentials than that of bulk Pt8-10. Although several 

mechanisms are proposed for the catalyst degradation, atomistic level agreements are missing. 

This thesis aims at addressing key parameters controlling the electrochemical stability to 

identify a novel method to design high functional alloy nanocatalysts. To accomplish these 

goals we try to provide consistent explanations for an interrelationship among nanoparticle 

morphologies, ORR activity and electrochemical stability using first principles Density 

Functional Theory (DFT) calculations on Pt-Co ally nanoparticles. We computed various 

model systems about 351 structures of Pt-Co nanoparticles with varying particle size and 

alloy compositions. With the established database we characterize key descriptors which 

enable us to understand the catalyst materials properties and eventually allow us to predict 

high functional design of nanocatalysts. The next sections review of importance literatures 

relevant to the thesis topics followed by stating thesis motivation in details.   
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Table 1: Major fuel cell types 

 
 
 
 
 
 

 
Figure 1.1 Schematic picture of proton exchange membrane fuel cell (PEMFC) 
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1.2 Literature review  

Nørskov attempted to analyze the electronic structures of pure transition metals to explain 

experimentally measured catalytic activities of pure transition metals. He proposed that it is 

the position of d-band center energy that controls the ORR activity11,12, and argued that there 

is an optimum values of the d-band center: Not too high (too strong binding with O2) and not 

to low (too weak binding energy with O2). With this key parameter (d-band center or O2 

binding energy) Nørskov nicely captured the catalytic activities of various catalysts in a 

single volcano curve as shown in Figure 1.2 8. It illustrates that Pt metal is located at almost 

the top of the volcano while Au adsorbs oxygen too weak (strong) to dissociate (desorb) O2. 

However, there are several elements, such as W or Mo, of which activity are not well 

described by d-band center theory.  

It is of importance to discover Pt-M alloy catalysts of bulk and nano-scale particles for saving 

expensive Pt materials and/or enhancing the ORR activity higher than pure Pt. Department of 

Energy (DOE) of United States of America requires to reduce the Pt loading less than half of 

current value 13 to make PEM fuel cells commercially viable as the power sources of electric 

vehicles. Figure 1.3 shows stack cost to make a 100 kW fuel Cell system13. It differentiates 

several system parts as a function of the cost; membrane, electrode, gas diffusion layer 

(GDL), bipolar plate, seal, balance of stack, and stack assembly. It indicates the cost of 

catalyst materials occupies the largest portion of total price (~35 %). It is because current 

loading of Pt is too high14 and expensive market price of Pt 15.  
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Over the last decade, Pt-M alloy catalysts have been intensively explored to achieve the 

target. Indeed theoretical and experimental studies showed that alloying several 3d transition 

metals (i.e., Co, Ni Cr, Fe etc.) with Pt can satisfy the target16,17. For example, Stamenkovic18 

found that ORR activity of bulk Pt3Ni(111) structures is 10 times higher than Pt (111) surface. 

The improved activity of Pt-3d metals has been explained using two ways: ligand effect or 

strain effect. Ligand effect focused on the changes in the electronic structure of d-band center 

of Pt metal19. For instance, the d-band center and density of state (DOS) of Pt in pure and Pt-

Co alloys are shown in Figure 1.4. The d-band of Pt becomes broadened (-1.47 eV) and 

shifted down from that of pure Pt metal (-1.20 eV) by which oxygen binding is weaker 

leading to higher ORR activity. On the other hand, strain effect20 describes the atomic lattice 

mismatch between Pt (3.92 Å) and Co (2.51 Å) 21. For example, alloying Co induces 

compressive strain causing d-band center to shift downward29. 

To summary, the theoretical description and experimental measurement on the between ORR 

activity and Pt-M alloy catalysts are well agreed each other but few exceptional cases. Thus, 

it is natural to develop nano-scale Pt-M alloy catalysts to improve high materials cost and 

ORR activity. According to recent reports, however, the electrochemical stabilities of Pt-M 

alloys of nanoparticles are seriously degraded under fuel cell operations in acidic 

electrolytes10,22. To secure long-term catalyst functionality understanding the electrochemical 

degradation mechanism which is still largely missing, is of importance to design durable 
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catalysts. Currently several mechanisms of the catalyst degradations are speculated: 

agglomeration of catalyst particles23, (electro-)chemical dissolution of catalyst atoms24, and 

carbon support corrosion25. The dissolution behaviors of Pt-3d metal are mostly in debate. 

Some studies reported that alloying 3d elements to Pt of nanoparticles affects Pt durability 

negatively22,24, while others insisted that 3d metal increases dissolution resistance18,26-28. This 

thesis tried to unveil the underlying mechanism of Pt-M alloy catalysts using ab-initio and 

multi-scale computational methodologies.   

 

 

 

Figure 1.2 ORR catalytic activity versus oxygen binding energy11 
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Figure 1.3 PEMFC Stack manufactured cost (2010), and the stack cost is $26/kW13 

 

 

 

Figure 1.4 d-band center of Pt in pure Pt (111) and Pt-Co alloy (111) surfaces 
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1.3 Objectives of thesis 

In this thesis, first principle computational and multi-scale studies are used to elucidate 

electrochemical dissolution mechanism in atomistic scale.  

(1) Using ab-initio and multi-scale computational thermodynamics we identify stable 

configuration of Pt-Co alloys as function of particle size and Co compositions, and 

temperature: in this step we investigate both the effect of vacuum and oxidation 

environment on the particle morphology 

(2) To estimates the electrochemical stability of the particles identified in the step (1) we 

calculate the dissolution potentials of Co atoms  

(3) Based on the results, we capture the key parameters controlling catalytic activity and 

durability of Pt-M alloy catalysts, from which we address novel way to design high 

functional nano-scale alloy catalysts for PEM fuel cells. 
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Chapter 2 

Computational methodologies 

2.1 First principles DFT calculations 

First-principles methodology directly solves the Schrödinger equations (Eq 4) without 

empirical parameters, using computers to predict the materials properties.  

ˆ i
t
¶

HY = Y
¶   

(4) 

Here, Ĥ is Hamiltonian operator which indicates the total energy of the system, and Y is 

the electron wave function. Although first-principles calculation is suitable for an accurate 

calculation of the ground state properties, it requires also considerable amounts of 

computational resources as the number of atoms increase because of complicated interactions 

between the ion core and electron as well as among electrons. Kohn and Sham developed the 

density functional theory (DFT) to solve Schrödinger equations with substantially low 

computational cost but keeping essentially the accuracy29. DFT methods reduce the variables 

of wave function from 3N to only 3 coordinates making it possible to deal with an amount of 

atoms. 

 

2. 2 Cluster expansion theory 

Moore insists that the computer performance is increased roughly two times every 18 

months30. In spite of the dramatic advances in computational architecture and soft 
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engineering, it is not still possible to calculate a system composed of more than 1000 atoms31 

through ab-initio method. 

More convenient way to handle with such large particle systems is using statistical average 

approach which can bridge between first principles DFT calculations and macroscopic Monte 

Carlo (MC) simulations or molecular dynamics32. Once developed, the approach so called 

“multi-scale computation” enables to obtain thermodynamic or kinetic observables without 

losing much of atomistic information. 

This thesis utilizes a cluster expansion (or variation) theory33 to combine first principles DFT 

calculation on Pt-Co alloys with Monte Carlo simulation and to identify thermodynamic 

materials properties as a function of Co-composition. Ab-initio method calculated total 

energy of alloy systems with Pt-Co clusters. Cluster expansion theory enables to capture the 

effective cluster interactions (ECIs) and MC to generate thermodynamically most stable 

structure as function of temperature or alloy compositions. 

Figure 2.1 illustrates the schematics of cluster expansion theory for O/Pt (111) slab system. 

The O/Pt (111) surface was simulated by a lattice model, where each of the point in available 

for oxygen atom or vacancy. This geometrical transformation is uniquely mapped out by 

occupation variables allocated to oxygen atom (+1) and vacancy (-1) using the occupation 

number. Correlation function s  is constructed, containing all of the atomistic information 

of the surface structures. 

Typically several structures with specific oxygen coverage are calculated in the ab-initio 

computation to obtain total energies, E, which are fit by cluster expansion formalism as 



 

 

12 

known in Eq (5), Where J  indicates the effective cluster interactions (ECIs) of each cluster. 

 
Figure 2.1 Configurations of clusters and correlations in an oxygen and vacancy model 

 
 

 
Figure 2.2 Schematic figure of effective cluster interactions obtained by sample 
structures and clusters 
 
 
 

1
{ , } { , , }

( ,..., ) ...n ij i j ijk i j j
i j i j k

E J J Ja a
a

s s s s s s s s= å + å + = å   (5) 
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Figure 2.2 suggest how ECIs energeis can be obtained by clusters and sample structures34. Eq 

(5) sizes are converted to a matrix equation (Eq 6) to calculate ECIs by inverting as shown in 

Eq (7). 

 

[ ] [ ][ ]E Js=  (6) 

1[ ] [ ] [ ]E Js - =   (7) 

 

Once the ECIs are known, thermodynamic free energies are easily obtained through Monte 

Carlo simulations. 

 
2.3 Monte Carlo simulation 

The number of thermodynamic configurations is increased rapidly with the number (N) of 

atoms in binary alloy systems. The mathematical description of these configurations is 

written in Eq (8). 

2NW =     (8)  

In this thesis, Monte Carlo simulations aided by cluster expansion theory employed 

Metropolis algorithm. The Metropolis algorithm is dependent on the equilibrium system 

which has probability proportional to the Boltzmann factor (Eq 9). 

/E TP e-µ                                 (9) 

We calculate Eq (9) by calculating possible transitions between configurations. 

For a binary system with A and B the occurrence of each configuration follows the 

Boltzmann distribution function. Then, 
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/
( )/

/

( )
( )

A
A B

B

E T
E E T

E T
P A e e
P B e

-
- -

-= =                      (10) 

Metropolis et al.35,36 noted that we can achieve the relative probability of Eq (10) in a 

simulation by proceeding as follows: 

1. Starting from a configuration A, with known energy EA, make a change in the 

configuration to obtain a new configuration B. 

2. Compute EB  

3. If EB < EA, assume the new configuration, because it has lower energy. 

4. If EB > EA, accept the new configuration with probability. This means that when the 

temperature is high, we don’t mind taking steps in the wrong direction, but as 

temperature is lowered, we are forced to settle into the lowest configuration. 

If we follow these rules, then we will sample points in the space of all possible configurations 

with probability proportional to the Boltzmann factor, consistent with the theory of 

equilibrium statistical mechanics. We can calculate average properties by integrating them.  

.  

2.4. Model Systems 
 

2.4.1. Bulk Pt-Co alloys 

To identify the most stable crystal structures of Pt-Co bulk alloys, we considered L12, L13, L10 

and L11 structures which are typically known as binary alloy structures. Figure 2.3 shows the 

various binary alloy structures.  
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Figure 2.3 Binary alloy structures which consist of A and B atoms. Pt-Co alloy can be 
alloyed as various structures such as L12, L13, L10, and L11 

 

2.4.2 Bulk surface  

We dealt with the segregation at Pt-Co slab surface according to the adsorption of oxygen. 

The cohesive energies of bulk surface model in oxygen environment are calculated in a six-

layer face centered cubic (FCC) slabs as shown in Figure 2.4. Bottom two layers are fixed to 

the bulk Pt-Co lattice constant, and the other layers are fully relaxed. The vacuum space is 14 

Å, and this thickness is equivalent to the six layers of slab. while bulk Pt slabs act as a 

reservoir with constant chemical potential of Pt and Co, the top surface can be substituted by 

Pt or Co, and oxygen adsorption monolayer may exist or not.  
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Figure 2.4 Samples of slab models in an oxygen environment by unit cell sizes. 1 X 1, 1 
X 2, 3 X 3 , 2 X 2 slab models are described 
 

2.4.3 Nanoparticles 

We considered three types of nanoparticles as a function of the size: 0.7 nm (a), 1.0 nm (b,c), 

and 1.5 nm (d,e) as shown in Figure 2.5. To include the structural diversity of nanoparticles, 

we configured the structures with typically observed nano catalysts morphologies: 

Octahedron (a), Cuboctahedron (b,d) and Icosahedron (c,e). We found the atomic site of 

nanoparticle symmetrically: vertex, edge, center, (100), and (111). The number of shell is 

added by increasing the size of nanoparticles as shown in Figure 2.5 (f) ~ (j). As the size of 

nanoparticle increases, the number of site combinations for Co atoms grows rapidly; 
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therefore, we only considered the symmetric Pt-Co nanoparticle. Figure 2.6 shows the 

example of the various configurations in 1.0 nm as function of Co compositions. 

 

Figure 2.5 Definition of atom position as different sizes.  Nanoparticles of 0.7 nm 
(Octahedron), 1.0 nm (Cuboctahedron), 1.0 nm (Icosahedron), 1.5 nm (Cuboctahedron), 
and 1.5 nm (Icosahedron) sizes are shown at (a), (b),(c), (d), and (e) respectively. The 
position of atoms is indicated by various colors, and shell structures is described from (f) 
to (j) by the size and structure of particles 
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Figure 2.6 Sample configurations of several Co compositions (0.236, 0.509, and 0.782) in 
1.0 nm size  

 

2.5 Computational details 

 

This study used first-principles method to understand the phenomena of dissolution of nano-

particles. Nano-particle is generally more complex structure than bulk structure because 

nano-particle has structural properties such as vertex, edge, and center site. Thus, prior to 

nano-particle, bulk material was dealt with. The following is computational details of a bulk 

material and a nanoparticle. To calculate first-principles total energy (E) calculations, we 

used Vienna Ab initio Simulation Package (VASP) program37. Spin polarization scheme was 

applied to describe magnetic properties of Co. Interaction potentials of core electrons are 

replaced by the projector augmented wave (PAW) pseudo-potential38, and exchange-

correlations energy of electrons is described by GGA-PBE39. The break condition for the 

ionic relaxation loop is 10-4 eV. In bulk slab calculations, bottom two layers are fixed to bulk 
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positions. The Gamma point meshes are used as k-point sampling with 13x13x13, 13x13x1, 

and 1x1x1 for bulk crystal, bulk surface, and nanoparticle respectively. Energy cut off was 

370 eV. 
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Chapter 3 

Results and discussion 

3.1 Bulk Pt-Co alloy 

3.1.1 Ab-initio thermodynamics: energy convex hull 

The energy convex hulls are used to find the stable structures in binary alloys, and Figure 3.1 

shows the energy convex hull of bulk Pt-Co structures. To calculate the energy convex hulls, 

we considered binary alloy structures such as L12, L13, L10, and L11 structures. We calculated 

the cohesive energy of each binary alloy to observe the thermodynamic stability of binary 

alloys. Cohesive energy is defined by Eq (11) 8. E0[PtxCoy] is ground state energy of PtxCoy 

structure. x and y are the number of Pt and Co atoms respectively. E0[Pt(g)] and E0[Co(g)] 

represent the gas state energy of Pt and Co respectively. The ground state energies of Pt-Co 

alloys were calculated by first-principles computation.  

	 0 0 0[ ] [ ( )] [ ( )]
[ ] x y

coh x y

E Pt Co xE Pt g yE Co g
E Pt CO

x y
- -æ ö

= -ç ÷+è ø
    (11) 

In Figure 3.1, the stable structure of pure bulk Pt and Co is face-centered cubic (FCC) and 

hexagonal closed paced (HCP) respectively. L12 (Pt3Co, PtCo3) and L10 structures are 

calculated as a thermodynamically stable configurations. Therefore, we chose the Pt3Co 

structure (L12) among several stable configurations to observe the stable surface structures of 

bulk Pt-Co. 
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Figure 3.1 Energy convex hulls of Pt-Co binary alloy structures 
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3.2 Bulk Pt-Co (111) surfaces 

3.2.1 Ab-initio thermodynamics: energy convex hull 

The energy convex hull of O/Pt-Co (111) surfaces has two variations: the ratio of Pt:Co 

compositions and oxygen coverage. As such it looks like pseudo-three dimensional plot as 

shown in Figure 3.2 (a). For visual convenience, we projected the energy convex hull into (x-

y) plane, in Figure 3.2 (b).  

We identified thermodynamically stable configurations: they are (2 3) (0.25,0.75)p ´ -  

and (2 2) (0.75,0.25)p ´ -  according to Wood’s notation 1 2( ) ( , )p a b q q´ - 40, where a b´  is 

the size of super cell and the surface coverage of O and Co is 1q  and 2q .  

3.2.2 Cluster expansion 

To get accurate ECIs, we calculated 112 structures, and considered a total of 61 clusters with 

varying Co composition and O coverage. These 61 clusters considered different kinds of 

interactions such as O-O, O-Co, and Co-Co. 22 out of 61 clusters are applied to our MC 

simulations including point clusters, fair clusters, triple clusters, and quadruple topologies. 

The root mean square and cross validation score of predicted value by ECIs is 14.4 meV and 

17.62 meV respectively. Figure 3.3 shows the structures of effective clusters. The filled 

circles can be occupied by Co or Pt, and a white circle is oxygen or vacancy, which are 

located at above Pt or Co layers. ECIs of all 22 clusters are written in Table 2. A positive 

value indicates repulsive force among the atoms in the cluster, and vice versa. Clusters 1 

(point cluster), 2 (point cluster), and 5 (pair cluster) have a lager attractive force compared to 

other clusters. The strong attraction between O and Co, cluster 5, affects the segregation of 
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Co atom to the surface of Pt-Co (111). Cluster 57 has a larger attractive force than the cluster 

58, which means that high surface coverage of oxygen on the Pt-Co (111) surface is needed 

to drive surface atoms. The attractive force (-27.2 meV) of cluster 31 demonstrates that two 

oxygen atoms crank a Co atom up. Using ECIs, we can predict the rough surface structure of 

O/Pt-Co (111) surfaces, which should be verified by Monte Carlo simulations.  

. 
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Figure 3.2 Energy convex hull calculated by first-principle calculation under the oxygen 
environment. A total of 112 structures are considered. (a) and (b) are a side view and a 
bottom view respectively. Each axis consists of the composition of Co, the composition of 
O, and the cohesive energy of structures 
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Figure 3.3 Configurations of effective clusters. A white circle is oxygen or vacancy, and a 
filled circle is Co or Pt which is the surface of Pt-Co slab 

 

Table 2: ECI energies of clusters. The pair, triple, and quadruple clusters are used as 
effective clusters. This system is the three fold systems. Thus, 3 fold system energy and 
single cluster energy is indicated  
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3.2.3 Monte Carlo simulation of PtCo in an oxygen environment 

Monte Carlo simulations are performed at 400 K, and unit cell size was 32x32. The bulk Pt 

slabs of O/Pt-Co (111) surface were regarded as a reservoir of Co atoms41, and the ratio of Pt-

Co atoms was 3:1, which was identified as a stable structures of bulk Pt-Co alloy. 

Figure 3.4 is the result of Monte Carlo simulations. The stable configurations of O/Pt-Co (111) 

surfaces were observed by varying chemical potential ( 0m ) from -1600 meV to -1000 meV of 

oxygen atom.  

Monte Carlo simulation gives us two important results. At dilute oxygen coverage ( 0m  < 

1450 meV), no Co exists on the surface. When the concentration of oxygen reaches more 

than half coverage (-1400 meV), Co segregation occurs. In addition, we observe that the Co 

concentration is similar to that of oxygen in Figure 3.4, indicating a strong attraction between 

O and Co. Oxygen atoms cover Co atoms totally. These results are compatible with 

experimental data42. The formation enthalpy of CoO(s), PtO(s), and PtO2(s) is -238 kJmol-1,  

-101 kJmol-1, and -80 kJmol-1 at 298 K respectively. Both experiment and computational 

results indicate that the binding of Co-O is stronger than that of Pt-O. 

MC results indicate that Co atoms are segregated to the surface of Pt-Co (111) slab at an 

oxygen coverage more than 0.5 ML.  
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Figure 3.4 Monte Carlo simulation of Pt-Co segregation model under an oxygen 
environment. The Monte Carlo simulation is implemented at 400 K. Co vs. chemical 
potential and oxygen vs. chemical potential are are plotted simultaneously 
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3.3 Pt-Co alloy nanoparticles 

3.3.1 Ab-initio thermodynamics: energy convex hull 

The energy convex hulls of 0.7 nm, 1.0 nm, and 1.5 nm sizes are indicated in Figure 3.5 (a), 

(b), and (c) respectively. The 0.7 nm nanoparticle has only one core atom and 1st shell (18 

atoms), and so we could make a Pt-skin structure, which has Co composition of 0.053 (Co is 

located at the core). In the Pt-skin structure, it was reported that inner Co atoms enhance 

ORR activity of Pt17,26,43, which was also observed in Pt-Ni (111) surface as well18.  

The 1.0 nm nanoparticle has two types of structures: cuboctahedron and icosahedron. To find 

more stable configuration of Pt-Co nanoparticles, the cohesive energies are calculated as 

shown in Figure 3.5 (b). The icosahedron structure was turned out to be more stable than 

cuboctahedron. Energy convex hull at low Co composition (0.218) indicates that Pt-skin 

structures are stable, and at the intermediate Co composition. Co stays at 1st shell just right 

under the Pt surface, with a core Pt atom. This kind of structure is called a layer-by-layer 

structure.  
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Figure 3.5 Energy convex hulls of Pt-Co nanoparticles. The energy convex hull of 0.7 
nm, 1.0 nm, and 1.5 nm is indicated in (a), (b), and (c) respectively as a function of Co 
composition. The stable and unstable configurations of 0.7 nm are respectively filled 
squares and empty squares. In the 1.0 nm and 1.5 nm, empty diamonds and empty 
squares are respectively cuboctahedron and icosahedron structure. The filled squares 
sizes are stable icosahedron structure 
 

Figure 3.5 (c) is energy convex hull of 1.5 nm. The trends for stable configuration are the 

same as those of 1.0 nm nanoparticles. For instance, outermost shell is occupied by Pt, and 

Co stays at the subsurface of Pt-Co nanoparticle. Also, between 0.00 and 0.374 Co 

composition, Pt-skin structures are observed. Our results indicate that Pt-skin structures are 
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stable in early Co compositions regardless of the particle size.  

Table 3 shows the Co composition of the each shell of the Pt-Co alloy nanoparticles. 0.7 nm 

nanoparticles consist of one core atom and 18 atoms at 1st shell, and in the Co composition 

0.895, core atom is occupied by Co, and the number of surface Co atoms is 17. This means 

that the 1st shell composition of this nanoparticle is 17/18 (0.944). In the 1.0 nm size, the Co 

composition average of 2nd shell is 0.405, and some Co atoms stay in the surface atoms. 

However, the Co average composition of 1st shell is 0.875. The average composition is higher 

than that of 2nd shell (outermost shell) and core atom (0.750). This means that Co atoms 

prefer to stay in 2nd shell in 1.0 nm size nanoparticles. This mechanism can be explained by 

forcing energies of Pt and Co. The surface energy of Pt is 2.48 J/m2 and Co is 2.55 J/m2  44, to 

stay at subsurface under Pt. The average Co composition of the outermost shell is 

respectively 0.5 (0.7 nm), 0.405 (1.0 nm), and 0.275 (1.5 nm). Co compositions of 2nd shell 

(0.881) are higher than outermost shell Co composition (0.275) in 1.5 nm size. The Co 

composition of 1st shell is also lower than that of 2nd shell. Therefore, we observed the 2nd 

layer of 1.5 nm is stable position of Co atoms. From 0.7 nm to 1.5 nm, Co atoms tend to stay 

as a layer by layer structure.  
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Table 3: Shell compositions of Co. The shell composition of Co is defined as the number 
of occupied Co atoms / the total number of shell atoms. For instance, the occupied 
atoms of 0.7 nm in the 1st shell and 0.158 composition and total number of 1st shell 
atoms are 3 atoms and 18 atoms respectively. Therefore, the 1st shell composition of Co 
is 0.167 (3 / 18) in the total composition 0.158 
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3.3.2 Calculation of dissolution potentials 

The dissolution potential of bulk material is obtained by the Pourbaix diagram45. The 

dissolution potential of Pt is 1.188 V at pH 0, and 298 K, which is higher than PEMFC 

operational potential. However, nanoparticles of Pt were known to dissolve at much lower 

potential than bulk8. The mechanism of the phenomenon was described by substantially 

lower cohesive energy of nanoparticles. 

To investigate the electrochemical stability of Pt-Co alloy nanoparticles, we calculated the 

dissolution potentials under fuel cell operational conditions. The dissolution model was 

suggested in Figure 3.6. A Pt-skin structure was chosen since it is of interest to show high 

catalytic activity22,46,47.  

 
Figure 3.6 Dissolution model of Pt-Co nanoparticle. Dissolution potential is defined as 
the dissolution of the outermost Pt shell 
 

More over the Pt-skin structure is already identified as thermodynamically stable by the 

energy convex hull (in the previous section). The following electrochemical reaction Eq (12) 

was used to calculate the dissolution potential. 
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2 2 ( )

shelln n n shell shellPt Pt n Pt n e for pure Pt+ -
-® + +

           (12) 

 
n is the number of total Pt atoms, and nshell is the number of atoms of outermost shell. In case 

of Pt-skin structure of a Pt-Co alloy nanoparticle, we used Eq (13). 

 
2 2

shelln m n n m shell shellPt Co Pt Co n Pt n e+ -
-® + +

  (13) 

 
In Eq (13), n, nshell, and m are the number of Pt atoms, outermost Pt shell atoms, and Co 

atoms respectively. The reaction Gibbs free energy can be derived from Eq (13). 

2
2{ ( , ) ln( ) 2 { }

{ ( ( )) ln( )} { ( ( )) ln( )}
shell n n m n mshell

o shell
shell shell diss refPt

o o
n n m Pt Co n m Pt Co

G n Pt aq kT a n e U U

Pt Co s kT a Pt Co s kT a

m

m m

+

-

+ -

-

D = + - -

+ + - +
    (14) 

 

In Eq (14), G is the Gibbs free energy. The definition of n, nshell,and m is same with Eq (13). 

μ and U is a chemical potential of material and dissolution potential respectively. k, α, and T 

are Boltzmann constant, activity and temperature respectively. Because the activity of solid 

material is defined as 1, this activity term for solid material is omitted, and the chemical 

potential of each metal results from first-principles calculations. However, it is not easy to 

calculate chemical potential of Pt2+ ion using first-principles directly. As such it was fitted to 

the bulk dissolution reaction potential. Eq (14) can be rewritten as Eq (15) to indicate the 

equation for the dissolution potential of Pt-skin in the equilibrium state. 

0 0 0( ) ( ( )) ( )
shellbulk n n m shell n mPtshell

diss diss

E Pt Co n E Pt s E Pt Co
U U

n m
- + -ì ü

= + í ý+î þ
          (15) 
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In Eq (15), bulkPt
dissU is the dissolution potential of bulk Pt, and 1.011 V at 25 o C , and Pt2+ 

concentration of 10-6. E0 is the ground state energy of each material. For example, E0(Pt(s)) 

is the ground state energy of a bulk Pt.  

 

3.3.3 Dissolution potential of nanoparticles 

Figure 3.7 indicates the dissolution potential of Pt-skin structures of 1.0 nm, and 1.5 nm. The 

dissolution potential of pure Pt structure of 1.0 nm and 1.5 nm nanoparticle is 0.642 V and 

0.753 V respectively. By increasing the size of nanoparticles, as the cohesive energy the 

dissolution potential is enhanced8. Figure 3.7 (a) is the dissolution potential of Pt-Co 1.0 nm 

showing that the dissolution potential of Pt-Co nanoparticle is higher than pure Pt dissolution 

potential for the given size and higher Co composition increases the dissolution potential of a 

Pt-Co nanoparticle. For 1.5 nm nanoparticle, however, dissolution potentials are decreased 

despite high Co composition. It means that high Co composition is not sufficient condition 

for high stability. Thus, we try to analyze the details at the Co composition of 0.293 and 0.373.  

Figure 3.8 shows the side view and cross section view of 0.293 and 0.374 Co compositions in 

1.5 nm size. 0.374 structure consists of outermost Pt-skin and only inner Co atoms. However, 

the structure of 0.293 Co composition is a layer-by-layer structure. When we observe cross 

section view of (a) and (b), a layer-by-layer structures of 1.0 nm and 1.5 nm sizes consist of 

alternating Pt and Co layers. The dissolution potentials of the layer-by-layer structures in the 
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1.0 nm (0.836 V) and 1.5 nm (1.022 V) are higher than other structures. We found that a 

layer-by-layer structure is the most stable configuration thermodynamically and 

electrochemically.   

 

 

Figure 3.7 Dissolution potential of Pt-skin structures and pure Pt structure. The two 
types of sizes (a) 1.0 nm and (b) 1.5 nm are dealt with. 
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Figure 3.8 Side and cross section views of the structures of 1.0 nm and 1.5 nm sizes 

 

3.3.4 Adsorbate induced surface segregation 

A layer-by-layer nanoparticle is calculated as the most stable structure under the vacuum 

system. It was observed, however, that oxygen atoms induce surface segregation of Co atoms 

in Pt-Co (111) planes. Thus, we need to deal with the Co segregation in layer-by-layer 

nanoparticles with adsorbed oxygen. 

The layer-by-layer structure of 1.0 nm size was chosen to calculate the surface segregation of 

Co. The possible adsorption sites of oxygen adsorption were identified. Then, the segregation 

energy was defined as Eq (16). 

0 0[ ] [ ]seg x y z x y zsegregated state initial state
E E Pt Co O E Pt Co O= -

         (16)
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In Eq (16), the number of Pt, Co, and O atoms are x, y and z respectively. The segregation 

energy was defined as the ab-initio DFT energetic differences between segregated structure 

and initial structure. The positive segregation energy means no segregation of a Co atom and 

vice versa. When an oxygen atom is absorbed on the PtCo alloy nanoparticles with layer-by 

layer configuration in the icosahedron, we checked six positions of oxygen atom adsorption: 

fcc center (FCC-C), fcc vertex-edge (FCC-VE), vertex top (V-T), edge top (E-T), the bridge 

between the vertex and the edge (Bridge-V-E), and the bridge between edges (Bridge-E-E). 

Figure 3.9 shows the positions of adsorbed oxygen atom in detail. The segregation energy by 

one oxygen atom is shown in Figure 3.10. The lowest segregation energy is observed in FCC-

V-E (+46 meV). It is the lowest in the indicated structures, but this value still is positive. 

Therefore, one oxygen atom cannot segregate Co atoms to the surface of nanoparticle. 

 

Figure 3.9 Oxygen adsorption sites of the Pt-Co layer-by-layer structure (1.0 nm size). 
Oxygen atoms can be located in the six positions such as the center of FCC site (FCC-C), 
FCC between vertex and edge (FCC-V-E), the top of vertex (V-T), the edge of vertex (E-
T), the bridge of a vertex and an edge (Bridge-V-E), and the bridge of an edge and 
another edge (Bridge-E-E) 
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Figure 3.10 Segregation model and energy of Pt-nanoparticle in an oxygen atom. The 
segregation energy is calculated when one oxygen atom is adsorbed on the surface of Pt-
Co nanoparticles. 

 

To observe the Co segregation with higher oxygen coverage, we tried to adsorb two, three, 

and four oxygen atoms. To compare nanoparticle models with the bulk slab models, the O 

adsorption positions of nanoparticle are also considered as fcc sites.  

Figure 3.11 shows model systems for the Co segregation. Unlike a single oxygen atom, two 

or more oxygen atoms indeed crank a Co atom up to the surface. The segregation energy is -

200 meV. However, two oxygen atoms cannot segregate more than a single Co atom. Three 
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adsorbed oxygen atoms can segregate two Co atoms, and the segregation energy of two Co 

atoms is higher than that of one Co atom. It was turned out that four adsorbed oxygen atoms 

can segregate up to three Co atoms (-360 meV), but with a less strength than two Co atom 

segregation (-572 meV). This segregation of nanoparticles can reduce the dissolution 

potential because a bulk Co is dissolved at much lower dissolution potential (-0.277 V)45 

compared to Pt. Therefore, it is suggested to inhibit the surface segregation of Co atoms to 

secure the electrochemical stability of Pt-Co alloy nanoparticles.  
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Figure 3.11 Segregation model and energy of Pt-nanoparticle in the oxygen atoms. The 
segregation energy is calculated when two, three, and four oxygen atoms are adsorbed 
on the surface of Pt-Co nanoparticles 
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Chapter 4 

Conclusions 

This thesis identified the thermodynamically stable configurations of both bulk Pt-Co (111) 

surfaces and nanoparticles under vacuum or non-vacuum conditions. The Pt3Co (L12) is 

shown as a stable configuration in bulk Pt-Co alloys. Using this structure, we calculated the 

Co surface segregation of a bulk Pt-Co (111) slab model as a function of oxygen chemical 

potential. The stable configurations of Pt-Co alloy nanoparticles are investigated as a function 

of the sizes, (0.7 nm, 1.0 nm, and 1.5 nm). We found that the Co atom thermodynamically 

stays at the subsurface of the nanoparticles. We indicated that icosahedron structure is more 

stable configuration than cuboctahedron, and the Pt-Co layer-by-layer structure showed the 

highest dissolution potential (1.022 V) in the Pt-skin structures of 1.5 nm size.  

We studied the segregation of Co atoms in layer-by-layer structures under oxygen 

environment. Our results indicate that adsorption of more than two oxygen atoms can 

segregate Co atoms to the surface. This surface segregation of Co atoms can reduce the 

dissolution potential of the nanoparticles, because of the selective Co dissolution of lower 

potential (-0.277 V) than that of Pt metal (1.188 V) 46,50. Therefore, the segregation of Co 

must be prohibited in an oxygen environment to keep the enhanced dissolution potential of 

the Pt-Co layer-by-layer structure. 
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국문요약 

제일원리전산을 이용한 연료전지용 나노스케일  

Pt-Co 합금 촉매의 열역학적 구조 분석 

 

 

현재까지의 연료전지용 촉매에 관한 연구는 촉매의 활성도를 높이기 위한 연구

가 주를 이루어왔다. 그 중 백금 촉매는 단일 금속 중 가장 좋은 촉매 활성도를 

보여줌으로써, 가장 많이 연구되어 왔고 현재 널리 이용되는 촉매 물질이다. 하

지만 백금 단일 촉매는 연료전지 상용화에 있어 활성도, 내구성, 가격 측면에서 

여전히 목표 수준에 도달하지 못하고 있다. 이러한 문제점들을 해결하고자 백금

과 3d 전이 금속을 이용한 백금계 합금 촉매가 제안되었고 많은 연구들이 진행

되었다. 그러나 촉매 활성도 향상과 백금 담지량 저감을 위한 연구에 비해 백금

계 합금 촉매의 내구성 향상에 관한 연구는 상대적으로 미흡한 수준이다. 

특히 나노 스케일 촉매의 내구성에 대한 연구를 위해서는 원자 단위의 메커니

즘을 이해하는 것이 중요한데, 실험적 접근법으로는 다양한 실험변수들(온도, 

압력 등)을 정확히 통제하기 어렵고 변수와 주변 환경간의 간섭이 발생하게 되

어 메커니즘을 이해하고 분석하는데 어려움이 있다. 

본 연구에서는 제일원리전산법을 이용하여 Pt-Co 나노입자의 내구성을 

분석하는 것을 연구의 목표로 하여, Pt-Co 합금 촉매가 산성 분위기 속에서 

순수한 백금 나노 입자에 비해 안정한지를 확인하고, 내구성을 향상시킬 수 

있는 방법을 제안하였다. 더불어, 산소 분위기에서의 합금 촉매의 표면 구조도 

열역학적인 관점에서 고찰하였다. 

 

핵심어: 연료전지, 촉매, 합금, 내구성, 제일원리법 



 

 

 

Acknowledgement (감사의 글) 
 

 

감사의 글을 쓰며 가장 생각 나는 말은 지도 교수님인 한병찬 교수님께서 해주셨던 말씀이었습

니다. “궁금해 하지 않으면 주변 사람들에게 좋은 사람이 될 수는 있지만, 좋은 연구자는 될 수 

없다.” 2년 이라는 석사 과정 동안 찾아온 수 많은 슬럼프의 시기를 극복하게 해준 말이 아니었

나 생각합니다. 이러한 교수님의 지도와 더불어 저의 논문을 완성토록 도와 주신 김하석 교수님

과 에너지기술연구원 윤영기 박사님께도 감사의 인사를 전합니다. 

특히, AICODES 연구실의 든든한 맏형이자 긍정적인 준교형과 무엇을 물어 보든 답을 알고 있

던 인혜, 욥과 같은 인내를 보여 준 상흠이, 컴퓨터 게임을 잘하는 재간둥이 준희, 그리고 정신적

으로 힘들 때 큰 도움이 되곤 했던 서민호 박사님, 끝까지 함께 할 수 없어 아쉬웠던 혜민이 누

나, 혜림이, 기돈이에게도 감사의 뜻을 전합니다. 

제가 고향인 대전에 가면 놀아 주던 얼짱 영덕이와 창기창기 그리고 라미드 현성이, 물오른 인

호, 애 아빠 정환이, 지금도 피씨방에 있을 것 같은 원찬이, 서울 가면 재워 주던 웅석아 고맙다 

그리고 자주 연락하지 못해 미안하다. 또한, 서로 다른 학교에서 석사 과정을 했지만, 버팀목이 

되어 주었던 지훈이, 순철이, 원기, 그 동안 수고 많았다, 용이 형도 졸업 축하 드립니다. 그리고 

동은아 시작 한지 얼마 안된 석사 과정, 잘 마무리 할 수 있을 거라 믿는다. 

  학부 과정 동안 연구라는 것이 재미있다는 사실을 알게 해주고 제가 석사로 진학하게 된 동기

를 부여해 주신 오민 교수님께도 감사하다는 말을 드리고자 합니다. 

  끝으로 대구에서 KTX 타고 25분 밖에 걸리지 않는 거리에 있는 대전임에도 불구하고, 1년에 

12번을 찾아 가지 못한 것 같아 부모님께 죄송합니다. 그리고 묵묵히 응원해 준 누나에게도 고

마움을 느낍니다. 사랑합니다.  

 

 

 

 

 



 

 

 

Curriculum Vitae 

 

Name: Seunghyo Noh 

Birth Date: 1985.09.21 

 Education 

2004-2011 B.S., Department of Chemical engineering, Hanbat National University 

2011-2013 M.S., Department of Energy Systems Engineering, DGIST 

 

 Honors and Award 

2012. 5. 11 Award for best poster from The Korean Society of Industrial and Engineering Chemistry 

2012. 11. 8 Award for best poster from The Korean Electrochemical Society 

 

Publication 

M. H. Seo, S. M Choi, J. K Seo, S. H Noh, W. B. Kim and B. C. Han, The graphene-supported palladium and 

palladium-yttrium nanoparticles for the oxygen reduction and ethanol oxidation reactions: Experimental and 

Computational validation, Applied Catalysis B: Environmental, 129/C, pp. 163-171, (2013) 

 

 

 

  



 

 

 

 

 


	Chapter 1. Introduction
	1.1 Introduction to PEM fuel cells
	1.2 Literature review
	1.3 Objectives of thesis

	Chapter 2. Computational methodologies
	2.1 First principles DFT calculations
	2.2 Cluster expansion theory
	2.3 Monte Carlo simulation
	2.4 Model systems
	2.4.1 Bulk Pt-Co alloys
	2.4.2 Bulk surface
	2.4.3 nanoparticles

	2.5 Computational details

	Chapter 3. Results and discussion
	3.1 Bulk Pt-Co alloy
	3.1.1 Ab-initio thermodynamics: energy convex hull
	3.2 Bulk Pt-Co (111) surfaces
	3.2.1 Ab-initio thermodynamics: energy convex hull
	3.2.2 Cluster expansion
	3.2.3 Monte Carlo simulation of PtCo in an oxygen environment

	3.3 Pt-Co alloy nanoparticles
	3.3.1 Ab-initio thermodynamics: energy convex hull
	3.3.2 Calculation of dissolution potentials
	3.3.3 Dissolution potential of nanoparticles
	3.3.4 Adsorbate induced surface segregation


	Chapter 4. Conclusions
	References
	Summary (국문요약)


<startpage>14
Chapter 1. Introduction 1
 1.1 Introduction to PEM fuel cells 1
 1.2 Literature review 5
 1.3 Objectives of thesis 9
Chapter 2. Computational methodologies 10
 2.1 First principles DFT calculations 10
 2.2 Cluster expansion theory 10
 2.3 Monte Carlo simulation 13
 2.4 Model systems 14
  2.4.1 Bulk Pt-Co alloys 14
  2.4.2 Bulk surface 15
  2.4.3 nanoparticles 16
 2.5 Computational details 18
Chapter 3. Results and discussion 20
 3.1 Bulk Pt-Co alloy 20
 3.1.1 Ab-initio thermodynamics: energy convex hull 20
 3.2 Bulk Pt-Co (111) surfaces 22
  3.2.1 Ab-initio thermodynamics: energy convex hull 22
  3.2.2 Cluster expansion 22
  3.2.3 Monte Carlo simulation of PtCo in an oxygen environment 26
 3.3 Pt-Co alloy nanoparticles 28
  3.3.1 Ab-initio thermodynamics: energy convex hull 28
  3.3.2 Calculation of dissolution potentials 32
  3.3.3 Dissolution potential of nanoparticles 34
  3.3.4 Adsorbate induced surface segregation 36
Chapter 4. Conclusions 41
References 42
Summary (국문요약) 47
</body>

