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Abstract 

Durability of Pt based nanocatalyst materials in acidic environments is one of the key issues 

hindering the development of efficient fuel cells. In this study, we used first principles calculations 

to analyze the electrochemical degradation of Pt nanoparticles. Model systems for Pt nanoparticles 

of different sizes were conceptualized for calculating their electrochemical dissolution potential, 

which essentially indicates the nanoparticle’s resistance to dissolution. We adopted a step by step 

mechanism for dissolution of Pt atoms on the outermost shell of the nanoparticle by accounting for 

various possible pathways which lead to complete dissolution. Based strictly on thermodynamic 

considerations, our findings point towards a strong size dependent behavior of the Pt nanoparti-

cles, whose properties become similar to bulk Pt for size more than 3 nm. Remarkably, we find 

that for all cases, the dissolution proceeds by exposing more (111) facets at the expense of other 

atomic sites. Our results indicate that the competition between two major thermodynamic factors, 

the cohesive energy and the surface energy, decides the dissolution pathway. Based on our find-

ings, we propose some desired characteristics which can serve towards rational design of model 

Pt nanocatalysts. Our findings may be of importance in understanding of the electrochemical sta-

bility in other applications as well, for instance the photo-catalysts for fuel generations via water 

splitting. 

 

Keywords: Density functional theory, Fuel cell, Nanocatalyst, Stability, Degradation mechanism 
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Figure 1. Model systems of Pt nanoclusters (1.1, 1.6, 2.2 and 2.7 nm in diameters) Symmetrically 

inequivalent atomic sites on the outermost shells are marked by circles according to their local envi-

ronments. 

 

Figure 2. Dissolution candidates of outermost shell (Diameter of model system: 2.2 nm). 

 

Figure 3. The electrochemical dissolution of nanoparticle (diameter of model systems: 2.7, 2.1, 1.6 

and 1.1 nm). △ represents ab-initio calculated dissolution potential of dissolution candidates for 

each nanoparticle (upper illustration). Red solid line indicates the lowest dissolution potential when 

particular atoms (yellow color of lower illustration) are dissolving. 

 

Figure 4. Cohesive energy for nanoparticle as a function of the number of atoms. Triangular repre-

sents ab-initio calculated cohesive energy per atom in which blue triangle is the model system and 

red one is the intermediate structure appeared by the viable dissolution path. Red line denotes the 

upper bound the calculated cohesive energies of intermediate structures. 
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Chapter 1 

Introduction 

1.1  Challenges of fuel cells 

Proton Exchange Membrane (PEM) fuel cells are one of the key technologies for harvesting 

clean and environmentally friendly energy sources 1. Since first serving as the power source of the 

Gemini space shuttle in 1960s, fuel cells have been extensively studied to replace conventional fos-

sil fuels for transportation vehicles. However, several long standing issues such as high catalyst 

cost and low oxygen reduction reaction (ORR) efficiency of Pt catalysts have been a hindrance to its 

widespread commercialization. Experimental and computational studies over the last few decades 

have been focused on the utilization of nanoscale Pt particles as novel functional catalysts mainly 

because of their high surface to volume ratio 2-4. Indeed, several pure or Pt based alloy nanoparti-

cles have been identified as materials showing substantially improved catalytic activities 5,6. 

According to recent reports, however, it has been observed that the structural integrity of Pt 

nanoparticles can be seriously degraded in acidic media, which diminishes the durability to a non-

acceptable level of fuel cell performance 7-9. Several mechanisms underlying the degradation phe-

nomena have been proposed: pseudo-Ostwald ripening (dissolution of catalysts into electrolyte and 
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re-deposition into larger a particle) 7, direct electrochemical dissolution of metal into acidic electro-

lyte 10, and corrosion of support materials 11, and others. Depending on the operational conditions of 

fuel cells and topologies of catalyst layers, each or several of these mechanisms may combine in a 

parallel way and drive such catalytic degradation 12.  

Especially, the direct electrochemical dissolution is interesting because in its bulk form, Pt is 

chemically the noblest metal. Nevertheless, an agreement on the detailed dissolution process at the 

atomic scale is largely missing. For example, experimental observations combined with density 

functional theory (DFT) calculations have shown that Pt nanoparticles smaller than 2 nm exposed to 

acidic media disappear from Au support in a short time scale 10, while other reports propose that the 

2Pt 

 ions in acidic electrolyte mainly come from a stepwise atomic dissolution on the outermost 

shell 13. 

 

1.2 Objectives of this work 

An accurate understanding of the electrochemical degradation process at atomic level is an 

important step towards achieving the development of functional catalysts of not only high durability 

but also high efficiency. In this paper we extensively utilized first principles DFT calculations to cap-
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ture the atomic level pictures showing thermodynamically the most plausible dissolution path as a 

function of Pt nanoparticle size. Ab-initio thermodynamics allow us to optimize Pt nanostructure, 

enabling the capture of the evolution of nanoparticle morphologies as the electrochemical dissolu-

tion proceeds. Our results clearly show that a subtle interplay between the surface energy and the 

cohesive energy control catalytic degradation of Pt nanoparticle.  
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Chapter 2 

Methodology 

   2.1 Model systems 

We setup a model system to simulate Pt nanoparticles as a function of size: 55Pt  (55 atoms 

of 1.1 nm), 147Pt  (147 atoms of 1.6 nm), 309Pt  (309 atoms of 2.2 nm) and 561Pt  (561 atoms of 2.7 

nm) as shown in Fig. 1. We defined the size of a nanoparticle as the distance between two diametri-

cally opposite vertex sites. We adopted the typically regarded nanocatalysts in fuel cell applications 

14-17. 

 

 

Fig. 1. Model systems of Pt nanoclusters (1.1, 1.6, 2.2 and 2.7 nm in diameters). Symmetrical-

ly inequivalent atomic sites on the outermost shells are marked by circles according to their local 

environments 
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Since dissolution potential of an individual atom in the Pt nanoparticles may depend on its lo-

cal environment (i.e., the coordination number and geometry) we identified four types of symmetri-

cally inequivalent atomic sites on the outermost shell, namely: vertex, edge, (100) and (111) facets 

as shown in Fig. 1. Each of these sites were then grouped together with their same kind resulting in 

four basic candidates with atomic sites that could be subjected to simultaneous dissolution owing to 

their nearly symmetric location on the surface of the nanoparticle, as shown in Fig. 2(a-d). It should 

be noted that because the dissolution process is assumed to take place simultaneously at all candi-

date sites in a symmetric manner, we ignore the minor local asymmetry within the edge sites and 

(100) facets. Also, further combinations of these four basic candidates result in other candidates 

with atomic sites that could be subjected to simultaneous dissolution as shown in Fig. 2(e-o).  
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Fig. 2. Dissolution candidates of outermost shell (Diameter of model system: 2.2 nm). 

 

Using first principles, we calculated the dissolution potentials for each of the candidates corre-

sponding to the model system for its first dissolution step in which all the yellow atoms, as shown in 

Fig. 2, were removed simultaneously. As the dissolution potential is a measure of resistance against 
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electrochemical degradation, we chose the viable path of dissolution mechanism to be occurring 

through the candidate which had the lowest evaluated dissolution potential at each step. After com-

pletion of the first dissolution step, the resultant structure was then selected as the initial model sys-

tem for the next dissolution step, and we again identified possible dissolution candidates for this new 

model system using the same procedure as described above. This process was repeated until a 

single atom remained, thus unveiling the most thermodynamically viable pathway to complete disso-

lution of the nanoparticle. 

 

2.2 Computational details 

We used the generalized gradient approximation (GGA) 18 by Perdew, Burke and Ernzerhof 

(PBE) 19 implemented in Vienna Ab-initio Simulation Package (VASP) 18 to describe exchange-

correlation energies among electrons. Pseudo-potentials generated by projector augmented wave 

(PAW) method 20,21 were used to replace interaction potentials of core electrons. A gamma point 

mesh with 1 x 1 x 1 k-point was used. We imposed a periodic boundary condition on our model sys-

tems with vacuum space as thick as the twice of the cluster size to prohibit interactions among the 

images. All atoms are fully relaxed to calculate the optimized structures of each the Pt model nano-
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particle with a cutoff energy of 325 eV for plane wave basis set. The lattice constant of a bulk fcc Pt 

metal was calculated in this study as 3.98 Å which well agrees with experimental measurement val-

ue of 3.92 Å 22. 

 

2.3 Formalisms 

It has been proposed 10 that Pt nanoparticles degrade electrochemically by direct dissolution of 

surface atoms into acidic media as shown in eq.(1). 

    
2 ( ) 2n n mPt Pt mPt aq me 

                          (1) 

Where Ptn and Ptn-m are the nanoparticles consisting of n  and n m  Pt atoms respectively. 

Eq.(1) describes a reversible reaction where m  atoms on the outermost shell of the Pt nanoparti-

cle are ionized to 
2Pt 

, and its dissolution potential is calculated as given in eq.(2) in reference to 

the Standard Hydrogen Electrode (SHE). 

   2

21 1
( ) ( ) ( , ) log ( )

2 2
m n m n e Pt

U E Pt E Pt Pt aq kT a
me e

 



   
        

(2)

 

Where, E  indicates ab-initio DFT calculated total energy, and 
o , k , T , 2Pt

a  have their usual 

meanings: chemical potential of 
2Pt 

ions at standard conditions, Boltzmann constant, absolute 

temperature, and activity of 
2Pt 

 ions respectively. Instead of calculating the ionic solvation ener-
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gy of 
2Pt 

 ions (
2( , )o Pt aq 

) with ab-initio DFT methods, which is in fact not easy 23, we utilized 

the electrochemical dissolution reaction of bulk Pt as shown in eq.(3) 

2 ( ) 2Pt Pt aq e  
                             

(3) 

The dissolution potential of a bulk Pt in eq.(3) is given by eq.(4) as 

                     
 2

21
( , ) log ( ) ( )

2

o

bulk e bulkPt
U Pt aq kT a E Pt

e
 

                 (4) 

Where bulkU  is known as 1.011 V (SHE) 24 under assumption that the concentration of 
2[ ]Pt 

 is 

equal to  M 10. Our DFT calculations showed that the energy per atom of bulk Pt ( ( )bulkE Pt ) 

is -6.03 eV. Using eq.(2) and eq.(4), mU  is expressed in eq.(5) as 

                     
 

1
( ) ( ) ( )

2
m bulk n m bulk nU U E Pt mE Pt E Pt

me
                   (5) 

We ab-initio calculated mU  for each of the dissolution candidates of the model systems and those 

of subsequently appearing structures which are encountered during the most thermodynamically 

viable dissolution path. 
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Chapter 3 

Results and discussion 

We calculated the dissolution potentials by applying the formalism as described earlier to the 

four model systems. Fig. 3 shows the ab-initio calculated dissolution potentials mU  of Pt nanoparti-

cles as a function of their size. For example, Fig. 3(a) shows the dissolution pathway for the Pt na-

noparticle of size 2.7 nm which is composed of 561 atoms. For each dissolution step, several disso-

lution candidates were systematically considered for evaluation of their dissolution potentials. The 

calculated dissolution potentials were plotted corresponding to the size of the initial model system 

for that step. The candidate with the lowest dissolution potential was selected for simultaneous re-

moval of the atomic sites which are marked in yellow atom. The nanocluster thus obtained served as 

the initial model system for the next dissolution step. 
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Fig. 3. The electrochemical dissolution of nanoparticle (diameter of model systems: 2.7, 2.1, 

1.6 and 1.1 nm). △ represents ab-initio calculated dissolution potential of dissolution candidates for 

each nanoparticle (upper illustration). Red solid line indicates the lowest dissolution potential when 

particular atoms (yellow color of lower illustration) are dissolving. 
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The numbers at each step in Fig. 3(a) represent the number of atoms for the nanoparticle that 

served as the initial model system for that dissolution step. The procedure was followed until a sin-

gle atom remained. The red line, which is constructed by joining the points corresponding to the 

lowest dissolution potentials, denotes the most thermodynamically viable path for step-by-step dis-

solution. A similar methodology was employed for constructing the plots for other model systems. 

Our results indicate that Pt nanoclusters of size smaller than about 3 nm have weaker electrochemi-

cal stability than bulk Pt (1.01 V vs. SHE), which is in agreement with previous reports 10.  

On observing closely, we find that at each dissolution step, the dissolution proceeds in a man-

ner such that the structures emerging after dissolution reveal a larger fraction of atoms on the 

outermost shell that belong to the (111) facets, at the expense of the atoms located at edges, verti-

ces, and (111) facets. For example, for the Pt nanocluster composed of 561 atoms (about 2.7 nm), 

the 1st dissolution step results in an increased fraction of the surface area covered by the (111) 

planes by removing the atoms marked in yellow, thus leading to a truncated-octahedron structure 

composed of 405 atoms. It is not surprising that this characteristic of the dissolution mechanism is 

evident across all model systems, as the presence of a larger fraction of (111) facet leads to a rela-

tively more stabilized nanoparticle. The (111) facet is rigorously known to be the most stable of all 
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extended Pt surfaces with the lowest surface energy 25. 

Remarkably, for model systems 561Pt  (Fig. 3a) and 309Pt
 
(Fig. 3b), the dissolution potential 

along the thermodynamically most viable path (red line) at the second step increases to a value 

slightly greater than what is observed at the first step. This is an indication that the nanoparticle ob-

tained after the first step for these two cases is more durable than the model system itself, possibly 

owing to an increase in the fraction of the stabilizing (111) facet. However, these values subsequent-

ly decrease rapidly as the nanoparticle size decreases. Thus, one finds that the thermodynamics of 

the dissolution mechanism is probably also influenced by the size of the nanoparticle, apart from the 

surface energy, as has been observed in this study. 

We propose that at least two thermodynamic factors control the electrochemical dissolution 

process. We believe that it is a subtle interplay between the size dependent cohesive energy (per 

atom) and the surface energy in energetically stabilizing the Pt nanocluster. In each dissolution step 

the surface energy gets minimized as much as other constraints, such as the strain on the shell al-

low, while simultaneously, the cohesive energy (per atom) is lowered due to the decreasing size of 

the nanoparticle. While lower surface energies add to the stability, lower cohesive energies (per at-

om) decrease the stability of the nanoparticle. Indeed, it has been already proposed that weak co-
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hesive energy is a major driving force behind the electrochemical degradation of Pt nanoparticles via 

dissolution into acidic solution 10,26. However, a detailed study and analysis of how the structures 

evolve with the electrochemical dissolution steps has not been performed yet. 

To understand the evolution of nanoparticle structures to a greater detail, we calculated cohe-

sive energies of Pt nanoparticles as a function of size (or the number of total atoms in the cluster, N) 

from first principles and plotted them, as shown in Fig. 4. It can be seen that the cohesive energy 

per atom decreases dramatically as size decreases below about 250 atoms. For nanoclusters larger 

than about 250 atoms in size, a slowly decaying behavior of cohesive energy can be observed with 

decreasing size. In this region, the stabilizing effect of the increasing (111) surface area fraction is 

dominant. This interplay very much explains the slight increase in dissolution potentials after the first 

step in model systems 561Pt  and 309Pt . For the nanoparticle of size smaller than this, the stabiliz-

ing effect of increased (111) surface fraction is overpowered by the destabilizing effect of cohesive 

energy. Hence, the dissolution potential for such nanoparticles decreases with their size. We pro-

pose that it is the size dependent competition between these two factors that dictates the most 

thermodynamically viable mechanism. The influence of these factors is well reflected in our calcu-

lated results. 
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Fig. 4. Cohesive energy for nanoparticle as a function of the number of atoms. Triangular rep-

resents ab-initio calculated cohesive energy per atom in which blue triangle is the model system and 

red one is the intermediate structure appeared by the viable dissolution path. Red line denotes the 

upper bound the calculated cohesive energies of intermediate structures. 

 

Furthermore, the thermodynamic dissolution path identified here agrees well with the red line 

denoting the reverse cohesive energy convex hull, as shown in Fig. 4. This observation is succinctly 

represented by the red triangles on this line, which correspond to the intermediate structures that 

were encountered on the most thermodynamically viable dissolution paths across all model sys-

tems. The red line marks the upper bound of the calculated cohesive energies and indicates the 

most stable scenarios for a given particle size. Thus we assert that our proposed dissolution path-

ways, which are based on only thermodynamic considerations, are strongly founded. Remarkably, 
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we also find that the nanoclusters corresponding to these red triangles are quite similar to the close-

ly packed “magic-numbered” nanoclusters, which have also been found to be relatively stable 14,15.   

   Our results create the groundwork for conceptually designing highly durable Pt catalysts 

with minimal material cost, which may be achieved using novel methodologies that expose more 

(111) planes on the outermost shell 27,28, keeping in mind that the particle size should be at least 

larger than 3 nm. It has been previously reported that, the (100) Pt facets contribute to ORR activity 

much less than (111) Pt facets 29. We believe that designing Pt nanoparticles with high area fraction 

of (111) planes and minimal (100) planes to accommodate the strain field may be a rational way to 

satisfy the ORR activity and electrochemical durability issues. It is worth mentioning that recent re-

views on the current state of conceptual catalyst designing have pointed out that Pt3Ni nanoparticles 

produced with predominantly (111) facets have shown up to 4 fold mass activity compared to the 

most commonly and commercially available Pt/C nanocatalysts 30. Another study on the nano-size 

effect of Pt monolayer catalyst nanoparticles synthesized with Pd and Pd3Co cores reported 2 to 3 

fold enhancement in specific activity owing to the lattice mismatch and contraction effects on the 

(111) Pt facets 31. 
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Chapter 4 

Limitations of the thesis and future works 

In the present work, we studied the ab-initio thermodynamic aspects to identify the most viable 

electrochemical dissolution path. This implies that our arguments will be fully ensured on the condi-

tion that thermodynamic driving force is enough to get over any kinetic activation processes, if there 

are any. For example, at each dissolution step the Pt atoms should be mobile to achieve reconstruc-

tion into the thermodynamically most stable configuration. Besides, we did not consider other possi-

ble mechanisms of catalyst degradation such as pseudo-Ostwald ripening, support corrosion, Pt 

dissolution into electrolyte and re-deposition into a larger particle, etc. As the particle size decreas-

es, Pt nanoclusters can coagulate into bigger particles instead of structural optimization of a single 

Pt cluster to minimize surface energy. 

In addition, our model systems do not incorporate the effect of supports. Recently it has been 

reported that several carbon-based novel structures 32-36 and ceramic materials have shown 37-41 

their distinctive stability compared to conventional carbon supports that they might enhance the sta-

bility of nanocatalysts too. There are several novel substrates that we can take into account. First, a 

study on the nitrogen containing carbon nanotube revealed the tubular morphology and the nitrogen 
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functionality of the support have influence on the stability of the electrode 34. In addition, the boron-

doped diamonds possesses properties that ideally suited for morphological stability and corrosion 

resistance compared to carbon support materials 35,36. Likewise, ceramic materials such as titanium 

based oxides 37,40,41 are also interesting catalyst supports to be investigated with ab-initio DFT calcu-

lations. 

We expect that the dissolution characteristics found in this thesis are very useful to understand 

the stability of nanocatalysts on those durable supports so that it can give insight on developing 

high-performance fuel cells. 
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Chapter 5  

Conclusions 

In this study, we analyzed the degradation phenomena of Pt nanoclusters in acidic environ-

ment by looking specifically the electrochemical degradation mechanism. We set up model systems 

of four different sizes, each having the shape of cubo-octahedron. Further, we identified various 

candidates for step by step electrochemical dissolution, under the assumption of simultaneous dis-

solution of Pt atoms from the outermost shell. The dissolution mechanism was allowed to proceed 

thermodynamically, only via the candidate with the lowest calculated value of the dissolution poten-

tial, which was evaluated using first principles density functional theory.  

     Our results lead us to some remarkable observations. The mechanism proceeds at each step 

by exposing more of the (111) facets at the expense of other sites on the outermost shell of the Pt 

nanocluster, which is widely known to be the most stable of all extended Pt surfaces. We found a 

strong size dependent behavior of the dissolution potential, especially for smaller sized nanoparti-

cles which can be attributed to the strong decay of cohesive energy with decreasing size. Based on 

the particular trends in the values of dissolution potentials that emerge during the step by step pro-

cess, we argued that the overall mechanism is dictated by the competition between the stabilizing 
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effect of the increasing (111) surface area fraction on the outer most shell and the destabilizing ef-

fect due to decreasing cohesive energy, as the dissolution proceeds. We also found that the inter-

mediate structures, which were encountered across all model systems, lie on the upper bound of the 

cohesive energy values corresponding to a given nanoparticle size, indicating them to be stable na-

noparticles. These findings create a very strong case for the thermodynamically driven mechanism 

proposed in this study. Furthermore, these structures were found to be quite similar to the magic 

numbered clusters known for their relatively high stability. 
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국문요약 

제일원리전산을 이용한 연료전지용 백금 나노촉매의 전기화학적 

안정성에 대한 열역학적 분석 

 
산성환경에서 백금 나노입자의 열화 문제는 고성능 연료전지를 개발함에 있어서 

가장 핵심이 되는 부분이다. 본 논문에서는 열역학적 관점을 기반으로 하여 백금 나노입자의 

전기화학적 열화현상을 규명하기 위해 제일원리전산을 도입하였다. 열화현상은 전기화학적 

용해전위와 관련이 있는데 이를 계산하기 위해 3 nm 이하 백금 입자모델을 세웠다. 그리고 

이것이 완전용해에 이르는 여러 루트를 설명하기 위해, 나노입자의 최외곽 껍질이 단계적으로 

용해되어서 없어지는 소위 “step by step” 메커니즘을 도입하였다. 그 결과, 백금 

나노입자의 용해전위가 입자크기에 의해 좌우되고, 크기가 커질수록 벌크 백금 금속의 

용해전위에 가까워짐을 발견하였다. 주목할만한 점은, 본 연구에서 사용된 모든 백금 나노입자 

모델들이 (111) 면을 점점 더 노출하면서 용해되는 특성을 보였고, 응집에너지와 표면에너지 

간의 상호작용을 통해 내구성이 결정되는 것을 확인하였다. 본 연구과정에서 발견된 

나노입자의 전기화학적 용해 특성은 실제 백금 나노촉매를 디자인 함에 있어 기준을 제시할 

것이다. 그뿐만 아니라 광촉매 응용분야와 같은 여러 어플리케이션 개발에도 중요한 역할을 

담당할 것이다.  

 

 

핵심어: 제일원리전산, 연료전지, 나노입자, 내구성, 열화메커니즘 
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