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Abstract 

There is a growing interest in the search for alternative energy resources due to 

the limited availability of fossil fuels and to reduce the emission of greenhouses 

gases (CO2, CH4, N2O, ozone, chlorofluorocarbons and so on). Therefore, clean 

energy resources like fuel cells, lithium ion batteries, supercapacitors, and 

photovoltaics have emerged as alternative ways. A fuel cell is an energy-

conversion device that converts the chemical energy from hydrogen or hydrogen-

rich fuels into electrical power through electrochemical reactions. The fuel cells 

are categorized as low-temperature or high-temperature fuel cells. The category 

with operating temperature below 150 °C can be considered as low-temperature 

fuel cells. Oxygen reduction reaction (ORR) at the cathode is the most important 

reaction in low-temperature fuel cells, where Pt-black electrocatalyst with Pt(111) 

exposed surface is used as conventional cathode electrode. 

Recently, metal nanoclusters (NCs) surrounded by multiple numbers of well-

defined facets have shown its potential towards ORR in comparison to their bulk 

metal surfaces due to the presence of high surface unsaturation. These highly 

unsaturated sites possess higher d-band energies, which influences the overall 

activity of the NCs. Earlier theoretical studies are done either on small-sized 

metal NCs or bulk metal surfaces (slab model) to understand the catalytic activity 

of the experimentally synthesized NCs. However, the size of the NC is very 

important to its catalytic reactivity due to the finite-size effects. Moreover, the 

low-coordinated sites can’t be modelled in slab model study. Therefore, cluster 

model study with well-defined facet can only provide the real scenario about the 

experimental situation. 

The contents of each chapter included in the thesis are discussed briefly as 

follows: 
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1. Introduction 

In this chapter, a brief overview of the fuel cells and their working principle has 

been discussed, putting much emphasis on low-temperature fuel cells. The 

potential applicability of NC-based electrode in the low-temperature fuel cell has 

also been discussed here. The recent advances on hollow materials like metallic 

nanocage, nanoframes have been reviewed. Furthermore, the applicability of 

nanosheets based catalysts and their possible application in fuel cells has been 

discussed. In addition, the roles of the shape of NCs and composition of the core-

metal in the core-shell NCs towards the catalytic activity have also been surveyed. 

Besides, the adsorption behavior and decomposition pathways of methanol at the 

anode of direct methanol fuel cell have also been discussed.  

The last part of this chapter discusses the basis of the density functional theory 

which is used for the electronic structure calculations. The procedure for 

modelling the NCs, core-shell NC and nanosheets have also been discussed here. 

This chapter also covers the computational techniques which are used to explain 

the results of the computation. 

 

2. Pt3Ti (Ti19@Pt60)‑based cuboctahedral core-shell nanocluster favors the 

direct oxygen reduction reaction pathway over the indirect pathway 

In this chapter, the potential applicability of a cuboctahedral core-shell 

(Ti19@Pt60) NC towards ORR activity has been investigated and compared with 

that of a pure Pt NC (Pt79). The energetic stability, thermal stability, and 

dissolution limit of Ti19@Pt60 NC has been investigated for its possible synthesis 

and practical usages. Thermodynamic and kinetic parameters are explored to find 

out the most favored ORR pathway and product selectivity on the Ti19@Pt60 NC. 

Rate-determining steps (*O2 activation and *OH formation) are highly improved 

over the Ti19@Pt60 NC with respect to the cuboctahedral Pt NC (Pt79), pure metal 

(Pt, Pd, and Ag), and alloy (Pt3M; M = Ni, Co, Ti) based catalysts. The detailed 

investigation reveals that the *O2-induced structural changes favor direct *O2 
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dissociation on the Ti19@Pt60 NC surface. Further, it has been found that a dual 

mechanism (ligand effect and charge transfer) plays an important role to improve 

the ORR activity. The results obtained in this study provide fundamental insight 

into the role of a core-shell NC towards ORR activity. 

3. Single-layered platinum nanocage as highly selective and efficient catalyst 

for fuel cells 

In this chapter, the ORR pathways are systematically studied on the (111) facet of 

an octahedral single-layered platinum nanocage (Pt66), enclosed by well-defined 

(111) facets. Energetic (cohesive energy), thermal (molecular dynamics 

simulation) and dynamic (phonon frequency) calculations are carried out to 

evaluate the stability of the nanocage. Thermodynamic (reaction free energies) 

and kinetic (free energy barriers, and temperature dependent reaction rates) 

parameters are investigated to find out the most favourable pathway for the ORR. 

The catalytic activity of the nanocage is investigated in greater detail toward its 

product selectivity (H2O vs. H2O2). Previous theoretical and experimental reports 

on bulk Pt(111) show that direct O–O bond dissociation and OH formation are 

very much unlikely due to the high-energy barrier. However, it is found that the 

direct O–O bond dissociation and OH formation are thermodynamically and 

kinetically favourable when catalysed by an octahedral Pt-nanocage. The 

microkinetic analysis shows that the nanocage is a highly selective catalyst for the 

four-electron reduction (*H2O formation) over two-electron reduction (*H2O2 

formation). The excellent catalytic activity of the nanocage is explained from the 

surface energy, compressive strain, Bader charge and density of states analysis. 

4. Free-standing platinum monolayer as efficient and selective catalyst for 

oxygen reduction reaction 

In this paper, a two-dimensional platinum monolayer (platene) sheet is reported 

for ORR activity using first-principle calculations. Unlike the previous reports of 

supported hexagonal planar monolayer, platene exhibits an orthorhombic buckled 

structure, where each Pt-atom is coordinated with six Pt-atoms. State-of-the-art 
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calculation shows that the platene is energetically, thermally, dynamically and 

mechanically stable and thus can be synthesized. An orbital mixing between in-

plane σ-orbital and out-of-plane π-orbital helps in stabilizing the buckling pattern. 

It has been found that the dz2 orbitals of the out-of-plane Pt atoms tilt themselves 

(by 30°) towards the dyz orbital of the in-plane Pt atoms to gain the maximum 

overlap, which in turn stabilizes the buckled structure. The potential applicability 

of platene towards ORR activity has been investigated and it is found that the 

ORR rate determining step (OH formation) is significantly improved when 

catalyzed by the platene compared to any catalysts reported to date. The unique 

adsorption pattern of adsorbed oxygen-atom helps to lower the activation barrier 

of the rate determining step. The potential dependent study shows that the ORR is 

thermodynamically favourable at 0.38 V and thus lowers the overpotential for 

ORR.  Besides, platene is very much selective towards H2O formation over H2O2 

formation. 

5. Insights into the shape-dependent (cuboctahedral vs. octahedral) catalytic 

activity of platinum nanoclusters for fuel cell applications 

In this chapter, the shape-dependent catalytic activities of two platinum NCs with 

cuboctahedral (Pt79) and octahedral (Pt85) shapes have been investigated toward 

ORR. The energetic stability, thermal stability, and dissolution limit of the NCs 

are investigated for their synthesis and practical usage. The four-electron (H2O 

formation) vs. two-electron (H2O2 formation) ORR mechanisms are 

systematically studied on the (111) facet of the NCs to gain more insight into the 

shape-dependent ORR activity and product selectivity (H2O vs. H2O2). 

Thermodynamic (reaction free energies) and kinetic (free energy barriers and 

temperature-dependent reaction rates) parameters are investigated to find out the 

most favored ORR pathway and product selectivity. The NC-based Pt catalysts 

are very efficient and selective with respect to the previously reported bulk metal 

(Pt, Pd, and Ag) based catalysts. The results show that the rate-determining step is 

no longer a rate-determining step when the reaction is catalyzed by the 

cuboctahedral NC. The excellent catalytic activity of the cuboctahedral NC is 
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attributed to the surface energy, compressive strain and d-band center position of 

the catalyst. The results are very much consistent with experimental findings, and 

thereby such NC-based electrodes may serve as good candidates for fuel cell 

applications. 

6. A cuboctahedral platinum (Pt79) nanocluster favours di-sigma adsorption 

and improves the reaction kinetics for methanol fuel cells 

In this chapter, the methanol dehydrogenation steps are studied very 

systematically on the (111) facet of a cuboctahedral platinum (Pt79) NC enclosed 

by well-defined facets. The various intermediates formed during the methanol 

decompositions are adsorbed at the edge and bridge site of the facet either 

vertically (through C- and O-centres) or in parallel. The di-sigma adsorption (in 

parallel) on the (111) facet of the NC is the most stable structure for most of the 

intermediates and such binding improves the interaction between the substrate and 

the NC and thus the catalytic activity. The reaction thermodynamics, activation 

barrier, and temperature dependent reaction rates are calculated for all the 

successive methanol dehydrogenation steps to understand the methanol 

decomposition mechanism, and these values are compared with previous studies 

to understand the catalytic activity of the NC. It has been found that the catalytic 

activity of the NC is excellent while comparing with any previous reports and the 

methanol dehydrogenation thermodynamics and kinetics are best when the 

intermediates are adsorbed in a di-sigma manner. 

7. Conclusions  

The conclusions of research work described here are as follows: 

i) The O2-induced structural changes on Ti19@Pt60 NC make the NC as a 

very selective and efficient catalyst for H2O over H2O2 formation and 

thus could be a promising catalyst for fuel cell applications. 

ii) The rate determining steps of ORR (O–O bond dissociation and OH 

formation) are thermodynamically and kinetically favorable when 

catalyzed by an octahedral Pt-nanocage. The nanocage is a highly 
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selective catalyst for the four-electron reduction (H2O formation) over 

two-electron reduction (H2O2 formation). 

iii) Free-standing orthorhombic platinum monolayer (platene) could be a 

very promising catalyst for the efficient and selective reduction of 

oxygen. 

iv) The cuboctahedral NC improves the ORR activity and selectivity 

compared to the octahedral NC of similar size. 

v) The methanol decomposition activity of the Pt79 NC is excellent while 

comparing with any previous reports and the methanol 

dehydrogenation thermodynamics and kinetics are best when the 

intermediates are adsorbed in a di-sigma manner. 
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1.1 Clean energy resources 

There is a growing interest in search for alternative energy resources due to the 

limited availability of fossil fuels and to reduce the emission of greenhouse gases 

[1]. In this scenario, fuel cell has emerged as one of the alternatives and 

promising sources of clean energies. The term “clean” arises due to the generation 

of water as the end product. The development of nanomaterials for clean energy 

applications is one of the major challenges in this century. In this aspect, 

computational study has been playing a major role toward the development of 

nanomaterials for clean energy applications. The focus of this doctoral thesis is to 

design nanocluster based electrodes for fuel cell applications. 

1.2. Fuel cell  

Fuel cell is a device that converts the chemical energy from hydrogen or 

hydrogen-rich fuels into electrical power through electrochemical reaction. Fuel 

cell mainly consists of an electrolyte and two electrodes. At the anode, the fuel is 

oxidized, whereas at the cathode, oxygen is reduced. The ions pass through the 

electrolyte from one side to the other. Simultaneously, electrons pass from the 

anode to the cathode through an external circuit and thus producing electricity. 

Fuel cells can produce electricity continuously for as long as fuel is provided. 

Mainly six types of fuel cells are in the market. The basis working principles are 

almost similar in all cases. However, they are named based on the working 

principles and electrolytes used. The operating temperature of a fuel cell depends 

on the nature of the electrolyte. Depending on the operating temperature, different 

electrodes are chosen for oxidation and reduction reactions. A brief summary of 

various types of fuel cells based on the operating temperature and electrode 

reactions has been given in Table 1.1. 
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Table 1.1: Comparison of various kind of fuel cell 

Types of fuel cell 

Operating 

temperature 

(° C) 

Fuel 
Anode 

Reaction 

Cathode 

Reaction 

Polymer 

electrolyte 

membrane fuel 

cell 

(PEMFC) 

40-90 H2 
H2 → 2H

+
 + 

2e
-
  

½O2 +2H
+
 + 

2e
-
 → H2O 

Direct methanol 

fuel cell 

(DMFC) 

60-130 CH3OH 

CH3OH + 

H2O  → CO2 + 

6H
+
 + 6e

-
  

3(½O2) + 

6H
+
 + 6e

-
 → 

3H2O 

Alkaline fuel cell 

(AFC) 
40-200 H2 

H2 + 2OH
-
 → 

2H2O + 2e
-
 

½O2 + H2O + 

2e
-
 → 2OH

-
 

Phosphoric acid 

fuel cell 

(PAFC) 

200 H2 
H2 → 2H

+
 + 

2e
-
 

½O2 +2H
+
 + 

2e
-
 → H2O 

Molten carbonate 

fuel cell 

(MCFC) 

650 
H2, CO, 

CH4 

H2 + CO3
2- 

→ 

CO2 + H2O + 

2e
-
  

½O2 + CO2 + 

2e
-
 → CO3

2-
 

Solid oxide fuel 

cell 

(SOFC) 

600-950 
H2, CO, 

CH4 

H2 + O
2-

 → 

H2O +2e
-
  

½O2 + 2e
-
 → 

O
2-

 

 

1.3. Low-temperature fuel cell 

The fuel cells are categorized as low-temperature or high-temperature on the basis 

of operation temperature. Low-temperature fuel cells are those which operate 

below 150 °C [2]. Both the PEMFC and DMFC fall in the range of low-

temperature fuel cell. The working principle of DMFCs is the same as in the 

PEMFCs. Actually, DMFC is a special kind of PEMFC. In both the kinds of fuel 

cells, the porous carbon based materials are used as electrodes and both the 

electrodes are coated (one side) with platinum and thus named Pt/C electrode [3]. 

Basically, carbon materials act as a support to the platinum catalyst. Electrodes 

are separated by a proton exchange membrane electrolyte, which is a thin sheet 
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that allows protons to pass through but forbid the passage of electrons and heavier 

gases. 

 

Figure 1.1: Schematic diagram of (a) PEMFC and (b) DMFC. 

In the PEMFC, hydrogen gas is fed in the anode, where it dissociates into protons 

and electrons with the help of the catalyst (Figure 1.1a). However in DMFC, an 

aqueous methanol solution is feed at the anode as a fuel as shown in Figure 1.1b. 

In both the fuel cells, the positively charged protons pass through the electrolyte 
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membrane and migrate toward the cathode. Meanwhile the electrons, with the 

help of carbon support, flow from the anode to the cathode via the external circuit. 

Therefore, the polymer electrolyte supports the ionic conductivity, whereas the 

carbon support improves the electric conductivity [4]. At the cathode, the protons, 

electrons (from the external circuit) and oxygen (from the air) combine to form 

water. 

DMFC has some advantages over PEMFC as methanol is easy to store and 

handling liquid fuels is easier over gaseous hydrogen. Further, it is cheap 

compared to many other fuels. Besides, the hydrogen content per molecule is 

higher in methanol compared to that in hydrogen. However, there are certain 

advantages associated with PEMFC over DMFC also. As there are three different 

types of bond (C–H, O–H and C–O) present in methanol, the complexity of the 

dehydrogenation process arises whether the bond scission occurs via the C–H, O–

H or C–O bonds. Moreover, the sequence of C-O, O–H and C–H bond activation 

depends on the catalyst [5] and therefore, the efficiency of the DMFC becomes 

crucial. Furthermore, due to presence of many reaction intermediates, the surface 

sites availability also becomes low, which thus lowers the efficiency of the fuel 

cell [6]. The CO poisoning is another major of concern in the case of DMFC [7]. 

In the following sections, we have discussed about the reaction mechanisms at the 

surface of Pt-nanocluster based electrodes. Further, we have given a brief 

overview about the conventional and nanomaterial based electrodes used for low-

temperature fuel cells. 

1.4. Electrode Reactions 

1.4.1. Oxidation at Anode 

Hydrogen and methanol oxidation reactions happen at the anode of PEMFC and 

DMFC, respectively.  
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1.4.1.1. Hydrogen oxidation reaction (HOR) 

The gaseous hydrogen first adsorbs on the catalyst surface and undergoes for 

dissociation and followed by oxidation. The half-cell reaction for the oxidation 

process is:  

H2 → 2H
+
 + 2e

- 
    E

0
 = 0 V 

where E
0
 is the standard half-cell potential based on a reversible hydrogen 

electrode (RHE). The reaction kinetics of the HOR on a Pt electrode is very fast 

[8]. Therefore, the main focus in PEMFC is to improve the reduction reaction at 

cathode to improve its performance. 

1.4.1.2. Methanol oxidation reaction (MOR) 

The electrochemical MOR is a 6-electron oxidation process. The liquid methanol 

is fed into the anode of the DMFC, where oxidation occurs. The half-cell reaction 

for this is as following: 

CH3OH + H2O → CO2 + 6H
+
 + 6e

-
                 E

0
 = 0.02 V/RHE 

Although the thermodynamic potential for MOR is very close to HOR, the MOR 

is slower than HOR by several orders. This is because the MOR typically 

proceeds through a complicated reaction mechanism. Experimental identification 

of some stable surface products (CO), solution-phase product (CO2), and surface 

intermediates (HCOO, HCHO and HCOH) have led to propose a dual-path 

mechanism for electrochemical methanol oxidation [9-12]: 

• The direct path where methanol undergoes oxidation towards the direct 

formation of CO2 (Scheme 1.1a). 

• The indirect path where the oxidation reaction proceeds toward the formation of 

CO, which can undergo further oxidation for the formation of CO2 (Scheme1.1b). 
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Scheme 1.1: Different proposed pathways for methanol oxidation: (a) direct and 

(b) indirect 

Both the methanol oxidation pathways require the dissociation of C-H bond. So, a 

catalyst is important for the oxidation reaction. During the MOR, both the process 

may occur simultaneously. Although, the direct process is very much favored 

over the indirect one as the carbon monoxide strongly adsorbs on the surface of 

the Pt-catalyst. As a result, it reduces the number of available reaction sites, which 

subsequently affect the performance of DMFC. 

Furthermore, the adsorption behavior of methanol on the surface of the catalyst is 

also very crucial for the overall process. It is widely expected that methanol tends 

to bind through its oxygen atom. However, due to the presence of -electron 

cloud of >C=O bond, it influences the bonding of methanol on the catalyst 

surface. In this case, the unsaturation of the catalyst can play an important role. 

Some experimental studies [13-14] also reported that the >C=O group of 

methanol interacts parallel to the catalyst surface and the –CH3 group is also 

inclined to the surface. Therefore, initial adsorption behavior of methanol can 

largely depend on the available adsorption sites of the catalyst. Due to the 

presence of many low-coordinated sites such as edge, terrace and vertex, there is a 

possibility that the -cloud may interact with the catalysts surface, which might 

alter the reaction kinetics of the methanol decomposition. In the present thesis, the 

role of adsorption patterns of the reaction intermediates has been studied to 

understand the methanol dehydrogenation mechanism. 
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1.4.2. Reduction at Cathode 

1.4.2.1. Oxygen reduction reaction (ORR) 

ORR at cathode is the most important reaction in PEMFC. As the anodic process 

doesn’t contain any overpotential, therefore ORR is the key reaction to improve 

the efficiency of the fuel cells. During the ORR, H2O and H2O2 are the two end 

products, which are formed via four-electron (4e
-
) and two-electron (2e

-
) 

reduction reactions, respectively [15].  

O2 + 4H
+
 + 4e

-
 = 2H2O       E

0
 = 1.23 V/RHE 

O2 + 2H
+
 + 2e

-
 = H2O2        E

0
 = 0.69 V/RHE 

For the 4e
-
 reduction (H2O formation), there are two mechanisms: i) associative 

and ii) dissociative [16]. In the associative mechanism, the reaction can precede 

via hydrogenation (O2 + H → OOH) followed by dissociation (OOH → O + OH) 

and in the dissociative pathway, the adsorbed oxygen molecule (O2) can undergo 

direct O-O bond dissociation (O2 → O + O). Then the end products are formed 

through subsequent hydrogenation and O-H bond formation steps. However, the 

associative pathway can happen via two pathways: (i) peroxyl and (ii) peroxide 

formations. In the peroxyl mechanism, the adsorbed oxygen molecule (*O2) 

undergoes hydrogenation (O2 + H → OOH) followed by dissociation (OOH → O 

+ OH). Then the product (OH) can undergo subsequent hydrogenation for the 

formation of H2O (major product). In the peroxide mechanism, OOH can undergo 

further hydrogenation for the formation of H2O2. This will be a two-electron 

reduction reaction if the end product is H2O2. However, H2O2 can further 

dissociate into OH, which can go for further protonation for the formation H2O. 

In fuel cells, four-electron reduction (4e
-
) is preferred over a two-electron (2e

-
) 

reduction in order to maximize the efficiency [17]. Furthermore, H2O2 formation 

affects the durability of the membrane of a PEM fuel cell by forming radical 

species [1, 18]. Thereby, the degree of the two different pathway reactions i.e. the 

product selectivity (H2O vs. H2O2) is very important for the performance of a fuel 
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Cell and the development of the catalysts should be targeted towards the 4-

electron reduction pathway. In this thesis, the attention has been devoted towards 

gaining the 4e
-
 pathway on different nanostructured based catalysts. In the 

following section, an overview of the catalysts used for ORR has been presented. 

1.5. Catalysts 

1.5.1. Bulk metal surface 

 

Figure 1.2: (a) Bulk Pt(111) surface and (b) face centered cubic arrangement of 

Pt(111) surface.  

Bulk Pt(111) surface (Figure 1.2a) is the conventional catalyst for both the MOR 

and ORR [1, 19]. The (111) surface of platinum possess a face-centered cubic 

(fcc) structure. This exposes a surface with an atomic arrangement of 6-fold 

symmetry as has been shown in Figure 1.2b. The stacking pattern of fcc structure 

becomes in ABCABCA sequence. 

1.5.2. Low-dimensional catalysts 

1.5.2.1. Metal nanoclusters 

Nanoclusters (NCs) are the aggregates of atoms or molecules having the size of 1-

10 nanometers and consisting of up to a few hundred atoms. Though there are no 

clear cut separation between the definition of NC and nanoparticle, however the 

larger aggregates which contains 1000 or more atoms are generally called 

nanoparticles. Nano- and sub-nanoscale clusters are of huge interest because of 
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their unusual properties and potential applications in next-generation devices like 

electronics [20], magnetics [21] and catalysis [22], which significantly differ 

from bulk materials. In this doctoral thesis, all the works are performed on Pt-

based NCs due to the wide range of applications of Pt NCs in ORR, MOR and 

HOR. Further, mixed metal based NCs are promising for ORR. Such alloying 

with other metals leads to the formation of bimetallic catalysts like Pt skeleton 

[23-24], Pt skin [25], mixed alloy [26-27], and core−shell structures [28-30]. 

Among them, core−shell-based (Figure 1.3) catalysts are very promising due to 

the easy tunability of the inside core and the presence of resistant shell layers for 

sustaining the harsh reaction conditions of fuel cells. It is widely accepted that 

mainly two mechanisms (ligand and strain effect) are responsible for the 

modification of the chemical properties of these surfaces [31]. In the ligand 

effect, the core atoms alter the chemical environment of the outside layer by 

modifying their electronic properties. In the strain effect, the chemical properties 

of the outside layer changes due to the modifications of the lattice parameters 

(bond length, bond angles) of outside layers. However, it is very difficult to 

separate the role of strain and ligand effects because most of the times the two 

effects occur together [31]. In the present thesis, the potential applicability of 

core-shell NC towards ORR has been investigated and the advantages of core-

shell structure over conventional electrode have been studied in greater detail.  

 

 

Figure 1.3: Cuboctahedral nanoclusters in the pure and core-shell form  
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Nanocages, nanoframes and nanoboxes have also attracted considerable attention 

due to their excellent catalytic activity with lower Pt-content. These structures 

have a void inside (Figure 1.4). Nanoframe consists of edge atoms only. The 

thickness of the edge is of around 1-5 nm [32-34]. High unsaturation in these 

structures makes them very reactive for catalytic reactions. Recently, 

experimental groups have synthesized Pt-based cubic, octahedral
 

[32] and 

icosahedral nanocages
 
[33] with well defined (111) and (100) facets. Other than 

Pt-based hollow nanoclusters, Pd-Rh nanoboxes
 
[34] have been synthesized 

lately. Interestingly, such nanocages show superior ORR activity compared to the 

conventional Pt/C-based catalyst [32-36]. In the present thesis, a singled layered 

platinum-nanocage has been studied for ORR activity. 

 

 

Figure 1.4: Pure and hollow nanoclusters in octahedral geometry 

Shape-dependent catalytic activity of NCs is another major area as the catalytic 

activity is very much selective to the shape of the catalyst. Transition metal NCs 

crystalizes in different shapes such as cubic, octahedral, cuboctahedral, truncated 

octahedral, icosahedral and so on. In case of cubic NCs, they are exposed with 

(100) facets only, whereas octahedral and icosahedral NCs are exposed with (111) 

facets. Cuboctahedral and truncated octahedral NCs contain both (100) and (111) 

facets (Figure 1.5). The stability of these catalysts is very much dependent on the 

exposed surface area, surface energy of the exposed facets, number of low-
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coordinated sites, and strain on the surface atoms. Apart from the stability, the 

catalytic activity is also very much shape dependent.  The reactivity of the NCs 

depends on the type of the facets, and available low-coordinated reaction sites 

(edge, kink, vertex). El-Sayad and co-workers
 
[37] have given the breakthrough 

by synthesizing a series of shape-controlled colloidal platinum nanoparticles in 

the shapes of tetrahedral, cubic, irregular-prismatic, icosahedral and 

cuboctahedral structures. Later on, extensive studies have been performed for the 

synthesis of shape-controlled well-defined Pt-nanocatalysts [38-43]. The shape of 

the catalyst is also very important for product selectivity such as benzene 

hydrogenation
 

[44], pyrrole hydrogenation [45], butene isomerization
 

[46], 

glucose oxidation
 
[47], formic acid oxidation

 
[48], and CO oxidation

 
[49] 

reactions. In this thesis, we have studied the shape-dependent ORR activity 

catalyzed by the cuboctahedral and octahedral NCs of similar size (Figure 1.5).  

 

 

Figure 1.5: Nanoclusters with different shapes 



14 
 

1.5.2.2. Metal nanosheets 

Metallic nanosheet is another kind of active catalyst with lower Pt-content. 

Nanosheets are composed of few atomic layers to a thickness of 5 nm [50]. The 

nanosheets-based catalysts have been grown on a support material (generally over 

oxides or NCs surface) [50-57]. Free-standing nanosheets are also synthesized in 

the form of nanoplates [55, 58]. Interestingly, these ultrathin metallic layers are 

found be very active for ORR as well as for many oxidation-reduction reactions. 

Azdic and co-workers synthesized core-shell catalysts with a Pt monolayer shell 

and reported excellent ORR kinetics [52]. Wang and co-workers
 
[51] synthesized 

free-standing ultrathin Pt−Cu alloy nanosheets of 4−6 atom thickness, which 

exhibits exhibit excellent electrocatalytic activities for the oxidation of ethanol in 

comparison to commercial Pt black and Pt/C catalysts. High energy Pt(110) 

surface based sheets have been synthesized lately. In fact, such high-energy based 

nanosheets are found to be very much active for catalytic reaction. Very recently, 

Bu et al. [58] synthesized (110) faceted core-shell based nanosheets with a low 

(0.8-1.2 Å) Pt-shell thickness. In the present thesis, we have shown that free-

standing platinum monolayer improves ORR activity significantly. 

1.6. Theory 

This part of the chapter briefly describes about the fundamental theory and 

computational techniques used in all the works presented in the thesis. 

1.6.1. The Many-Body Problem 

Solid state materials are composed of multiple numbers of nuclei and electrons. In 

this kind of many-body systems, Schrödinger Equation is the basic tool for 

calculating their properties (electron-electron, electron-nucleus and nucleus-

nucleus interactions). Hence, the Schrödinger equation of the many body system 

is the fundamental theory of the electronic structural calculations. Usually, the 

time independent Schrödinger Equation is used to evaluate these properties and 

can be expressed as follows 
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HΨ(r, R) = EΨ(r, R)                                                                             (1.1) 

where H is the Hamiltonian which describes all the interactions of the system, E is 

the total energy of the system and Ψ is the wave function which contains the 

information of the nuclei and electrons of the atoms. The Hamiltonian operator is 

expressed as follows 

𝐻 = −
ℎ2

2𝑚𝑒
∑ ∇𝑖

2 − ∑
ℎ2

2𝑀𝐼
𝐼𝑖 ∇𝐼

2 +
1

2
∑

𝑒2

ǀ𝒓𝒊−𝒓𝑗ǀ𝑖≠𝑗 +
1

2
∑

𝑍𝐼𝑍𝐽𝑒2

ǀ𝑹𝐼−𝑹𝐽ǀ𝐼≠𝐽 − ∑
𝑍𝐼𝑒2

ǀ𝒓𝑖−𝑹𝐼ǀ𝑖,𝐼  (1.2) 

where 𝑚𝑒 and 𝒓𝑖 are the mass and position of the electron, whereas 𝑀𝐼, 𝑅𝐼 and 𝑍𝐼 are 

the masses of the nuclei, it’s position and nuclear charges, respectively. The first and 

second term in this equation represents the kinetic energy of the electrons and the 

nuclei, respectively. The following terms are corresponding to the electron-electron 

repulsion, nuclei-nuclei repulsion and the electrons-nuclei attractive interaction, 

respectively. 

However, to solve the Schrödinger Equation using the above Hamiltonian is 

practically impossible for the many-electron system. Therefore, it is very important 

to employ some approximations. The Born-Oppenheimer (BO) approximation [59] 

is most extensively used for this purpose. 

According to the BO approximation, as the nuclei is 1836 times heavier than the 

electron, the speed of the nuclei is assumed to be stationary compared to the electron. 

Therefore, the kinetic energy of the nuclei can be neglected while comparing with 

the kinetic energy of electron. Therefore the Hamiltonian of the electron can be 

approximated as follows 

𝐻 = −
ℎ2

2𝑚𝑒
∑ ∇𝑖

2
𝑖 +

1

2
∑

𝑒2

ǀ𝒓𝑖−𝒓𝑗ǀ𝑖≠𝑗 − ∑
𝑍𝐼𝑒2

ǀ𝒓𝑖−𝑹𝐼ǀ
 𝑖,𝐼                                              (1.3) 

Even after applying the BO approximation, the solution is computationally 

unaffordable for many electron systems. Therefore, the electron-electron interaction 

of the above equation requires further approximation. In this context, other 

approximation like density functional theory (DFT) is extremely useful and has been 

discussed in the following sections. 
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1.6.2. Density Functional Theory (DFT) 

DFT is a quantum-mechanical method, which is used for investigating the 

electronics structure of many-body systems. DFT has been emerged as an 

indispensable tool in the wide research areas of computational material science. In 

the following, an overview of the basic principles of DFT is discussed.  

1.6.2.1. The Hohenberg-Kohn theorems 

DFT is based on the two theorems proposed by P. Hohenberg and W. Kohn [60, 

61]. 

Theorem 1: The first theorem states that the ground state properties of many 

electron systems can be evaluated by the electron density 𝑛(𝒓) of the interacting 

electrons moving under the external potential of 𝑉𝑒𝑥𝑡(𝒓). Basically, the ground-

state energy of Schrödinger’s equation is a unique functional of the electron 

density 𝑛0(𝒓). 

Theorem 2: The second theorem talks about the universal total energy functional 

𝐸[𝑛] in terms of particle density 𝑛(𝒓) under the external potential of 𝑉𝑒𝑥𝑡(𝒓). The 

functional can be written as 

𝐸[𝜌(𝒓)] = 𝐸𝐻𝐾[𝜌(𝒓)] + ∫ 𝑉𝑒𝑥𝑡(𝒓)𝜌(𝒓)𝑑𝒓                                             (1.4) 

where 𝐸𝐻𝐾[𝜌(𝒓)] represents the internal and kinetic energies of the all interacting 

particles of the system.  

The ground state energy of a system can be obtained only if the functional of the 

electron density which actually minimizes the energy of the system, become the 

true ground state density 𝑛0(𝒓). However, the exact form of the functional of the 

electron density was not clear from the theorems.  

1.6.2.2. Kohn-Sham equations 

Kohn and Sham derived a new set of equations to describe the Hohenberg-Kohn 

theorems. In the equations (Kohn-Sham equation), the complex many-body 
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problem is replaced by the simple single particle non-interacting problems. These 

single particles are described by an effective potential 𝑉(𝒓𝑖), called as Kohn-

Sham potential. The total ground state energy can be written as 

𝐸[𝜌(𝑟)] =  𝑇0[𝜌(𝑟)] +
1

2
ʃʃ 

𝜌(𝑟)𝜌(𝑟)′𝑑𝑟𝑑𝑟′

|𝑟−𝑟′|
+ ʃ 𝑉𝑒𝑥𝑡(𝑟)𝜌(𝑟)𝑑𝑟 + 𝐸𝑥𝑐[𝜌(𝑟)𝑑𝑟] + 𝐸𝐼𝐼                                                                                  

(1.5) 

in which the first term is the kinetic energy of the non-interacting electrons; the 

second term is the classical electron-electron Coulomb interaction (Hatree 

energy); the third term is the potential energy representing the interaction between 

valence electrons and the core electrons; the fourth one is the exchange-

correlation interaction that considers all non-classical many-body effects between 

electrons. The last term stands for the nuclei-nuclei interaction. The above 

equation can be further reduced as 

[−
1

2
∇2 + 𝑉𝑒𝑓𝑓(𝑟)] 𝛹𝑖(𝑟) = 𝐸𝑖𝛹𝑖(𝑟)                                                     (1.6) 

where 𝛹𝑖(𝑟) stands for the Kohn-Sham orbitals instead of wave function, whereas 

𝑉𝑒𝑓𝑓 can be represented as 

𝑉𝑒𝑓𝑓 =  𝑉𝐻𝑎𝑟𝑡𝑟𝑒𝑒 + 𝑉𝑒𝑥𝑡 + 𝑉𝑥𝑐                                                                (1.7) 

It means that the effective potential can be represented in the forms of external 

potential, Coulomb interaction and the exchange correlation contribution. 

Therefore, the energy of many-body problem can be solved if the exchange 

correlation potential is known. However, the exchange correlation interaction is 

not easy to solve therefore different approximations are used to solve this 

problem. These approximations are extensively used for the simulation of 

molecular and solid state problems [42]. 

1.6.2.3. Exchange-correlation functional 

The unknown parameter in the above equation is the exchange-correlation functional 

term, which must be approximated for the practical use of Kohn-Sham equation. The 
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exchange-correlation 𝐸𝑥𝑐(𝑛(𝒓)) part can be divided into exchange and correlations 

part, which are as follows 

𝐸𝑥𝑐(𝑛(𝒓)) = 𝐸𝑥(𝑛(𝒓)) + 𝐸𝑐(𝑛(𝒓))                                                              (1.8) 

Based on the electron density, the exchange correlation energy functional 

𝐸𝑥𝑐(𝑛(𝒓)) can be approximated by some local functional. The main 

approximations for the exchange correlation are stated below. 

1.6.2.4. Local Density Approximation (LDA) 

In the LDA approximation [62, 63], the exchange-correlation functional is 

derived from the homogeneous electron gas and can be defined as 

𝐸𝑥𝑐
𝐿𝐷𝐴 = ∫ 𝑑3𝑟 𝑛(𝒓) Ɛ𝑥𝑐

ℎ𝑜𝑚(𝑛(𝒓))                                                         (1.9) 

where Ɛ𝑥𝑐
ℎ𝑜𝑚(𝑛(𝒓))is the exchange-correlation energy per partical in a homogeneous 

gas with electron density 𝑛(𝒓). 

LDA approximation is extensively used to determine the ground state properties of 

the solid state materials. The LDA works well in the system with a slowly varying 

density. It is found that LDA works well in the cases where even charge density 

varies quickly with some limitations while calculating some thermodynamic and 

electronic properties. It overestimates the cohesive energy, bond dissociation energy 

and adsorption energies in comparison to experimental values. Besides, it 

underestimates the experimental values significantly while calculating the band gap 

of semiconductor and insulator [64]. 

1.6.2.5. Generalized Gradient Approximation (GGA) 

In the GGA approximation, the gradient of electron density used to calculate the 

exact exchange energy. The exchange-correlation function based on generalized 

gradient approximation is expressed as follows: 

𝐸𝑥𝑐
𝐺𝐺𝐴 = ∫ 𝑑3𝑟 𝑛(𝒓) Ɛ𝑥𝑐

𝐺𝐺𝐴(𝑛(𝒓), 𝛻𝑛(𝒓))                                                   (1.10) 
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The GGA approximation works nicely for the systems where the electron density 

electron density varies rapidly and has been found to provide accurate results while 

calculating the total energies, adsorption energies, lattice parameters etc. The most 

commonly used GGA approximation has been developed by Perdew, Burke and 

Ernzerhof (PBE). The exchange energy of PBE approximation in defined as follows. 

𝐸𝑥
𝑃𝐵𝐸 = ∫ 𝑑3𝑟 𝑛(𝒓) Ɛ𝑥

𝑃𝐵𝐸(𝑛(𝒓), 𝑠(𝒓))                                                      (1.11) 

The PBE exchange energy density is the product of LDA exchange and enhancement 

factor 𝐹𝑥
𝑃𝐵𝐸  which depends on 𝑠(𝒓). 

Ɛ𝑥
𝑃𝐵𝐸(𝑛(𝒓), 𝑠(𝒓)) =  Ɛ𝑥

𝐿𝐷𝐴(𝑛(𝒓)) ∗ 𝐹𝑥
𝑃𝐵𝐸  (𝑠(𝒓))                                     (1.12) 

Apart from PBE, other GGA approximation like Perdew and Wang (PW91), revised 

PBE, PBEsol are also available [65-67]. 

1.6.2.6. Projector Augmented Wave (PAW) Method 

The electronic wave function behaves differently for the core and valance electrons 

because the positions of the electrons are different for core and valance electrons 

from the nuclei. The wave function oscillates rapidly for the core electrons where as 

smooth for the valance electrons. The valance electrons (outside the augmented 

region) are described by plane waves or other convenient basis set. However in the 

core region, it is computationally costly to describe the wave function using plane 

waves. Thus, the projector augmented-wave method (PAW) method [68-71] uses a 

partial wave expansion for describing the electrons in the augmented region. 

The PAW technique transforms the oscillating wave function into a smother one. 

This is based upon a linear transformation operator(𝛵), which transfers the all 

electron wave function, 𝚿𝐧 to a pseudo wave function, 𝚿̃𝐧 

ǀ𝚿𝐧⟩ = 𝛵ǀ𝚿̃𝐧⟩                                                                                             (1.13) 

Both ǀ𝚿𝐧⟩ and ǀ𝚿̃𝐧⟩ can be represented as linear combination of partial waves for 

each augmentation regions, 



20 
 

ǀ𝚿𝐧⟩ =  ∑ 𝑐𝑖ǀ𝑖 𝜙𝑖⟩                                                                                       (1.14) 

ǀ𝚿̃𝐧⟩ =  ∑ 𝑐𝑖ǀ𝑖 𝜙̃𝑖⟩                                                                                       (1.15) 

The transformation operator, 𝛵 is defined as 

𝛵 = 1 + ∑ (𝑖 ǀ𝜙𝑛⟩ −  ǀ𝜙̃𝑛⟩) ⟨𝑝̃𝑖ǀ                                                                 (1.16) 

where ⟨𝑝𝑖ǀ is the projection function which can be initiated from different practical 

schemes. The pseudopotential simplifies the problems related to core and valance 

electrons. Therefore there are different types of pseudopotential available in order to 

transform the rapidly oscillating wave function into a smoother one [68]. The PAW 

method has combined the features of ultra-soft pseudopotentials [71] and linear 

augmented-plane-wave [69] methods. In this thesis work, the PAW method has been 

used as implemented in the Vienna ab-initio simulation package (VASP) [72].  

1.6.3. Other computational tools 

1.6.3.1. Ab initio molecular dynamics 

Ab Initio Molecular dynamics (AIMD) is a computational technique for 

investigating the effects of temperature on the dynamical behavior of the 

materials. Unlike with classical molecular dynamics (CMD), where the forces on 

the atoms are obtained from the generated model potentials following Newton’s 

equation of motion, the AIMD uses the forces that are obtained from DFT 

calculations. Due to its huge computational cost, the application of AIMD is 

currently limited to a few hundreds of atoms. 

In the doctoral thesis, the AIMD simulations are carried out using canonical 

ensemble (NVT) at different temperature with a time step of 1 femtosecond. 

Temperature control is achieved by Nosé thermostat model [73]. In addition, the 

root mean square deviation (RMSD) has helped to investigate the atomic 

displacements during the thermal treatment of the materials. The RMSD of the 

individual atom in the material system can be expressed in the following way: 
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𝑅𝑀𝑆𝐷 =  √
∑ [𝑟𝑖(𝑡1)−𝑟𝑖(𝑡2)]2𝑁

𝑖=1

𝑁
                                                                                (1.17)  

where N is the number of atoms in the simulation box whose positions are being 

compared and ri is the position of i-th atom at time t. 

1.6.3.2. Nudged Elastic Band (NEB) method 

Finding the reaction rates of chemical reactions or diffusion events is a major 

concern in the area of theoretical chemistry and condensed matter physics. The 

NEB is a method for finding saddle point and minimum energy path (MEP) 

between the reactant and product of a reaction. NEB is widely accepted for 

estimating transition rates where a harmonic approximation of transition state 

theory (hTST) is used [74]. The rate constant for the transition around the saddle 

points can be defined as  

𝑘ℎ𝑇𝑆𝑇 =
∏ 𝑣𝑖

𝑖𝑛𝑖𝑡3𝑁
𝑖

∏ 𝑣𝑖
ǂ3𝑁−1

𝑖

𝑒−(𝐸ǂ−𝐸𝑖𝑛𝑖𝑡)/𝑘𝐵𝑇                                                               (1.18) 

where 𝐸ǂ and 𝐸𝑖𝑛𝑖𝑡 are the energies of the saddle point and initial state, 

respectively. 𝑣𝑖
𝑖𝑛𝑖𝑡 and 𝑣𝑖

ǂ are the normal mode frequencies for the initial and 

saddle point, respectively. The NEB method optimizes a number of intermediate 

images along the reaction path, where each image finds the possible lowest 

energy structure with maintaining an equal spacing to their neighboring images. 

This kind of local optimization (constrained) is done by adding spring forces 

along the band between images. In this thesis, the images are created using the 

program developed by Henkelmann [75].  

Unlike with other elastic band methods, the NEB method uses a force projection, 

which does not allow interfering the spring forces with the convergence of the 

elastic band to the MEP. Further, it also assures that that the true force does not 

affect the distribution of images along the MEP. For getting the saddle point, it is 

very important to decompose the true force and the spring force into components 

parallel and perpendicular to the path. This kind of force projection is referred as 

‘‘nudging’’ and the spring forces only control the spacing of the images along the 

band. 



22 
 

1.6.3.3. Bader charge 

Bader charge analysis is an intuitive way of dividing molecules into atoms for 

calculating the electronic charges on individual atoms in molecules or crystals, 

based on the Bader partitioning scheme [76]. The analysis is purely based on the 

electronic charge density. In this analysis, the partitioning of the density is 

determined according to its zero-flux surfaces (2-D surface on which the charge 

density is a minimum perpendicular to the surface). The charge distribution can 

be used to determine multipole moments of interacting atoms or molecules. 

In the present thesis, we have used an algorithm developed by the Henkelman 

group [77]. This is a fast algorithm for doing Bader's analysis on a charge density 

grid. The algorithm is presented for carrying out the decomposition of electronic 

charge density into atomic contributions. 

1.6.3.4. Phonon dispersion 

The concept of lattice dynamics mainly deals with the collective vibration of 

atoms in the crystal, forming a wave of allowed wavelength and amplitude. The 

normal modes of vibration in a solid considered as quantum particle which is 

called as phonon. Lattice dynamics seeks to calculate the energies (or frequencies) 

of the phonons as a function of their wave vectors. The relationship between 

frequency of phonon and wave vectors is called phonon dispersion.  

In this thesis work, the Phonopy code
 
[78]

 
is used to calculate phonon properties 

through the density functional perturbation theory (DFPT) [79].
 

Phonon 

frequency of a lattice is such a physical property which depends upon a system 

response to some form of perturbation. The external perturbations of the system 

may be calculated using DFT with the addition of some perturbing potential. 
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2.1. Introduction 

Proton exchange membrane (PEM) fuel cell has attracted considerable interest 

in the area of clean energy sources due to its high efficiency, low operating 

temperature, stationary/portable power supply and zero carbon emission [1-4]. 

The performance of a fuel cell depends mainly on the performance of oxygen 

reduction reaction (ORR) at the cathode. However, the slow reaction kinetics 

of ORR and the use of Pt-metal as electrodes (Pt/C) prevent the 

commercialization of PEM fuel cells [5-7]. Therefore, the lowering of Pt 

loading without compromising the performance of a fuel cell is highly sought 

after. In order to lower the Pt-loading, alloying Pt with other transition metals 

appeared to be a promising approach for improving the efficiency and stability 

of catalyst. Such alloying with other metals leads to the formation of bi-

metallic catalysts like Pt-skeleton [8-9], Pt-skin [10], mixed alloy [11-12] and 

core-shell structures [13-15]. Among them, core-shell based catalysts are very 

promising due to the easy tunability of inside core and the presence of 

resistant shell layers for sustaining the harsh reaction conditions of fuel cells.  

Using computational approach, Nørskov and co-workers [9,16-18] studied 

Pt3M(111) (M= Ti, Zr, Ni, Co, Fe, Y, V, Sc, Rh) catalysts for ORR and 

developed a volcano-type catalytic trend. They credited to low binding energy 

of the intermediate species (O and OH) on the Pt3M(111) surfaces relative to 

bulk Pt(111) for the superior catalytic activities of Pt3M(111) (M= Co, Ni, Sc, 

Y). In this way, they established an optimal range of binding energy (of *O), 

which is 0.2 eV lower from the bulk Pt(111) as a suitable catalyst for ORR 

[16]. The conclusion was drawn on the basis of the change in d-band center 

position of the surface atoms due to the influence of subsurface layer. In 

contrast, Goddard and co-workers [19] reported that the universal correlation 

(as proposed by Nørskov and co-workers) between d-band center and catalytic 

activity is valid only when the d-band center is linearly related with binding 

energy. Xin et al. [20] also argued that the d-band model is not valid when 

adsorbates have almost completely filled valence shell (like OH, F and Cl) and 

the substrates have fully occupied d-band (i.e d
9
 or d

10
 substrate). Therefore, 

the underlying reason behind the ORR catalytic activity of different kinds of 

catalytic systems is still not clear and requires further investigations.  
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However, in all the previous theoretical studies, the core-shell nanoparticles 

have been often modelled by considering the slab models, where the 

underneath layers are represented as core layers for the simplicity of 

calculations [21-23]. However, the twin boundaries, edge and facet atoms 

can’t be modelled considering the slab model. In fact, these low-coordinated 

sites are most active sites and affect the overall activity of the few nanometer-

sized nanoparticles [24-26]. These highly unsaturated sites possess higher d-

band energies, which influences the overall activity of the nanoparticles. 

Basically, slab model resembles a larger nanoparticle. Therefore, cluster 

model study with well-defined facet can only provide the real scenario about 

the experimental situation. Using small sized cluster (Pt4-Pt28), several 

theoretical groups studied the ORR and mainly stressed on the adsorption 

behaviours of the reaction intermediates [27-29]. However, there are limited 

reports of ORR on a well-defined nanocluster (NC) [30-38]. Henkelmann and 

co-workers [30-31] studied ORR activity on the Pd/Cu@Pd, M-Au@Pt and 

M-Ag@Pt [M= Pd, Ir, Rh, Ru, and Cu] and provided a linear relationship 

between the ORR activity and alloy-core composition. However, their 

conclusion was on the basis of oxygen binding energy on the NC’s facet. Shin 

et al. [32] studied the M13@Pt42 core-shell [M= Fe, Co, Ni, Cu, Ru, Rh, Pd, 

Ag, Os, Ir, and Au] structure for ORR activity with different core metals and 

established a relation between core metal and ORR activity based on the 

binding energy of intermediate species and reaction free energies. Yang et al. 

[33] screened the ORR activity of binary Pt42M13 (M= Fe, Co, Ni, Cu) 

systems considering the adsorption strength of O-atom and reported that the 

Pt42Fe13 is the best ORR catalyst. Jennings et al. [34-36] studied only the O2-

dissociation (very first step of ORR) reaction on the various possible sites of 

the Pt79 NC’s facets and proposed that the core-metal, which interacts weakly 

with the Pt-shell will be beneficial for O2 dissociation reaction. However, to 

the best of our knowledge, the complete ORR pathways have not been 

investigated in any of these studies.  

Apart from the theoretical studies, bimetallic Pt3TM (TM = Ti, V, Fe, Co, and 

Ni) alloy based catalysts have been experimentally reported for improved 

ORR activity [39,40]. Among them, Pt3Ti alloy has attracted considerable 
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attention due to the strong segregation of Pt to the outermost layer [41]. It has 

been experimentally reported that carbon-supported Pt75Ti25 nanoparticles 

display a two-fold improvement in ORR activity while compared to a Pt/C 

catalyst [42]. Ting et al. reported that PtTi–based ternary alloys (PtTi@M; 

M=Ni, Cu, and V) improve the ORR activity by 6-10 times compared to the Pt 

electrocatalyst [43]. Moreover, the catalyst poisoning (CO poisoning) reduces 

significantly due to the weak binding of CO on the Pt3Ti alloy surface. 

Furthermore, Ti is about 350 times cost-effective than Pt [34]. Therefore, Pt-

Ti-based alloys have been emerged as promising candidates for ORR. 

Therefore, we have modelled a ~1.5 nm size of Ti-core cuboctahedral 

platinum NC (Ti19@Pt60) to understand the role of core atoms towards ORR 

activity through a systematic ORR mechanism study. 

ORR can proceed either via the four-electron reduction reaction for the 

formation of H2O or via the two-electron reduction for the formation of H2O2 

[44]. However, the four-electron reduction (4e
-
) is preferred over the two-

electron (2e
-
) reduction for the catalytic efficiency as well as durability of fuel 

cells [45]. Thereby, the product selectivity (H2O vs. H2O2) is very important 

for the performance of a fuel cell. For the first time, a systematic study 

(Scheme 1) based on the reaction free energies and activation barriers for all 

possible ORR elementary steps is done on the Pt(111) facet of Ti19@Pt60 core-

shell NC. For comparisons, our results are compared with the available 

theoretical and experimental data on the bulk Pt(111) surfaces. Kinetic 

analysis is performed to gain more insights into the rate of reaction and 

product selectivity (H2O
 
vs. H2O2). Moreover, the dissolution limit, thermal 

and energetic studies are performed to check the stability of the Ti19@Pt60. A 

detailed investigation based on the structural changes, electronic properties 

and charge transfer is performed to gain more insights into their roles towards 

ORR activity. This study will certainly provide a significant insight into the 

designing of an efficient catalyst for fuel cell applications.    

2.2. Model and computational details 

Pt3M (M=Co, Fe, Ni, Ti) based surfaces are well known for excellent ORR 

activity [39,40]. However, here we have designed a core-shell NC (~1.5 nm) 
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keeping the same ratio of Pt and Ti (3:1). Therefore, we have modelled the 

Ti19@Pt60 NC of ~1.5 nm in the shape of cuboctahedral geometry, where the 

core and shell structures contain 19 and 60 atoms, respectively. The Ti19@Pt60 

NC (Figure 2.1a & b) is modelled with eight (111) and six (001) facets. The 

reaction mechanism has been studied on the Pt(111) facet of the NC. It is well-

justified in the previous literature (theoretically as well as experimentally) that 

(111) is the mostly exposed and active facet of the catalyst for ORR [46-53]. 

The periodic Ti@Pt(111) is modelled through replacing one of the sub-

surfaces by a Ti layer as shown in Figure 2.1c. 

 

Figure 2.1: (a-b) Cuboctahedral core-shell (Ti19@Pt60) NC with eight (111) 

and six (001) facets and (c) the periodic Ti@Pt(111) surface. Here, red and 

blue colour balls represent titanium and platinum atoms, respectively.  

The first-principles calculations are performed using a projector augmented 

wave (PAW) [54] method as implemented in the Vienna Ab initio Simulation 

Package (VASP) [55-57]. The exchange-correlation potential is described by 

using the generalized gradient approximation of Perdew-Burke-Ernzerhof 

(GGA-PBE) [58]. Plane wave with a kinetic energy cut off of 470 eV is used 
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to expand the electronic wave functions. A 22 × 22 × 22 Å
3
 cubic supercell is 

used to optimize the metal clusters to rule out the possibility of interactions 

between the periodically repeated metal clusters. The Brillouin zone is 

sampled with a Gamma point (1×1×1) for clusters. The total energy of the 

Ti19@Pt60 is improved by 0.001 eV if the k-point mesh set to 2 × 2 × 2. 

Therefore, we have used Gamma point for all the calculations to save the 

computational cost. All the atoms are full relaxed during the structural 

relaxation. A (3 × 3) supercell of Ti@Pt(111) is modelled [Figure 2.1c] to 

minimize the lateral interactions between the repeating images. The bulk 

Ti@Pt(111) slab is composed of five atomic layers, where the bottom three 

layers are fixed and the top two layers are relaxed. A 12 Å of vacuum is used 

along the z-direction to avoid any periodic interactions. The Brillouin zone is 

sampled using a 3 × 3 × 1 k-point grid for the surface calculations. All the 

structures are fully optimized, where the convergence criteria for total energy 

and forces are set at 10
-4

 eV and <0.02 eV/Å, respectively. Spin-polarized 

calculations are performed for all the calculations. We have included 

Grimme’s D3-type [59] of semiempirical method to include the dispersion 

energy corrections for van der Waals interactions. The climbing nudged elastic 

band (CI-NEB) method [60] is used to locate the transition state. Six 

intermediate images are used in each CI-NEB pathway. Vibrational 

frequencies for the initial, transition and final states of the reactions are 

calculated and the transition states are confirmed by the presence of one 

imaginary frequency. Zero-point energy (ZPE) is calculated using the 

following equation: 

 ZPE =∑ 1/2ℎ𝜐𝑖 𝑖        (2.1)  

where h is the Planck constant and υi is the frequency of the i
th

 vibrational 

mode. The reaction free energies (∆G) are calculated using the following 

equation: 

∆G = ∆E + ∆ZPE - T∆S      (2.2) 

where ∆E, ∆ZPE and ∆S are the difference in total energies, zero-point 

energies and entropy between the product/TS and reactant. The adsorption 
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energies (Ead) for all possible adsorbates are calculated using the following 

equation:  

Ead = E*-adsorbate – (E* + Eadsorbate)     (2.3)  

where E*-adsorbate is the total energies of the surface-adsorbate, E* and Eadsorbate 

are the single point energies of the surface and adsorbate in the optimized 

geometry of surface-adsorbate, respectively. The adsorbed intermediate (R) is 

denoted with an asterisk (*) sign. 

2.3. Results and Discussion: 

We have divided this section into three parts. In the first part, we have 

investigated the energetic stability, thermal stability and dissolution nature of 

the NC. Then, the adsorption behaviours of the ORR intermediates on the 

(111) facet of the NC are studied and compared with the adsorption 

behaviours on the bulk Ti@Pt(111) for a vis-à-vis assessment between slab 

and cluster model. The catalytic activities are compared with previous reports 

on the bulk Pt(111) and Pt3Ti(111) surfaces. This is because; there are no 

reports on full ORR mechanism on a well-defined core-shell model. 

Furthermore, all possible ORR mechanisms are investigated followed by an 

attempt to find out the underlying reason behind the excellent catalytic activity 

of the Ti19@Pt60. Subsequently, kinetic analysis is performed to explore the 

efficiency and selectivity of the NCs toward four-electron vs. two-electron 

reduction.  

2.3.1 Stability of the NCs 

The energetic stability of the NCs has been performed using formation energy 

calculations. For comparisons, we have calculated formation energies of bulk 

Pt(111) surface. Formation energy (Ef) of Pt(111) surface, Pt79 and Ti19@Pt60 

NC has been calculated using the following equation.  

Ef = [EPt(111) – 45 × µPt ]/45      (2.4) 

Ef = [EPt79 – 19 × µPt]/79      (2.5) 

Ef = [(EPt79 – ETi19@Pt60) – 19 × (µPt – µTi)]/79   (2.6) 
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where EPt(111), EPt79 and ETi19@Pt60 are the total energies of the Pt(111) surface, 

Pt79 and Ti19@Pt60 NC, respectively. µPt and µTi are the chemical potentials 

of the bulk fcc-Pt and hcp-Ti, respectively. Our calculated formation energies 

[61] are 0.82, 0.72 and 0.23 eV/atom for the Pt79 [62], Ti19@Pt60, bulk 

Pt(111), respectively. The formation energy values reveal that the formation of 

core shell NC (Ti19@Pt60) is energetically more favourable than the pure Pt-

nanocluster (Pt79). Further, we have calculated the average binding energies 

(Eb) of the NCs using the following formula: 

Eb = [ETi19@Pt60 – (19×ETi + 60×EPt)]/79    (2.7) 

where ETi19@Pt60, ETi and EPt represent the total energies of Ti19@Pt60 NC, Ti 

atom and Pt atom, respectively. Our calculated average binding energies
 
for 

bulk Pt fcc, bulk Pt(111), Pt79 and Ti19@Pt60 are -5.69, -5.47, -4.87 and -5.64 

eV/atom, respectively. Therefore, atoms of Ti19@Pt60 NC are more strongly 

bonded than in Pt79 and bulk Pt(111). 

The thermal stability of the NCs is verified by carrying out Ab Initio 

Molecular Dynamics Simulations (AIMD) using canonical ensemble at 300-

600 K. This temperature range is considered for our study as most of the fuel 

cells operate in this temperate range. Temperature control is achieved by Nosé 

thermostat model [63]. The structure is heated with a time step of 1 

femtosecond (fs) for 20 picoseconds (ps). No structure reconstruction is found 

after the simulation. The fluctuation of the total energy is smooth throughout 

the AIMD simulation (Figure 2.2a). Hence, the structure remains stable up to 

600 K. We have plotted the root mean square displacement (RMSD) as a 

function of time step (Figure 2.2b) for all the cases. Our RMSD plots show 

that atomic displacements are negligible in the whole temperature range. The 

snapshots of atomic configuration of the Ti19@Pt60 at the end of MD 

simulations are shown in the Figure 2.3. Therefore, we can predict that the 

Ti19@Pt60 can withstand temperature as high as 600 K. These results 

demonstrate that high-energy barriers from other local minima structures 

separate the Ti19@Pt60 NC. 
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Figure 2.2:  Molecular dynamics simulation analysis at different temperatures 

as a function of time step: (a) total energy and (b) RMSD.  

 

 

Figure 2.3: Snapshots of the NCs after the simulation at different 

temperatures 

The electrochemical stability of the nanoparticles is a major concern in the 

acidic media of fuel cell. There are different computational models, which 
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have been proposed for the dissolution behaviour of nanoparticle [64-69]. 

However, the shell-by-shell layer dissolution is a very well-accepted 

mechanism regarding the degradation issue [69-71]. Therefore, we have 

calculated the dissolution potential of the outermost shell layer of the 

Ti19@Pt60 and compared with that of Pt79 to understand the potential 

applicability in the harsh reaction conditions of fuel cell. The dissolution 

potential of the outermost layer is calculated using the following equation: 

U = UBulk + 
1

2𝑚𝑒
 [ECore + mEShell – ECore-Shell]    (2.8) 

where U and UBulk are the dissolution potentials of Pt(111) facet in the 

Ti19@Pt60 and bulk Pt (fcc), respectively. Ecore represents the total energy of 

the core structure. Ecore-shell is the total energy of the core-shell structure and 

Eshell is the energy of the surface Pt atoms within the bulk (fcc) geometry. The 

details of the formalism of the dissolution model have been performed as 

follows.  

Dissolution of Pt into the solution proceeds through the following equation 

Pt → Pt
2+

 +2e
-
        (2.9) 

Therefore, the dissolution potentials (U) of the NCs with respect to the 

standard hydrogen electrode (SHE) have been calculated using the following 

equation 

U = 
1

2𝑚𝑒
 [ECore- ECore-Shell] + 

1

2𝑒
 [µ

0 
(Pt

2+
, aq) + kTloge (𝑎𝑃𝑡2+)] (2.10) 

where Ecore represents the total energy of the core structure. Ecore-shell is the 

total energy of the core-shell structure. µ
0
, k, T and 𝑎𝑃𝑡2+  are the chemical 

potential of the Pt
+2

 ion at standard conditions, the Boltzmann constant, the 

absolute temperature and the activity of Pt
+2

 ion, respectively. Similarly, the 

dissolution potential of the bulk Pt (UBulk) has been given by 

UBulk = 
1

2𝑒
 [µ

0 
(Pt

2+
, aq) + kTloge (𝑎𝑃𝑡2+) – Ebulk]   (2.11) 

where the value of UBulk relative to the SHE is 1.011 V if the concentration of 

Pt
2+

 is 10
-6

 M [72]. Our calculation shows that the energy per atom of the bulk 
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fcc Pt (EBulk) is -6.03 eV. Therefore, combining the equation (2.10) and (2.11), 

we can get  

U = UBulk + 
1

2𝑚𝑒
 [ECore + mEBulk – ECore-Shell]             (2.12) 

The above equation can be written for simplicity as 

U = UBulk + 
1

2𝑚𝑒
 [ECore + mEShell – ECore-Shell]                  (2.13) 

where Eshell is the energy of the surface Pt atoms within the bulk (fcc) 

geometry. 

Our calculated results show that the dissolution potentials of outer shell layer 

are 0.73 and 1.17 V for Pt79 and Ti19@Pt60, respectively. Therefore, we find 

that Ti19@Pt60 is more resistant to the experimental operation potential (0.9 V) 

of ORR than the pure Pt79 NC. This is may be due to the strong bonding 

between the Ti and Pt atoms. In fact, this strong bonding is also reflected from 

our calculated average binding energy values. Earlier, Kattel et al. [73] also 

reported that Pt3Ti(111) surface has better stability against Pt dissolution 

compared to Pt(111) surface. Moreover, some previous experimental studies 

also suggested that the Pt-Ti bimetallic nanoparticles show better chemical 

stability in acid medium than Pt-M (M= Co, Ni, Zn, and Cu) bimetallic 

nanoparticles [74-76]. 

2.3.2 ORR Mechanism 

2.3.2.1 Adsorption 

All the ORR intermediates species are adsorbed over the four possible 

catalytic sites (Figure 2.1a) on the (111) facet of the Ti19@Pt60 NC: (i) top, (ii) 

bridge, (iii) face centered cubic (fcc) and (iv) hexagonal close packed (hcp). 

The most stable intermediate species and their preferred binding sites along 

with their respective binding energies are given in Table 2.1. For comparisons, 

we have calculated adsorption energies of the intermediate species on the pure 

Pt NC (Pt79) facet and on the bulk Ti@Pt(111), and Pt(111) surfaces. We find 

that the preferred binding sites are same for all the adsorbates on all these 

surfaces. It is interesting to find out that most of the intermediates are 



45 
 

adsorbed weakly on the Pt(111) facet of the Ti19@Pt60 NC compared to 

platinum NC (Pt79) nanocluster. Further, the adsorption energies of the 

intermediates on Ti19@Pt60 are either lower or comparable while comparing 

with the periodic Pt(111) surface. However, while comparing with the periodic 

Ti@Pt(111) surface, we find that the adsorption energies are either higher or 

comparable. Therefore, Ti19@Pt60 shows interesting behaviour compared to 

other surfaces. Moreover, CO adsorbs weakly on the Ti19@Pt60 NC compared 

to Pt79, and thus lessening the probability of catalyst poisoning. The adsorption 

behaviours of the intermediates have been shown in Figure 2.4. 

 

Table 2.1: Preferred binding sites, binding energies (eV) of the most stable 

ORR intermediate species on the bulk Pt(111) [52], bulk Ti@Pt(111) surfaces 

and Pt(111) facet of the Pt79 [62] and Ti19@Pt60 NCs. Here t, b, and f denote 

top, bridge, and fcc sites, respectively.  

Adsorbed 

Species 
Ti19@Pt60 Pt79 

Bulk 

Pt(111) 

Bulk 

Ti@Pt(111) 

*O2 (superoxo) -0.43 (b) -1.56 (b) -0.67 (b) -0.05 (b) 

*O2 (tilted) -0.12 (t) -0.60 (t) -0.17 (t) -0.08 (t) 

*O -3.15 (f) -5.19 (f) -4.42 (f) -3.33 (f) 

*OH -2.15 (t) -2.49 (t) -2.37 (t) -2.14 (t) 

*OOH -1.12 (b) -1.40 (b) -1.15 (b) -0.85 (b) 

*H2O2 -0.15 (b) -0.34 (b) -0.30 (b) -0.15 (b) 

*H2O -0.21 (t) -0.23 (t) -0.26 (t) -0.13 (t) 

*H -2.22 (f) -2.80 (f) -2.77 (f) -2.05 (f) 

*CO -1.28 (f) -2.46 (f) -1.88 (f) -0.29 (f) 
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Figure 2.4: Adsorption sites of the most stable adsorbates on the (111) facet 

of the Ti19@Pt60 NC: (a) *O2 (superoxo), (b) *O2 (tilted), (c) *OOH, (d) *OH, 

(e) *H2O, (f) *H2O2, and (g) *CO. 

2.3.2.2 Reaction Mechanism 

During ORR, H2O and H2O2 are the two end products, which are formed via 

the four-electron (4e
-
) and two-electron (2e

-
) reduction reactions, respectively. 

We have proposed two pathways for O2 dissociation: (i) direct and (ii) indirect 

pathways. In case of direct pathway, O-O bond dissociation is favoured over 

hydrogenation, whereas in case of indirect pathway, hydrogenation is 

preferred over O-O bond dissociation. Consequently, the product selectivity 

(H2O vs. H2O2) can be related to the direct vs. indirect mechanism. In a fuel 

cell, the four electron reduction is preferred over two electron reduction for the 

product selectivity (towards *H2O formation) and the three most important 

steps for the 4e
-
 reduction ORR are (i) *O2 activation, (ii) *OH, and (iii) *H2O 

formation. We have studied all the elementary reactions (Scheme 2.1) 

considering the Langmuir–Hinschelwood mechanism, where two reaction 

species adsorb close to each other on their preferred sites and the adsorbed 

species undergo a bi-molecular reaction. 
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Scheme 2.1: Reaction free energies (eV) and activation barriers (eV, in 

parenthesis) are presented for all the possible elementary steps of ORR over 

(111) facet of the Ti19@Pt60 NC. Our calculated values are compared with the 

previous reports on ORR over Pt79
 
[62] NC and bulk Pt(111) [77]. For the 

direct *O2 dissociation step, S and T represent the superoxo and tilted 

adsorption of *O2, respectively.  

 

O2 activation: 

There are two competing pathways for *O2 activation. Either the adsorbed O2 

will dissociate into atomic oxygen (*O) via direct pathway or it will be 

hydrogenated to *OOH via indirect pathway. Previous studies show that 

hydrogenation process (*OOH formation) is kinetically favoured over 
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dissociation process (*O formation) on the bulk (Pt, Pd, Ag) and alloy (Pt3Ti, 

Pt3Cu, Pt3Ni) periodic Pt(111) surfaces [23,73,77,78-80]. Therefore, it will be 

very interesting to know whether core-shell based NC prefers direct over 

indirect mechanism or not? 

As shown in Table 2.1, O2 can be adsorbed via two ways: i) tilted, and ii) 

superoxo. We have calculated the activation barriers of direct O-O 

dissociation (step 2.1) for both the adsorption modes (tilted and superoxo) on 

the (111) facet of NCs. On the Pt79 NC, the step is a barrier less process while 

adsorbed in a tilted way, whereas the activation barrier is 0.22 eV when 

adsorbed in a superoxo way. Therefore, *O2 may rearrange itself from 

superoxo to tilted form, followed by dissociation into atomic oxygen. The 

calculated rearrangement barrier is found to be very low (0.01 eV) on the 

(111) facet of Pt79. In earlier studies, similar kind of rearrangements reported 

for *O2 over the periodic Pt(111) and Pt66 nanocage [52,81]. Here, on the 

Ti19@Pt60 core-shell NC, the activation barrier for *O2 dissociation is 0.27 eV 

while adsorbed in a superoxo way. Interestingly, we find a high activation 

barrier of 1.20 eV, while *O2 rearranges from superoxo to titled form on the 

core-shell NC. This barrier was very low (0.01) on the pure Pt NC surface. 

Therefore, we can say that O2 dissociation on the Ti19@Pt60 core-shell NC 

favoured while adsorbed in a superoxo way. Further, we could not locate the 

transition state for *O2 dissociation while adsorbed in a tilted manner. Based 

on these findings, we find that *O2 (superoxo) does not undergo 

rearrangement like previously reported on the periodic Pt (111) and nanocage 

facet. 
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Figure 2.5: Illustration of the O2-induced surface reconstruction. Here, red 

and blue balls represent Ti and Pt atoms, respectively; (a) Pt79, (b) Ti19@Pt60, 

(c) Pt79O2 and (d) Ti19@Pt60O2 

Previous reports show that *O2 has to bind strongly so that it can dissociate 

into atomic oxygen easily [82]. We have found that the adsorption energy of 

*O2 (superoxo) are -1.56 and -0.43 eV on the Pt79 and Ti19@Pt60, respectively. 

Therefore, the *O2 dissociation should be more kinetically favorable on the 

Pt79 facet than that of the Ti19@Pt60. However, the activation barriers are very 

much comparable on the Pt79 (0.22 eV) and Ti19@Pt60 (0.27 eV) while 

adsorbed in superoxo pattern. Therefore, we wonder what could be the driving 

force for direct *O2 dissociation, which lowers the activation barrier on the 

Ti19@Pt60 NC in spite of the lower adsorption energy of *O2 (superoxo). We 

have calculated the O2-induced strain of the NCs.  The strain is calculated by 

the energy difference between the optimized NC and the single point energy of 

the NC within the optimized geometry of O2 adsorbed NC. Our calculated 

strain energies are 0.07 and 0.23 eV for the Pt79 and Ti19@Pt60 NCs, 

respectively. Therefore, it appears to be quite ambiguous that the O2-induced 



50 
 

strain is less on the Pt79 than on the Ti19@Pt60 NC in spite of the strong 

adsorption of *O2 on the Pt79 NC. Thereby, we have carefully investigated the 

structural parameters to find out the underlying reason behind this (Figure 

2.5). The Pt-Pt bond distances are 2.66 and 2.72 Å in the Pt79 and Ti19@Pt60 

NCs, respectively. Interestingly, the Pt-Pt bond distance does not change after 

*O2 adsorption on the Pt79, whereas it changes from 2.72 Å to 2.67 Å in the 

Ti19@Pt60 NC after *O2 adsorption. However, in the Pt79, the Pt-Pt (between 

core-Pt and shell-Pt atoms) bond distance changes from 2.88 to 2.98 Å in the 

core shell due to *O2 adsorption. In contrast, the change in Pt-Ti bond distance 

in Ti19@Pt60 NC, (between core-Pt and shell-Ti atoms) is less (by 0.03 Å) than 

in the Pt79 NC (0.10 Å).  

Due to the difference in electronegativities, the charge transfer is maximum in 

the Ti19@Pt60 core shell NC. As a result, a significant amount of charge 

transfer occurs from Ti to Pt anti-bonding orbitals. This could be the reason 

for the long Pt-Pt bond distances in the Ti19@Pt60 core shell NC. However, 

such a high bond distances in the core-shell NC facilitates the O2 activation 

process. More importantly, due to the strong electronegative nature of the Pt 

surface, the adsorbents are weakly adsorbed on the surface. Nørskov and co-

workers demonstrated earlier that the binding energy of the adsorbents should 

be optimum for improved ORR activity [16]. It indicates that such a core-shell 

NC model might be very helpful to reach the optimal binding energy of the 

adsorbents, which in turn might be very helpful for improved ORR activity.   

On the other hand, as soon as O2 comes near to the surface, there is a charge 

transfer from Pt to O2 molecule and the bonding nature of the surface Pt-atoms 

changes. Thus, the Pt-Pt bond shortens and induces a localized strain, which in 

turn facilitates the activation of O2 molecule. Therefore, we believe that such a 

core-structure model will be very promising than a pure Pt NC for improved 

ORR activity. 

Interestingly, it has been experimentally found that adsorbed O2 can oxidize 

the gold nanoparticle by altering the morphology of the particle [83-84]. 

Further, the catalytic process on bimetallic surface depends on the adsorbate-

induced structural changes where a strong interaction (like O2 adsorption) is 

present between the metal and adsorbates [85-86]. In fact, such O2-induced 
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surface strain has been reported in the literatures [87-88]. Besides, it is very 

interesting to find out that *O2 induces the surface reconstruction process even 

at very low coverage (one oxygen molecule per facet), which is in well 

agreement with experimental reports that O2-induced surface reconstruction 

can occur on Cu3Pt(110) alloy even at very low oxygen pressure (10
-7

 to 10
-09

 

Torr) [89-90]. Apart from the O2 activation, there are experimental reports, 

where the CO, hydrogen, chloride-induced structural reconstructions have 

been reported for improved catalytic activity [91-93]. 

Table 2.2: O2 dissociation barriers and the bond distances (Pt-Pt and Pt-Ti) on 

the (111) facet of *O2 adsorbed Pt79 and Ti19@Pt60 NCs. 

System Barrier (eV) Bond distance (Å) 

Between shell Pt 

atoms 

Between core and 

shell atoms 

O2 

rearran-

gement 

O2 

Dissocia-

tion 

(tilted) 

O2 

dissocia-

tion 

(super-

oxo) 

Opti-

mized 

NC 

*O2 

adsorbed 

(super-

oxo) NC  

Opti-

mized 

NC 

*O2 

adsorbed 

(super-

oxo) NC 

 

Pt79 
0.01 0.00 0.22 2.66 2.66 2.88 2.98 

Ti19@Pt

60 
1.20 - 0.27 2.72 2.67 2.66 2.69 

 

Now, the superoxo to tilted rearrangement barrier can be understood from the 

adsorption energies of tilted *O2. The adsorption energies of *O2 are -0.12 

(tilted) and -0.43 eV (superoxo) on the Ti19@Pt60 NC. Due to the lower 

binding energy of tilted *O2, the core shell NC doesn’t favour the *O2 

rearrangement from superoxo to tilted and thus the barrier is high. In contrast, 

the Pt79 allows the superoxo *O2 to rearrange in the tilted configuration due to 

its strong adsorption in both the configurations (-0.60 eV for tilted and -1.56 

eV for superoxo). Therefore, on Pt79 NC, the adsorbed (superoxo) *O2 tends to 

dissociate into atomic oxygen via the tilted configuration in a two-step 

process, whereas the superoxo *O2 directly dissociates into *O on the 

Ti19@Pt60 NC. So, the rearrangement process (rearrangement followed by 

dissociation) facilitates the direct *O2 dissociation on the Pt79 NC, whereas the 

O2–induced structural changes facilitates the direct dissociation on the 
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Ti19@Pt60 NC. This behaviour is completely opposite from the ‘Strain Effect’ 

[94-95], which typically arises due to the size mismatch of the core atoms, 

which in turn generates either compressive or tensile strain at the surface 

layers. The compressive strain down-shifts the d-band center, resulting the 

weak adsorption of reaction intermediates, which subsequently improves the 

catalytic efficiency [94-95]. In fact, it is theoretically reported that *O2 

dissociation barrier becomes lower on the compressively strained surface [96]. 

However, our results show that the *O2 dissociation is favoured due to the 

tensile strain present on the Ti19@Pt60 NC surface, and the atoms rearrange 

significantly as soon as *O2 is adsorbed. Though the surface is under tensile 

strain (with respect to bulk Pt(111)), the Pt atoms release some of their strain 

during  O2 adsorption and such changes (from tensile to compressive) in strain 

facilitate the O2 dissociation. However, we don’t find any such changes (Table 

2.2) on the Pt79 NC and thus the tensile strain is important for the *O2 

dissociation. Therefore, the tensile strain does not influence the *O2 activation 

step, rather the *O2 induced structural changes is the underlying reason for 

excellent activity towards direct O2 dissociation.   

Table 2.3: Reaction free energies (∆G in eV) and activation barriers (∆G‡ 
in

 

eV) for the all-possible elementary reactions on the (111) facet of the Pt79 [62] 

and Ti19@ Pt60 NCs.  

Steps Elementary Reactions Ti19@ Pt60 Pt79 

∆𝐆 ∆𝐆‡ ∆𝐆 ∆𝐆‡ 

2.1 *O2 → *O + *O     (tilted) -0.85 - -2.33 0.00 

*O2 → *O + *O     (superoxo) -0.71 0.27 -2.14 0.22 

2.2 *O2 + *H → *OOH      -0.26 0.74 -0.47 0.04 

2.3 *O + *H → *OH      -1.06 0.15 0.03 0.25 

2.4 *OOH → *O + *OH     -1.62 0.00 -1.92 0.00 

2.5 *OOH + *H → *H2O2   -0.27 0.32 0.11 1.14 

2.6 *H2O2 → *OH + *OH   -1.19 0.14 -1.71 0.06 

2.7 *OH + *H → *H2O -0.74 0.10 -0.43 0.00 
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Similarly, O2 hydrogenation (step 2.2) is exergonic on the Pt79 and Ti19@Pt60 

NCs. Our calculated barriers for the O2 hydrogenation process are 0.04 and 

0.74 eV on the Pt79, Ti19@Pt60, respectively. The previous reported barriers for 

O2 hydrogenation (step 2.2) are 0.25 [23], 0.36 [77] and 0.30 eV [78] on the 

periodic Pt(111). Kattel et al. [63] reported an activation barrier of 0.20 eV 

over the periodic Pt3Ti (111). Therefore, the *OOH formation barrier is high 

over the Ti19@Pt60 NC. So the Ti19@Pt60 NC is very selective for O2 

dissociation over O2 hydrogenation, whereas the Pt79 NC favours O2 activation 

as well as O2 hydrogenation.  

*OH formation: 

The *OH formation is another important step for ORR and previous studies on 

bulk (111) surfaces (Pt, Pd, Ag, Pt3Ti, Pt3Cu and Pt3Ni) show [23,73,77-80] 

that this is one of the rate determining steps of ORR. The direct O-O bond 

dissociation followed by hydrogenation leads to the formation of *OH (step 

2.3). The *OH formation step (step 2.3) is little endergonic (0.03 eV) over the 

Pt79 NC, whereas it is exergonic process (-1.06 eV) over the Ti19@Pt60 NC 

surface. The activation barriers for *OH formation are 0.25 and 0.15 eV over 

Pt79, and Ti19@Pt60, respectively. Previous studies reported activation barriers 

of 0.74 [72] and 0.86 eV [68] on the periodic Pt(111); 0.80 eV on the Pt3Ti  

[73]; 0.81 eV on the Pt/Cu [77] and 0.72 eV on the Pd(111) [79] surfaces.
 

Therefore, the *OH formation is very much favourable on the Ti19@Pt60 NC 

surface than on the Pt79 and other periodic (111) surfaces.  

 

Figure 2.6: Projected density of states (PDOS) of *O adsorbed Pt79 and 

Ti19@Pt60 structures.  



54 
 

We have calculated the d-band center position of the (111) facet atoms of the 

NCs. The calculated d-band centers are -2.50 and -2.73 eV for Pt79 and 

Ti19@Pt60, respectively. The downshift of d-band center of Ti19@Pt60 weakens 

the binding energy of the intermediates. Furthermore, our DOS analysis 

(Figure 2.6) shows that the overlap of O-p and Pt-d states is less in Ti19@Pt60 

compared to Pt79, resulting the weak adsorption of oxygen atom. Such weak 

adsorption of the intermediates improves the desorption process and reduces 

the possibility of surface poisoning. This phenomenon is in good agreement 

with the ‘ligand effect’ proposed by Nørskov and co-workers [94-95]. 

In general, a downward shift in the d-states relative to the Fermi level results 

in a downward shift in the anti-bonding states. This leads to the filling of the 

anti-bonding states, which in turn weakens the bond strength. In this way, 

Nørskov and co-workers developed a linear relationship between electronic 

structure and adsorption energies. Such core-shell structure has a lower 

binding energy for *O due to the ligand effect but improves (by weakening the 

binding strength of *O) the *OH formation step (*O + *H → *OH). As a 

result, the OH formation step is very much favourable over the core-shell 

nanostructure compared to bulk and other metal-based catalysts. Previously, 

Henkelmann and co-workers also demonstrated that the O-binding energy 

could be tuned by changing the core composition of the core-shell (M@Pd 

where M=Pd, Cu) nanoparticles [31]. 

On the other hand, Nørskov and co-workers evaluated the ligand effect 

towards ORR activity mainly from their reaction free energy data.
16

 However, 

we feel that the kinetic factor should be taken into account along with the 

reaction free energy to understand the excellent catalytic activity of core-shell 

NC toward ORR activity. Further such findings can be explained from the 

Bader charge analysis. Subsequently, we have plotted electrostatic potential 

(Figure 2.7) over the NC surface to understand the role of charge toward OH 

formation. The lower activation barrier for *OH formation over the Ti19@Pt60 

NC can be explained from the charge analysis. Our calculated Bader charge 

[81] (using Henkelman programme [98-100]) shows that the charges on *O 

atoms are 0.67 |e| and 0.70 |e| while adsorbed on Pt79 and Ti19@Pt60, 

respectively. This is due to the electronegativity difference between the Ti and 
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Pt atoms. As Pt is more electronegative than Ti, thus O is more electronegative 

in the core-shell structure. In fact, we have calculated the binding energy of 

surface Pt atoms for both the NCs. We find that the binding energies of 

surface Pt atoms are -6.84 and -7.91 eV for Pt79 and Ti19@Pt60, respectively. 

Furthermore, the electrostatic potential is plotted (Figure 2.7) on the total 

electron density surface to show a more qualitative and illustrative analysis of 

the charge distribution. The plot shows that oxygen atom accumulates more 

negative charge when adsorbs on the Ti19@Pt60 NC than Pt79 NC. The 

accumulation of more negative charge at the *O atom on Ti19@Pt60 facilitates 

the protonation and thus the OH formation. Therefore, our results reveals that 

a dual mechanism (ligand effect and charge transfer) is responsible for the 

excellent catalytic improvement of the *OH formation step, which is one of 

the rate determining steps for ORR. The ligand effect makes the reaction 

thermodynamically favourable and the charge accumulation at the *O atom 

improves the kinetics of the step. Therefore, we propose that early transition 

metal (as a core atoms) with strong electrostatic interaction with Pt-shell layer 

can further improve the ORR activity by lowering the binding strength of *O 

and increasing the charge on *O atom. 

 

Figure 2.7: Electrostatic potential (ESP) surface (isosurface value: 0.04 e·Å
−3

) 

of O-adsorbed (a) Pt79 and (b) Ti19@Pt60 NCs. The blue and red colors denote 

less and more electron density in the electrostatic potential surface. 

Furthermore, *OH formation is also possible via indirect pathways (step 2.4) 

too; such as via peroxyl formation followed by O-O bond dissociation (step 
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2.4). This step is a barrierless and downhill process on both the NCs with 

reaction free energies of -1.92 (Pt79) and -1.62 (Ti19@Pt60) eV. Yao et al. [78] 

and Kai et al. [77] reported activation barriers of 0.12 eV and 0.06 eV, 

respectively for the *OOH dissociation (step 2.4) step over the periodic 

Pt(111).  

It is very interesting to note that free energy for *OOH dissociation (step 2.4) 

is more exergonic on the Pt79 NC (-1.92 eV) than on the Ti19@Pt60 NC (-1.62 

eV). Therefore, the compressive strain on the Pt79 NC favours the reaction 

thermodynamics of *OOH dissociation. Such observation is very much 

agreement with the previous report on periodic Pt(111), where they have 

reported that *OOH dissociation becomes more exergonic over the 

compressively strained surface [96].  

Formation/Decomposition of *H2O2: 

The two-electron reduction process leads to the formation of H2O2. H2O2 can 

be formed (step 2.5) via two successive hydrogenations on O2 (*O2 + *H → 

*OOH, *OOH + *H → *H2O2). Our calculated activation barriers for H2O2 

formation (step 2.5) are 1.14 and 0.32 eV over the Pt79, and Ti19@Pt60 NCs 

surface, respectively. However the *OOH formation barrier (0.74 eV) is very 

high compared to *OOH hydrogenation (0.32 eV) on the Ti19@Pt60 NC. 

Therefore, H2O2 formation is very much unlikely on the Ti19@Pt60 surface. 

Wang and co-workers [73] reported an activation barrier of 0.19 and 0.07 eV 

for the H2O2 formation (step 2.5) on the periodic Pt(111) and Pt3Ti(111), 

respectively. Therefore, previous report also showed that the Ti alloying 

lowers the activation barrier for H2O2 formation. The *H2O2 dissociation 

barrier (step 2.6) into *OH is low on the core-shell structure and very much 

comparable on the Pt79. The dissociation behaviour of *H2O2 on the NCs 

follows similar trend as on the periodic surfaces [73]. 

*H2O formation: 

The adsorbed *OH can undergo hydrogenation (step 2.7) for the formation of 

*H2O. This is calculated to be a barrierless process on the Pt79 NC surface. 

The activation barrier for *H2O formation on the Ti19@Pt60 NCs is 0.10 eV. 
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The previous studies reported H2O formation barriers of 0.16 eV [70], 0.09 

[69] and 0.14 eV [72] on the periodic Pt(111). The periodic Pt3Ti(111) shows 

an activation barrier of 0.12 eV. Therefore, the previous calculated barriers are 

very much in good agreement with our calculated barrier of 0.10 eV on the 

core-shell surface. Our calculation shows that the *H2O formation is more 

exergonic on the Ti19@Pt60 NC, whereas the activation barrier is lower on the 

Pt79 NC. This interesting observation can be understood from the adsorption 

behaviour of the *OH and*H2O. The binding energies of *OH are similar on 

both the NCs, whereas *H2O is more stabilized on the Ti19@Pt60. Thus, the 

reaction is more exergonic on the core-shell surface. However, the *H2O 

formation is more favourable over *OH formation on the surface of the NCs. 

This suggests that the *H2O formation will not influence the reaction kinetics 

on the NCs.  

Therefore, after careful investigation, we find that *OH formation step is the 

rate determining step on the Pt79 NC, whereas the direct *O2 dissociation is the 

rate determining step on Ti19@Pt60 NC. We find that the *O2 induced 

structural changes favours the direct *O2 dissociation over the Ti19@Pt60 NC. 

Moreover, the *OH formation step (*O + *H → *OH) is significantly 

improved (lowered by 0.10 eV) when catalysed by the Ti19@Pt60 NC than the 

Pt79 NC. Our detailed investigation reveals that a dual mechanism (ligand 

effect and charge transfer) plays important role to improve the ORR activity 

over the core-shell structure.  

2.3.3 Solvation and Kinetic Study:  

In order to model the realistic electrochemical conditions of ORR, it is 

necessary to consider the influence of water environment on the ORR process. 

We have included the solvation effects using the VASPsol code [101-102] to 

calculate the reaction free energies for all the elementary steps. This kind of 

implicit solvation model has been successfully implemented in previous 

studies and shows excellent consistency with experiment [103-104]. The 

dielectric constant of water solvent is set to 78.4. The calculated reaction free 

energies in the gas and solvation mediums have been given in Table 2.4. The 

results indicate that the elementary steps become more thermodynamically 
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favourable in the water medium.  Therefore, the reaction kinetics will be 

further improved in the presence of water. 

Table 2.4: Reaction free energies of the elementary steps on Ti19@Pt60 for (a) 

gas and (b) solvation medium.  

Steps Elementary Reactions Ti19@Pt60 

∆𝐆(gas phase) ∆𝐆(solvation) 

 

2.1 

*O2 → *O + *O     (tilted) -0.87 -1.03 

*O2 → *O + *O     

(superoxo) 

-0.67 -0.81 

2.2 *O2 + *H → *OOH      -0.26 -0.39 

2.3 *O + *H → *OH      -1.06 -1.06 

2.4 *OOH → *O + *OH     -1.62 -1.70 

2.5 *OOH + *H → *H2O2   -0.27 -0.30 

2.6 *H2O2 → *OH + *OH   -1.19 -1.25 

2.7 *OH + *H → *H2O -0.74 -0.88 

 

Furthermore, we have done a detailed kinetic analysis based on our 

preliminary DFT results to understand the product selectivity that is four-

electron (H2O formation) vs. two-electron (H2O2 formation) reduction 

reactions. The forward (ki) rate constants for all the elementary steps are 

calculated using the following equation: 

ki = (
𝑘𝐵𝑇

ℎ
) (

𝑞𝑇𝑆

𝑞𝑅
) 𝑒−∆G‡/𝑘𝐵𝑇      (2.14) 

where kB is the Boltzmann constant, T is the temperature, h is the Plank 

constant. Here, qTS and qR are the vibrational partition functions for the 

transition state and reactant structures, respectively and ∆G‡ 
is the Gibbs free 

energy barrier for the initial and final state of the elementary reaction. 
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Table 2.5: Rate constants (s
-1

) of the elementary reactions at different 

temperatures on the Pt79 and Ti19@Pt60 NC. Here ki stands for the forward rate 

constant of the i
th

 step.  

Steps Elemen-tary 

reactions 

300 K 500 K 

Pt79 Ti19@Pt60 Pt79 Ti19@Pt60 

2.1 

*O2 

𝑘1
→*O+*O 

(tilted) 

8.66×10
12

 - 1.24×10
13

 - 

*O2 

𝑘1
→*O+*O 

(superoxo) 

2.10×10
09

 3.03×10
08

 1.05×10
11

 3.30×10
10

 

2.2 
*O2+*H

𝑘2
→  

*OOH 

1.36×10
12

 3.47×10
00

 4.31×10
12

 5.88×10
05

 

2.3 *O+*H 
𝑘3
→*OH 1.32×10

08
 1.25×10

10
 1.15×10

10
 2.21×10

11
 

2.4 
*OOH

𝑘4
→ 

*O+*OH 

7.92×10
12

 1.51×10
13

 1.22×10
13

 1.72×10
13

 

2.5 

*H+*OOH  

𝑘5
→*H2O2 

5.39×10
-07

 3.52×10
07

 3.82×10
01

 7.63×10
09

 

2.6 
*H2O2 

𝑘6
→*OH + 

*OH 

8.73×10
11

 3.60×10
10

 3.62×10
12

 5.01×10
11

 

2.7 
*H+*OH

𝑘7
→*H2

O 

1.67×10
13

 1.38 ×10
11

 2.06×10
13

 7.66×10
11

 

 

The rate constants (Table 2.5) are calculated in the temperature range of 300 K 

to 500 K as the fuel cell operates in this temperate range [52, 105]. The rate 

constants improve significantly as we increase the temperature. At 300 K, the 

ratio of direct and indirect O2 activation rate constants (k1/k2) * is 8.73 × 10
07

 

on the Ti19@Pt60 NC. Hence, the formation of *O is very much unlikely via 

indirect pathway on the Ti19@Pt60 NC, which improves the product selectivity 

and reduces the formation of unwanted by-products (such as *H2O2 

formation). Hence, our kinetic analysis suggests that Ti19@Pt60 NC is highly 

selective and efficient towards four-electron reduction (H2O formation) over 
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two-electron reduction (H2O2 formation) reaction. Furthermore, the Ti19@Pt60 

NC can improve the rate determining *OH formation step by ~10
2
 times 

compared to the Pt79 NC. 

We have done spin-polarized calculations in all the calculations. We find that 

the adsorbed *O2 shows a total magnetic moment of 0.84 µB, whereas 

adsorbed *O is a nonmagnetic one. Our findings are in good agreement with 

the previous reported magnetic calculations [106]. However, we have not 

considered the potential energy crossing of the two states. We understand that 

the calculated TS crossing the potential energy surface of the two states may 

be higher or lower than the adiabatic TS. We have calculated the reaction free 

energies of *O2 activation steps (step 2.1 & 2.2) using different functionals 

(PBEsol, rPBE and PW91) and our results show that the trend is same 

irrespective of the functionals used (Table 2.6). 

Table 2.6: Accuracy of the level of calculation 

Functi-

onals 

Reaction free 

energies (eV) 

Bond distances (Å) Adsorption 

Energy (eV) 

 

k1 

 

k2 

Pt-Pt O-O 

(adso-

rbed) 

 

*O2 

 

*OOH Pure 

NC 

After O2 

adsorp-

tion 

PBE -0.71 -0.26 2.72 2.67 1.31 -0.43 -1.12 

PBEsol -0.82 -0.25 2.68 2.63 1.31 -0.76 -1.43 

rPBE -0.54 -0.26 2.74 2.67 1.32 -0.08 -0.82 

PW91 -0.74 -0.33 2.72 2.67 1.32 -0.55 -1.24 

 

 

2.4. Conclusion 

First-principles calculations are performed to understand the ORR activity on 

(111) facet of the well-defined cuboctahedral Ti19@Pt60 NC. Energetic, 

thermal and electrochemical stabilities of the NC are evaluated from the total 

energy, AIMD simulation and dissolution potential, respectively. The 

calculated results suggest that Ti19@Pt60 NC is thermodynamically more 
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stable than Pt79 NC. Molecular dynamics simulations suggest that the 

Ti19@Pt60 can withstand temperatures as high as 600 K without any structural 

reconstruction. Dissolution potential shows that the Ti19@Pt60 NC is 

electrochemically more stable compared to the Pt79 NC. Reaction free energies 

and activation barriers are calculated for all the possible elementary steps of 

ORR on the (111) facet of the Ti19@Pt60 and compared with Pt79 NC and 

previously reported pure (Pt, Pd, and Ag) and alloyed (Pt3M; M= Ni, Co, Ti) 

based metal catalysts. Our detailed investigation finds that the O2-induced 

surface strain facilitates the direct *O2 dissociation on the Ti19@Pt60 NC 

surface. This is completely opposite to the previous reports on alloy based 

catalysts, where the compressive strain generated at the surface layer due to 

the alloying (Strain effect) was credited for their superior catalytic activity. 

Here, the *O2 induced structural changes favours the direct *O2 dissociation 

over the Ti19@Pt60 NC in spite of the presence of tensile strain on the surface 

atoms. After careful investigation on density of states, d-band center, 

electrostatic potential and Bader charge, we find that a dual mechanism 

(ligand effect and charge transfer) plays important role to improve the ORR 

over the Ti19@Pt60 NC. The ligand effect favours reaction thermodynamics, 

whereas the charge accumulation on the *O atom improves the reaction 

kinetics. Our kinetics analysis shows that the Ti19@Pt60 NC is a very selective 

and efficient catalyst for H2O formation over H2O2, and thus a promising 

catalyst for the fuel cell applications. Moreover, our solvation calculation 

shows that the reaction becomes thermodynamically more favorable in water 

medium and thus the reaction kinetics may further improve in the presence of 

water.   
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3.1 Introduction 

Proton exchange membrane (PEM) fuel cell is one of the most promising 

devices for clean energy due to their high efficiency, low operating 

temperature and zero emission [1-4]. Oxygen reduction reaction (ORR) is the 

key reaction at the cathode and controls the performance of a fuel cell. 

However, Pt-based electrodes limit the performance of a fuel cell due to the 

sluggish ORR reaction rate and high overpotential [5-6]. As a result, the 

efficiency remains low, while the costs are very high for Pt-based electrodes. 

In the past few decades, considerable efforts (experimental and theoretical) 

have been made to improve the ORR activity. Pd and Ir based electrodes have 

been emerged as potential electrodes to sustain the harsh reaction conditions 

of the fuel cells [7-10]. However, due to their low abundances, the main 

challenge remains to lessen the cost of the catalyst. So, it is very important to 

design a highly active and cheap electrode for ORR. However, the limited 

choice of such catalysts has made this a difficult task for the scientific 

community. Pt has been reported to be the most suitable catalyst among all for 

ORR. Thus, the key challenge is to reduce the Pt loading without 

compromising the performance of a fuel cell. In this context, alloying Pt with 

other transition metals has been emerged as a good alternative for efficiency 

and stability of the catalyst. Such alloying with other metals leads to the 

formation of bi-metallic [11-13], mixed alloy [14-15] and core-shell structures 

[16-18]. These bi-metallic catalysts, not only reduce the Pt-content, but also 

increase the specific activity which in turns increases the efficiency of ORR 

activity. Norskov and co-workers [19-21] studied a series of Pt3M alloy-based 

(M= Ti, V, Ni, Co, Fe, Y, Sc, Rh) catalysts for ORR activity and the low 

binding energy of the intermediate species (O and OH) on the alloy surfaces 

relative to Pt(111) bulk surface is the reason for their (Pt3M, M = Co, Ni, Sc, 

Y) superior catalytic activities. 

The discovery of fullerene [22] gave a new direction in the area of hollow 

materials. Later on, many fullerene like structures such as B-fullerene [23], 

BN-fullerenes [24-25] and inorganic fullerenes [26] have been synthesized for 

various applications. Similarly, metal-based hollow nanoclusters have been 

recently synthesized, which not only lower the Pt-content, but also improve 
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the electro catalytic activity significantly. Recently, Pd-Rh nanoboxes [27] 

demonstrated excellent catalytic activity towards ORR. Xie and co-workers 

used an effective strategy for reducing the Pt-content by synthesizing atomic 

layer-by-layer deposition of Pt on Pd-nanocubes [28].
 
Besides, they have 

synthesized a series of octahedral-based nano-clusters [29], by deposition of a 

few atomic layers (1-6 layers) of platinum on the Pd octahedral structure. 

Similarly, Pt-based cubic, octahedral [30] and icosahedral nanocages [31] 

have been synthesized with well defined (111) and (100) facets by depositing 

a few atomic layers of Pt on Pd nanocrystals and then etching away the Pd 

template. Considerable progresses have been made on the noble metal based 

nanocages, nanoframes and nanoboxes for ORR activity [32-36]. Recently, 

Adzic and co-workers synthesized a highly stable Pt monolayer on different 

substrate for ORR reactivity [37-39]. Interestingly, such nanocages show 

superior catalytic activity (towards ORR) compared to a Pt/C-based catalyst 

[29-31]. The developments in the field of single-layered materials inspired us 

to model a singled layered platinum-nanocage for ORR activity.  

We report here for the first time that a single layered octahedral platinum 

nanocage (Pt66) enclosed by eight (111) facets can improve the ORR activity 

significantly. Besides, the Pt- loading (lowers the Pt-content by 22%) of the 

nanocage for ORR is considerably lower than that of a similar size nanocluster 

(Pt85). 

Despite extensive experimental reports on ORR activity over a hollow 

nanocluster (such as nanocage, nanoframe, nanobox and so on), the underlying 

reason behind their excellent catalytic behaviour is yet to be understood. 

Thereby, the superior catalytic activity of the nanocage is investigated through 

a systemic study. The energetic, dynamic and thermal stability of this 

nanocage is verified by cohesive energy, phonon, and molecular dynamics 

calculations, respectively. ORR involves many-electron reduction and it can 

proceed either through a more efficient four-step, four-electron reduction with 

the formation of H2O or via a two-step, two-electron reduction for the 

formation of H2O2 [40]. In fuel cells, four-electron reduction (4e
-
) is preferred 

over a two-electron (2e
-
) reduction in order to maximize the efficiency. 

Furthermore, H2O2 formation affects the durability of the membrane of a PEM 

fuel cell [1,41]. Thereby, the product selectivity (H2O vs. H2O2) is very 



79 
 

important for the performance of a fuel cell. The formations of *OH (*O + H
+ 

+ e
-
  *OH) and *H2O (*OH + H

+ 
+ e

-
  *H2O) are the two most important 

steps for a platinum electrode-based fuel cell [42-45]. Therefore, the stability 

of the intermediate species (*O and *OH) is one of the governing factors for 

the selective four-electron (4e
-
) reduction reaction. The adsorption behaviour 

of all the possible ORR intermediates and the complete O2 reduction pathways 

are studied on Pt(111) facet of the nanocage surfaces. For comparisons, our 

results are compared with the available experimental and theoretical data on 

bulk Pt(111) surfaces. Microkinetic analysis is performed to gain more 

insights into the surface coverage, rate of reaction and product selectivity 

(H2O
 
vs. H2O2). The product selectivity (H2O vs. H2O2) and exceptional 

catalytic activity of the nanocage are discussed at the end.  

3.2 Model and Computational Details 

An octahedral shape of ~1.5 nm diameter of Pt85 nanocluster is modelled by 

cutting along all (111) planes of the bulk face cantered cubic Pt structure. All 

the core atoms (19 atoms) of the Pt85 nanocluster are removed to create a void 

inside. Thus, the single layer nanocage (Figure 3.1a) structure consists of 66 

platinum atoms. Pt-nanocages with icosahedral [31] and octahedral [30] 

geometries have been synthesized lately. Moreover, Pt(111) facet is the 

majorly exposed facet observed in the XRD pattern of experimentally 

synthesized Pt nanoclusters [46-48].
 
Previous experimental and theoretical 

reports show that Pt(111) surface shows better ORR activity than Pt(100) or 

any other Pt-surfaces [12,44,49-52]. Stamenkovic et al. [12] demonstrated 

through their experimental study that the Pt(111) surface shows two times 

higher ORR activity than the Pt(100) surface. Similarly, Zhang et al. [49] 

reported that Pt3Ni nanoctahedra terminated with (111) facets improves the 

ORR activity by five-fold compared to the similar sized Pt3Ni nanocube 

terminated with (100) facets. Carlos et al. [50] reported that the octahedral 

platinum nanoparticle with (111) facets exhibits an enhanced ORR activity 

while comparing with the cubic nanoparticles. Moreover, Markovic et al. [51] 

reported that the sequence of ORR activity on Pt(hkl) is (100) < (110) < (111).   
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Similarly, Duan et al. [44] reported from their theoretical study that Pt(111) 

surface shows better ORR activity compared to the Pt(100) surface. Moreover, 

Han et al. [52] stressed on the significant role of the square-symmetry of 

Pt(100) surface and reported that Pt(111) surface shows better catalytic 

activity compared to Pt(100) surface at the fuel cell operating voltage of 

around 0.7-0.8 V. Therefore, inspired by these findings, we have designed an 

octahedral nanocage enclosed by (111) facets to improve the ORR activity. 

 

Figure 3.1: Octahedral nanocage with eight (111) facets: (a) yellow sphere 

represents the inside void of the nanocage and (b) different adsorption sites on 

(111) facet of the nanocage.  

The first-principles calculations are performed using a projected augmented 

wave (PAW) [53] method as implemented in the Vienna Ab initio Simulation 

Package (VASP) [54-56]. The exchange-correlation potential is described by 

using the generalized gradient approximation of Perdew-Burke-Ernzerhof 

(GGA-PBE) [57]. Plane wave with a kinetic energy cut off of 470 eV is used 

to expand the electronic wave functions. A 25 × 25 × 25 Å
3
 cubic supercell is 

used to optimize the metal nanocage to rule out the possibility of interactions 

between the periodically repeated metal clusters. The nanocage is placed at the 

center of the box. During structural relaxation, all the atomic coordinates are 

optimized whereas the cell volume and cell shape are kept fixed. The Brillouin 

zone is sampled with a Gamma point (1×1×1) for clusters. The total energy of 

the nanocage cluster (Pt66) is improved by 0.00003 eV if the k-point mesh set 

to 2 × 2 × 2. Therefore, we have used Gamma point for all the calculations to 

save the computational cost. All the atoms are relaxed for the full structural 
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relaxation. The bulk Pt(111) surface is modelled with a (3 × 3) supercell to 

minimize the lateral interactions between the repeating images. The metal slab 

is composed of five atomic layers, where the bottom three layers are fixed and 

top two layers are relaxed. A 12 Å of vacuum is used along the z-direction to 

avoid periodic interactions. The Brillouin zone is sampled using a 3 × 3 × 1 k-

point grid for the surface calculations. All the systems are fully optimized, 

where the convergence criteria for total energy and forces are set at 10
-4

 eV 

and <0.02 eV/Å, respectively. For electronic structure calculations, a 2 × 2 × 2 

k-point mesh is used for the nanocage, whereas a 9 × 9 × 1 k-point mesh is 

used for bulk Pt(111) surface. Spin-polarized calculations are performed for 

all the molecular species and oxygen adsorbed intermediates. We have 

included Grimme’s D3-type [58] of semiempirical method to include the 

dispersion energy corrections for van der Waals interactions. Phonon 

frequency of the nanocage is calculated using density functional perturbation 

theory [59]. The climbing nudged elastic band (CI-NEB) method [60] is used 

to locate the transition state. Six intermediate images are used in each CI-NEB 

pathway. Vibrational frequencies for the initial, transition and final states of 

the reactions are calculated and the transition states are confirmed by the 

presence of one imaginary frequency. Zero-point energy (ZPE) is calculated 

using the following equation: 

 ZPE =∑ 1/2ℎ𝜐𝑖 𝑖        (3.1)  

where h is the Planck constant and υi is the frequency of the i
th

 vibrational 

mode. The adsorption energies (Ead) for all possible adsorbates are calculated 

using the following equation:  

Ead = E*-adsorbate – (E* + Eadsorbate)     (3.2) 

where E*-adsorbate is the total energies of the surface-adsorbate, E* and Eadsorbate 

are the single point energies of the surface and adsorbate in the optimized 

geometry of surface-adsorbate, respectively. We have used this convention for 

better comparisons, as the extent of deformation is different for different 

surfaces. The reaction free energy is calculated using the total energy 

difference between the products and the reactants. Thus, negative free energy 

suggests the exergonic nature of the reaction, whereas positive reaction energy 
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suggests the endergonic nature of the reaction. Activation barriers are 

calculated by the energy differences between the transition and initial states. 

The reaction free energies(∆G) and activation barriers (∆G‡)
 
are calculated 

using zero point energy (ZPE) and entropy corrections. The adsorbed 

intermediate (R) is denoted with an asterisk (*) sign.  

3.3 Results and Discussion 

We have divided this section into three parts. In the first part, we have 

discussed about energetic, thermal and dynamical stability of the Pt-nanocage. 

Then, the adsorption behaviour of ORR intermediates on the nanocage surface 

is studied and compared with previous theoretical and experimental reports on 

Pt(111) bulk surfaces. Furthermore, all possible elementary steps are 

subsequently studied for ORR followed by an attempt is made to find out the 

underlying reason behind the excellent catalytic behaviour of the nanocage 

and its catalytic activity is compared with previously reported bulk Pt(111) 

surface based catalysts. Finally, the effect of applied voltage on the free 

energy diagram has been discussed and a detailed microkinetic analysis has 

been performed to explore the selectivity of four-electron vs. two-electron 

reduction reaction.   

3.3.1 Nanocage Stability 

Energetic Stability:  

Total energy calculations are performed to evaluate the thermodynamic 

stability of the nanocage. Cohesive energy is calculated for the nanocage (Pt66) 

to find out the possibility of synthesizing such a nanocage structure. The 

cohesive energy (Ecoh) is calculated as follows 

Ecoh = (ENanocage - nEPt)/n      (3.3) 

where ENanocage is the optimized energy of the NCs, n is the number of 

platinum atoms in the NCs and EPt is the energy of one isolated platinum 

atom. For comparisons, we have calculated cohesive energies for bulk and 

Pt(111) surface. The calculated cohesive energies are -4.71, -5.47 and -5.71 

eV/atom for the nanocage, bulk Pt(111) surface and bulk platinum, 
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respectively. The cohesive energy indicates that the nanocage structure is less 

stable with respect to the bulk Pt(111). Our calculated cohesive energy value 

of bulk platinum is very much in agreement with the experimental value of -

5.84 eV/atom [61].  

Thermal Stability 

Low-temperature fuel cells (DMFC, PEMFC and AFC) are operated in the 

temperature range from 300 to 600 K [5,16]. Thus, the thermal stability of the 

nanocage is verified by carrying out Ab Initio Molecular Dynamics 

Simulations (AIMD) using canonical ensemble at 300-600 K with a time step 

of 1 femtosecond. Temperature control is achieved by nóse thermostat model 

[62]. First, the structure is heated at 300 K with a time step of 1 femtosecond 

(fs) for 20 picoseconds (ps), but no structure reconstruction is found. The 

fluctuation of the total energy is smooth throughout the AIMD simulation 

(Figure 3.2).  

 

Figure 3.2:  Molecular dynamics simulation analysis at different temperatures 

as a function of time step: (a) total energy and (b) RMSD.  
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Hence, the structure remains stable at room temperature. Furthermore, 

simulations using an NVT ensemble at 350, 400, 450, 550, and 600 K with a 

time step of 1 fs were carried for 20 ps. We have plotted the root mean square 

displacement (RMSD) as a function of time step (Figure 3.2b) for all the 

cases. Our RMSD plots show that atomic displacements are negligible at 

lower temperatures (300-450 K) but significant at higher temperatures (500-

600 K). The snapshots of atomic configurations of Pt66-nanocage at the end of 

MD simulations are shown in Figure 3.3.  

 

Figure 3.3:  Snapshots of the nanocage after the simulation at different 

temperatures.  

We did not find any structural reconstruction even after heating at 600 K for 

20 ps. We have carefully investigated the structure of the nanocage during the 

AIMD simulation at higher temperatures (500-600 K). At 500 K, our RMSD 

vs. time step plot shows that RMSD value is significantly high around 2600 fs. 

We find that the diameter of the nanocage (14.69 Å) increases to 14.75 Å 

(Figure 3.4a) at 2600 fs. Similarly the diameter of the nanocage increases to 

14.97 Å (Figure 3.4b) at 550 K. Interestingly at 600K, our plot shows that 

maximum atomic displacements occur in two stages. During the first maxima 

(around 5650- 7150 fs), the surface atoms are moving inwards and the cluster 

size reduces to 14.42 Å (Figure 3.4c). The second hump (9120-11880 fs), 

shows that the surface atoms are moving outwards and the average diameter of 

the nanocage increases to 15.04 Å (Figure 3.4d). However, the structure 
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returns back to the minimum energy structure at the end of the simulation. 

Thus, at higher temperatures, atomic displacements are maximum and at 600 

K, atomic displacements are occurring in both ways (inwards and outwards).  

However, even at 600 K, inter-conversion is not possible to any other 

structures.  

 

Figure 3.4:  Snapshots of the nanocage after the simulation at different 

temperatures. 

Thereby, we predict that the nanocage can withstand temperatures as high as 

600 K. These results demonstrate that the single layered nanocage is separated 

by high-energy barriers from other local minima structures. 

Dynamic Stability: 

The dynamic stability of the nanocage is evaluated from the phonon 

calculation by using Density Functional Perturbation Theory (DFPT) as 

implemented in VASP. Our phonon calculation on Pt66-nanocage shows small 

imaginary frequencies in the order of <35i cm
-1

 (Supporting Information for 

details). Therefore, the nanocage could be a dynamically stable cluster. 
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Generally, nanocages are synthesized on a support material [32] and in that 

case, they might show exceptional stability on a support material.  

3.3.2 ORR Mechanism 

3.3.2.1 Adsorption 

Three different catalytic sites (Figure 3.1b) are present on Pt(111) facet of the 

nanocage: (i) top, (ii) bridge, and (iii) hollow. Here, fcc and hcp sites are 

equivalent and represented as a hollow site. We have checked the relative 

stabilities of the intermediate species (*O2, *O, *OH, *OOH, *H2O and 

*H2O2) adsorbed on all the three possible sites and then the most stable 

conformers are considered for detailed study. The most preferred binding sites 

of the intermediate species and their respective binding energies are calculated 

and given in Table 3.1. For comparison, we have calculated adsorption energy 

of the intermediate species on a bulk Pt(111) surface. Furthermore, all these 

values are compared (Table 3.1) with previous reported values on bulk Pt(111) 

surface to estimate the accuracy of our calculations.  

Table 3.1: Preferred sites, binding energies (eV) of the most stable ORR 

intermediate species on Pt(111) facet of the nanocage and bulk Pt(111) 

surface. Here t, b, h and f denote top, bridge, hollow and fcc sites respectively. 

Values of previous report on Pt(111) surfaces are taken from the references 

[63, 64]. 

Adsorbed 

species 

Nanocage 

(Pt66) 

Pt(111) 

surface 

Previous report of 

Pt(111) surface 

*O2 -1.82 (b) -0.67 (b) -0.69(b)[63], -0.62(b)[64] 

*O -5.32 (h) -4.42 (f) -3.96(f) [63], -4.30(f) [64] 

*OH -3.03 (b) -2.37 (t) -2.22(t) [63], -2.21(t) [64] 

*OOH -1.39 (b) -1.15 (b) -1.15(b) [63], -0.94(b) [64] 

*H2O2 -0.22 (b) -0.30 (b) -0.37(b) [63], -0.27(b) [64] 

*H2O -0.09 (t) -0.26 (t) -0.25(t) [63], -0.20(t) [64] 

*H -2.74 (h) -2.77 (f) -2.74(f) [63], -2.62(t) [64] 
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*O2  

*O2 prefers to be adsorbed in a superoxo way on the bridge site of the 

nanocage with adsorption energy of -1.82 eV. However, the adsorption energy 

(for superoxo structure) is -0.67 eV while adsorbed on bulk Pt(111) surface. 

Thereby, O2 is strongly adsorbed on the Pt66 nanocage surface compared to 

bulk Pt(111) surface.  Furthermore, the adsorbed *O-O bond distances are 

1.39, and 1.37 Å while adsorbed on nanocage and bulk Pt(111), respectively. 

Similarly, *O2 can be adsorbed (via one of the O atoms) in a tilted way at the 

top site of Pt(111) facet of the nanocage with an adsorption energy -0.51 eV. 

The respective binding energy is -0.17 eV when adsorbed on bulk Pt(111) 

surface. This indicates that the nanocage is highly active for O2 activation in 

relative to bulk Pt(111) surface. 

Our calculated O2 adsorption energy (-0.67 eV) while adsorbed in a superoxo 

fashion on bulk Pt(111) surface is very much in consistent with the previous 

calculated values of -0.41, [65] -0.49, [66] -0.62 [64] and -0.69 eV [63] on 

bulk Pt(111) surface. The adsorption energy (-0.17 eV) calculated for the tilted 

conformer is also very much comparable with the previous calculated value of 

-0.06 eV [66]. In superoxo form, our calculated *O-O bond distance and 

vibrational frequency of O2 bond while adsorbed on bulk Pt(111) surface are 

1.37 Å and 879 cm
-1

, which are also very much comparable with the 

experimental bond distance and vibrational frequency of 1.37 Å [67] and 870 

cm
-1

, [68] respectively. The *O2 superoxo form (-0.67 eV) is characterized 

experimentally through the temperature-programmed desorption technique and 

the experimentally reported binding energy of -0.38 eV [69] matches with our 

calculated binding energy of -0.67 eV. Using electron energy loss 

spectroscopy, Steininger et al. [70] reported the *O2 binding energy of ≈ 0.5 

eV, which is again very much in consistent with our calculated adsorption 

energy of -0.67 eV. Thereby, we find that our results are in very much 

agreement with previously reported (theoretical and experimental) values.  
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Figure 3.5:  Adsorption pattern of the reaction intermediates. 

*O 

*O is found to be more stable at the hollow site of the nanocage with 

adsorption energy of -5.32 eV. However, *O prefers fcc site of the bulk 

Pt(111) with a binding energy of -4.42 eV. Thereby, the nanocage is more 

reactive for *O binding. Previous surface model studies reported adsorption 

energies of -4.30 [64], -4.51 eV [71], and -4.46 eV [72] for *O binding at the 

fcc site of bulk Pt(111). Furthermore, our result is very much in agreement 

with experimental oxygen atom binding energy of 4.32 eV over a clean 

Pt(111) surface [73]. 

*OH 

*OH prefers to be adsorbed at the bridge site of Pt(111) facet of the nanocage 

with an adsorption energy of -3.03 eV, which is higher than the adsorption 

energies (-2.37 eV) on bulk Pt(111) surface. Previous studies on bulk Pt(111) 

surfaces reported the adsorption energies of -2.21 [64] and -2.45 eV [71] at 

the top position. Our calculated adsorption energy value on bulk Pt(111) is 
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very much consistent with the experimental heat of formation of -2.14 eV over 

bulk Pt(111) surface [74]. 

Interestingly, we find *O and *OH are strongly adsorbed over the nanocage 

surface compared to bulk Pt(111), which is far from optimal binding energy 

range of *O and *OH on Pt3M alloy surfaces as proposed by Norskov and co-

workers [19-21]. 

*H2O and *H2O2  

*H2O adsorbs very weakly at the top site of (111) facet of the nanocage with 

an adsorption energy of -0.09 eV. In the bulk Pt(111) surface, *H2O is 

calculated to be most stable at the top site with an adsorption energy of -0.26 

eV, which is very much consistent with the previous theoretical adsorption 

energies of -0.20 [64] and -0.22 eV [65]. The experimental binding energy of 

*H2O is -0.52 eV [75]. Gland et al. [76] reported the experimental adsorption 

energy of *H2O to be within -0.43-0.62 eV using the thermal desorption 

spectroscopy (TDS) and X-ray photoemmision spectroscopy (XPS). Our 

calculated adsorption energies of *H2O2 are -0.22 and -0.30 eV over the 

nanocage and bulk Pt(111), respectively. Previous theoretical studies reported 

the adsorption energies of -0.37 [63] and -0.27 eV [64] over bulk Pt(111). The 

weak adsorption energy of *H2O and *H2O2 over the nanocage surface 

compared to Pt(111) suggests that the easy desorption of water from the 

catalyst surface. Therefore, reduces the possibility of surface poisoning. 

Moreover, we have studied the adsorption behaviour of some important 

intermediates (O2, O and OH) at the low-coordinated edge site to compare the 

catalytic activity of the edge site with respect to the Pt(111) surface of the 

nanocage. At the edge site, the calculated binding energies are -2.02, -4.72 and 

-3.02 eV for *O2, *O and *OH, respectively. However, the respective binding 

energies are -1.82, -5.32 and -3.03 eV on the Pt(111) facet of the nanocage. 

We find that *O2 adsorbs only in a superoxo way at the edge site of the 

nanocage with binding energy of -2.02 eV. However, at the edge site, we 

could not locate a minimum energy structure where *O2 adsorbs in a titled 

way as observed on the Pt(111) surface. Thus, *O2 has a higher binding 

energy (by 0.20 eV) at the edge site than on the Pt(111) facet of the nanocage. 
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On the other hand, *O has a lower binding energy (by 0.60 eV), and *OH has 

a comparable binding energy at the edge site of the nanocage. 

3.3.2.2 Reaction Mechanism 

During the ORR, H2O and H2O2 are the two end products, which are formed 

via four-electron (4e
-
) and two-electron (2e

-
) reduction reactions, respectively. 

For the 4e
-
 reduction (H2O formation), we propose two possible pathways: i) 

direct and ii) indirect (Scheme 3.1). In the direct pathway, the adsorbed 

oxygen molecule (*O2) can undergo direct O-O bond dissociation (*O2 → *O 

+ *O) and in the indirect mechanism, the reaction can precede via 

hydrogenation (*O2 + *H → *OOH) followed by dissociation (*OOH → *O + 

*OH). Then the end products are formed through subsequent hydrogenation 

and O-H bond formation steps. However, the indirect bond dissociation can 

happen via two pathways: (i) peroxyl and (ii) peroxide formations. In the 

peroxyl mechanism, the adsorbed oxygen molecule (*O2) undergoes 

hydrogenation (*O2 + *H → *OOH) followed by dissociation (*OOH → *O + 

*OH). Then the product (*OH) can undergo subsequent hydrogenation for the 

formation of H2O (major product). In the peroxide mechanism, *OOH can 

undergo further hydrogenation for the formation of *H2O2. This will be a two-

electron reduction reaction if the end product is H2O2. However, *H2O2 can 

further dissociate into *OH, which can go for further protonation for the 

formation H2O. Therefore, it is clear from the above three mechanisms that 

there are three important steps for four-electron ORR: (i) *O, (ii) *OH and (iii) 

*H2O formation steps. 

The reaction free energies and activation barriers are calculated for all the 

possible elementary steps of ORR on the nanocage surface and then compared 

with previous reports on bulk Pt(111). Such comparison gives us an idea about 

the distinct nature of the nanocage-catalyst towards ORR activity.  
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Scheme 3.1: Reaction free energies (eV) and activation barriers (eV, in 

parenthesis) are presented for all the possible elementary steps of ORR over 

(111) facet of the Pt66 nanocage. Our calculated respective values are 

compared with previous reports on oxygen reduction over Pt(111) [64,77] 

bulk surfaces.  

O2 activation: 

Direct O-O bond dissociation is one of the very important steps for fuel cell 

application as it leads to the formation of H2O, which reduces the formation of 

unwanted by-products. Thereby, direct dissociation favours 4e
-
 reduction over 

2e
-
 reduction. Earlier studies show direct O-O bond dissociation (Step 3.1) is 

not kinetically favoured over O2 hydrogenation (Step 3.2) on bulk Pt, Pd, Ag 

surfaces [77-78].  Thus, there are two competing pathways for *O2 while 

adsorb on the catalyst surface. Either the adsorbed O2 will dissociate into 

atomic oxygen *O or hydrogenated to *OOH.  
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*O2 → *O + *O     ∆G = -1.95, ∆G‡ = 0.02 eV   (Step 3.1) 

*O2 + *H → *OOH     ∆G = -0.50, ∆G‡ = 0.05 eV   (Step 3.2) 

As discussed, *O2 can be adsorbed via two conformers: (i) suproxo and (ii) 

titled [66]. The calculated O2 dissociation (Step 3.1) barriers on the nanocage 

surface are 0.35 and 0.02 eV for superoxo and tilted conformers, respectively. 

Thus, during the activation process, the adsorbed *O2 may rearrange itself 

from the superoxo to tilted conformer. In fact, the barrier (0.06 eV) is very low 

for such conformational rearrangement. Similar kind of observation reported 

on bulk Pt(111) surface [66]. The very low barrier for conformational 

rearrangement certainly favours the O2 dissociation from the tilted conformer. 

The previously calculated O-O bond dissociation barriers are 0.53 eV [64] and 

0.44 eV [77] on bulk Pt(111) and 0.72 eV and 1.22 eV on bulk Pd(111) [77] 

and Ag(111) [78] surfaces, respectively. 

Similarly, O2 hydrogenation (Step 3.2) on the nanocage surface is also 

exergonic (-0.50 eV) with an activation barrier of 0.05 eV. The barriers for the 

same step (Step 3.2) reported to be 0.25 [63], 0.36 [64] and 0.30 eV [77] on 

Pt(111) bulk surfaces. Therefore, the nanocage is highly reactive towards O2 

dissociation and favours direct O2 bond dissociation over hydrogenation. This 

is opposite to other highly active catalysts such as Pt(111), Pd(111) and 

Ag(111), which favour hydrogenation over direct O2 bond dissociation. 

*OH formation 

The *OH formation is another important step for ORR and previous studies on 

bulk Pt(111) surfaces show [63-65,77] that this is one of the rate determining 

steps of ORR.  

*O + *H → *OH         ∆G = -0.17, ∆G‡ = 0.58 eV   (Step 3.3) 

*OOH → *O + *OH    ∆G = -1.96, ∆G‡ = 0.00 eV   (Step 3.4) 

The direct O-O bond dissociation followed by hydrogenation leads to the 

formation of *OH (Step 3.3). The direct formation of *OH (Step 3.3) on the 

nanocage surface is exergonic (-0.17 eV) with an activation barrier of 0.58 eV. 
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Previous studies reported activation barriers of 0.74 [77] and 0.86 eV [64] on 

bulk Pt(111) and 0.72 eV on Pd(111) [78]. 

Furthermore, *OH formation is possible via indirect pathways (Step 3.4) too; 

such as via peroxyl formation followed by O-O bond dissociation (Step 3.4). 

This step is a barrierless process on the nanocage surface with a reaction 

energy of -1.96 eV. Yao et al. [77] and Kai et al. [64] reported activation 

barriers of 0.12 eV and 0.06 eV for the *OOH dissociation (Step 3.4) step over 

bulk Pt(111) surfaces.  

Though direct O-O bond dissociation (barrier 0.02 eV) is slightly favoured 

over O2 hydrogenation (barrier 0.05 eV) but the OH formation (barrier 0.58 

eV) is not favoured. On the other hand, indirect *OH formation (Step 3.4) is 

highly favourable on the nanocage surface. This suggests that *OOH will 

dissociate into *OH even if *OOH is formed on the nanocage surface. 

Thereby, the *OH formation is highly favoured via indirect pathway (*O2 + 

*H → *OOH → *OH) than direct pathway (*O2 → *O → *OH) on the 

nanocage surface. 

Bader atomic charges [79] are calculated using Henkelman programme [80-

82] to find out the net amount of charge transfer from the surface to 

intermediate species. Our Bader charge analysis shows that the charges on *O 

atoms are -0.70 |e| and -0.66 |e| while adsorbed on nanocage and bulk Pt(111) 

surfaces, respectively. The lower barrier for the *OH formation step (*O + *H 

→ *OH) can be understood form the net negative charge gained at the O-atom 

from the surface Pt-atoms of the nanocage. We find that the adsorbed O-atom 

gains more negative charge when adsorbed on the nanocage than on the bulk 

Pt(111) surface, owing to the strong adsorption of O-atom on the nanocage 

surface. The accumulation of more negative charge at the O-atom facilitates 

the protonation and thus the OH formation. As a result, the nanocage offers a 

different ORR pathways compared to the earlier reports. 
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*H2O2 formation and decomposition 

The two-electron reduction process leads to the formation of H2O2. H2O2 can 

be formed via two successive hydrogenations on O2 (*O2 + *H → *OOH, 

*OOH + *H → *H2O2). 

*OOH + *H → *H2O2  ∆G = -0.32, ∆G‡ = 1.08 eV   (Step 3.5) 

*H2O2 → *OH + *OH  ∆G = -1.26, ∆G‡ = 0.58 eV   (Step 3.6) 

Thus, *OOH can undergo further hydrogenation for the formation of *H2O2 

(Step 3.5). Our calculated activation barrier and free energy for this process 

are 1.08 and -0.32 eV respectively. Zhiyao et al. [63] reported activation 

barriers of 0.19 eV for H2O2 (Step 3.5) formation on bulk Pt(111) surface. 

This suggests that H2O2 formation is favoured on bulk Pt(111) surface. In 

contrary, the nanocage does not favour H2O2 formation. It indicates that the 

nanocage is highly selective for four-electron reduction over two-electron 

reduction. The *H2O2 can again dissociate into *OH (Step 3.6). The activation 

barrier for this step is 0.58 eV on the nanocage surface. Therefore, we predict 

that such nanocage could be a very selective catalyst for water formation and 

therefore could be a promising catalyst for fuel cell applications.  

*H2O formation 

*OH + *H → *H2O  ∆G = -0.76, ∆G‡ = 0.33 eV   (Step 3.7) 

The adsorbed *OH undergoes protonation for the formation of *H2O. On the 

nanocage surface, the activation barrier for this process is 0.33 eV with a 

reaction free energy of -0.76 eV. Previous studies reported H2O formation 

barriers of 0.16 eV [64], 0.09 [63] and 0.14 eV [77] on bulk Pt(111) surfaces, 

which are lower than our calculated barrier of 0.33 eV on the nanocage 

surface. However, the *H2O formation barrier (0.33 eV) is lower than *OH 

formation (0.58 eV) barrier on the nanocage surface. This suggests that *OH 

formation is the rate determining step on the nanocage surface. It indicates that 

the *H2O formation will not influence the reaction kinetics on the nanocage 

surface. On the other hand, *OH formation barrier (0.58 eV) is significantly 

higher (0.74-0.86 eV) on bulk surface than the nanocage surface. Therefore, in 
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spite of the high activation barrier for *H2O formation (Step 3.7), the 

nanocage catalyst is more efficient for ORR than any other catalysts reported 

so far. Moreover, *H2O adsorption energy is very low on the nanocage surface 

(-0.09 eV) compared to bulk Pt(111) surface (-0.26 eV), lessening the 

possibility of surface poisoning.   

Therefore, our results show excellent catalytic activity of the nanocage 

towards ORR. This includes excellent catalytic activity towards rate-

determining steps as well as for other important steps. We find that *O2 

activation processes (*O2 → *O + *O and *O2 + *H → *OOH) and *OH 

formation (*O + *H → *OH) are significantly improved over the nanocage 

surface.  

In addition, we have also calculated the activation barriers for *O2 dissociation 

(*O2 → *O + *O) and *OH formation (*O + *H → *OH) steps at the low-

coordinated edge site to compare the ORR activity at the edge site with respect 

to the Pt(111) surface of the nanocage. The activation barrier for the *O2 

dissociation is 0.21 eV at the edge site compared to 0.02 eV on the Pt(111) 

surface. This indicates *O2 activation is easier on the surface than at the edge 

site. Similarly, the calculated activation barrier for the *OH formation is 0.77 

eV at the edge site compared to 0.58 eV on the Pt(111) surface. Thereby, *OH 

formation is favourable on the Pt(111) surface than at the edge site. The high 

barriers for *O2 dissociation and *OH formation could be due to the low 

adsorption energy of *O at the edge site. 

It has been previously reported that compressive strain at the shell layer of 

core-shell structure could be the reason for enhancement of ORR performance 

[83-84]. Hence, the compressive/tensile strain energy (Estrain) is calculated 

using the following equation: 

Estrain = Eunrelaxed - Erelaxed      (3.4) 

where Erelaxed is the total energy of the optimized cluster/surface and Eunrelaxed is 

the total energy (single point energy) of the cluster in the bulk geometry. The 

strain (ԑ) is calculated using the following equation: 

ԑ = ∆d/d        (3.5) 



96 
 

where d is the diameter of the cluster/surface in its optimized structure and ∆d 

is the change in the diameter from their bulk position.  

 

Figure 3.6: The compressive surface strain on: (a) bulk Pt (111) and (b) 

nanocage.  

The calculated (Figure 3.6) strain energies (compressive strain) for nanocage 

and bulk Pt(111) are 16.12 (-6.23 %) and 0.32 eV (-0.002 %), respectively.  

Furthermore, we have calculated the surface energy of the nanocage to check 

its reactivity with respect to the bulk Pt(111) surface. The surface energy (Esur) 

is calculated using the following equation: 

Esur = (Enanocage/surface – Ebulk)/ Ananocage/surface    (3.6)  

where, Enanocage/surface is the total energy of the nanocage/surface, Ebulk is the 

total energy of a bulk system containing the same number of atoms and 

Ananocage/surface is the total surface area of the nanocage/surface. The calculated 

surface energy for the Pt(111) surface and nanocage are 0.11 and 0.17 

eV/atom, respectively. The higher surface energy of the nanocage is reflected 

by the strong adsorption of the reaction intermediates also. Thus, our 

adsorption, surface and strain energy analysis confirm that nanocage is highly 

reactive compared to the bulk Pt(111) surface.  

The stronger adsorption of *O and *OH and weaker adsorption of *H2O can 

be further explained from their projected density of states (PDOS) analysis. 

Figure 3.7 shows that the Pt 3d orbitals of the nanocage are more stabilized 



97 
 

while interacting with the O 2p orbitals of O/OH (Figure 3.7a-b). In contrary, 

the extent of stabilization (Figure 3.7a-b) is low while interacting with bulk 

Pt(111). The extent of orbital overlap is also high for *O and *OH adsorption, 

whereas low for *H2O adsorption (Figure 3.7c) on the nanocage surface.  

 

Figure 3.7: Projected density of states (PDOS) of (a) *O, (b) *OH and (c) 

*H2O adsorbed Pt(111) and nanocage structures. PDOS of pure Pt(111) and 

nanocage (Pt66) shown for comparison. 

Therefore, our detailed investigation concludes that the void inside the 

nanocage induces a compressive strain in the system, which in turn improves 

the activity; thus the adsorption of the intermediates. The strong adsorption of 

the intermediates facilitates the charge transfer process (from the nanocage to 

adsorbed intermediates), which in turn improves the O-O dissociation and 

subsequent hydrogenation steps. As a result, it proceeds through a different 

mechanism (O-O dissociation followed by hydrogenation) than reported 

earlier (O-O hydrogenation followed by dissociation). This is in contrary to 

other bulk metal-based catalysts and therefore we believe that such nanocage-

based catalysts can improve the ORR activity significantly. 
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3.3.3 Effect of Applied Potential 

Catalysts are exposed to electrical potential during the course of the reaction. 

Therefore, the effects of electrode potential on free energy and reduction 

mechanisms have been investigated as proposed by Norskov and co-workers 

[42]. The free energy change (∆G) is calculated as follows: 

∆G = ∆E + ∆ZPE − T∆S – eU     (3.7) 

where ∆E is the total energy change obtained from the DFT calculations, 

∆ZPE is the change in zero-point energy, T is the room temperature (300 K), 

∆S is the entropy change, e is the transferred charge for the elementary step 

and U is the electrode potential with respect to the standard hydrogen 

electrode.  

 

Figure 3.8: Free energy diagrams for ORR mechanism at different potentials. 

Figure 3.8 shows that all the elementary steps are downhill process at U = 0 V. 

However, the proton transfer steps are thermodynamically not favourable as 

we increase the potential. Our calculated free energies show that the highest 

electrode potential under which all the elementary reactions are exergonic is 

0.33 V. Thus, the working potential for the nanocage is 0.33 V and above this 
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potential, some of the elementary reactions are endergonic. The *OH 

formation (*O + *H → *OH) step is not thermodynamically favourable at 

higher potentials. This suggests that the *OH formation is the rate determining 

step for ORR process, which is again very much in consistent with our kinetic 

study. However, *OOH and *H2O formations are less sensitive to applied 

potential. We have also studied the free energy diagram at 0.9 V (experimental 

operating potential) and we find that the *H2O formation is exergonic, 

whereas *OH formation is endergonic. It again indicates that *OH formation 

is the rate determining steps on the nanocage surface. 

3.3.4 Kinetic Analysis 

From the elementary pathways, we discover that many pathways are possible 

for O-O bond dissociation reaction. The reaction free energy versus reaction 

coordinate gives an overall idea to locate the minimum energy pathway from 

several possibilities. The roles of surface coverage, partial pressures (of 

reactant and product) and reaction temperature cannot be fully understood 

from the Gibbs free energy calculations. These experimental parameters can 

provide further insights into O2 reduction reaction. Thus, we have done a 

detailed mickrokinetic analysis based on our preliminary DFT results to 

understand the roles of surface coverage, and reaction temperature toward the 

reaction kinetics. The forward (ki) rate constants for all the elementary steps 

are calculated using the following equation: 

ki = (
𝑘𝐵𝑇

ℎ
) (

𝑞𝐹

𝑞𝐼
) 𝑒−∆G‡/𝑘𝐵𝑇       (3.8) 

where kB is the Boltzmann constant, T is the temperature, h is the Planck’s 

constant. Here qI and qF are the vibrational partition functions for the initial 

and final state structures and ∆G‡ 
is the Gibbs free energy barrier for the initial 

and final state of the elementary reaction. The vibrational partition functions 

(q) are calculated using the following equation: 

𝑞 = ∑   
𝑖

1

1−𝑒−ℎ𝑣𝑖/𝑘𝐵𝑇       (3.9) 
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where, υi are the vibrational frequencies. All the exergonic reactions are 

assumed to be irreversible, hence only forward steps are considered for 

developing the microkinetic model. 

Table 3.2: Rate constants (s
-1

) of the elementary reactions at different 

temperatures and here ki stands for the forward step of i-th step. 

Elementary reactions 300 K 400 K 500 K 

*O2→*O+*O (k1) 2.71× 10
12

 4.45× 10
12

 6.31× 10
12

 

*O2+*H→*OOH (k2) 1.11× 10
12

 2.34× 10
12

 3.84× 10
12

 

*O+*H→*OH (k3) 9.35× 10
02

 3.25× 10
05

 1.14× 10
07

 

*OOH→*O+*OH (k4) 3.64× 10
13

 3.24× 10
13

 3.19× 10
13

 

*H+*OOH→*H2O2 (k5) 5.38× 10
-06

 2.41× 10
-01

 1.57× 10
02

 

*H2O2→*OH + *OH (k6) 1.08× 10
03

 4.04× 10
05

 1.18× 10
07

 

*H+*OH→*H2O (k7) 2.29× 10
07

 7.15× 10
08

 5.93× 10
09

 

 

As the oxygen reduction temperature in the low-temperature fuel cell ranges 

from 300 K to 500 K [85-86], the rate constants (Table 3.2) are calculated in 

the same temperature range (300 K to 500 K). The rate constants improve 

significantly as we increase the temperature. At 300 K, the rate constants ratio 

between *O2 dissociation and *O2 hydrogenation (k1/k2) is 2.44. Hence, *O 

formation is highly favourable over *OOH formation (*O2 → *O + *O and 

*O2 + *H → *OOH). Thus, we predict that the reaction might be proceeding 

through *OOH intermediate as the k1/k2 ratio is low. Therefore, it is important 

to examine the extent of possibility for proceeding the reaction further from 

the *OOH intermediate. The ratio of rate constants (k4/k5) for *OOH 
𝑘4
→ *O + 

*OH and *OOH + *H 
𝑘5
→ *H2O2 is 6.76 × 10

18
, implying that the *OOH 

dissociation is favourable over *OOH hydrogenation. Therefore, even if the 

reaction proceeds through *OOH intermediate, it will dissociate into *O and 

*OH (*OOH → *O + *OH). Hence, our kinetic analysis suggests that the 

ORR favours four-electron reduction (H2O formation) over two-electron 

reduction (H2O2 formation) on the nanocage surface.  
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The lesser possibility of two-electron reduction can be further confirmed from 

the microkinetic analysis. The ratio for the rate of formation of *H2O and 

*H2O2 formations is 5.23 × 10
44 

under 1:1 partial pressure ratio of oxygen and 

hydrogen. Hence, the two-electron reduction is not favourable for the 

formation of hydrogen peroxide. This is very much in consistent with our 

activation barrier study, where we find that hydrogenation is favoured at *OH 

over *OOH. Therefore, the temperature dependant rate constant and 

mikrokinetic analysis show that single layered platinum nanocage is highly 

selective and efficient toward four-electron oxygen reduction reaction.  

3.4 Conclusion 

First-principles calculations are performed to understand the ORR activity on 

(111) facet of the octahedral nanocage (Pt66) enclosed by well-defined facets. 

Energetic, thermal and dynamic stability of the nanocage evaluated from the 

total energy, AIMD simulation and phonon calculations, respectively. 

Molecular dynamics simulation suggests that the nanocage can withstand 

temperatures as high as 600 K without any structural reconstruction. During 

the ORR, H2O and H2O2 are the two end products, which are formed via four-

electron (4e
-
) and two-electron (2e

-
) reduction reactions, respectively. The 

reaction free energies and activation barriers are calculated for all the possible 

elementary steps of ORR on the nanocage surface and then compared with 

previous reports on bulk Pt(111). Our detailed investigation suggests that the 

nanocage induces a compressive strain in the system, which in turn improves 

the activity of the nanocage and thus improves the adsorption of the 

intermediates. Our results show that the *O and *OH adsorb strongly on the 

nanocage surface compared to bulk Pt(111) surface, which facilitates the 

charge transfer process (from the nanocage to adsorbed intermediates), which 

in turn improves the O-O dissociation and subsequent hydrogenation steps. As 

a result, the nanocage offers a different ORR pathways (O-O dissociation 

followed by hydrogenation) than the earlier reports (O-O hydrogenation 

followed by dissociation). This is completely opposite to the previous reports 

on Pt3M (M = Ti, V, Ni, Co, Fe, Y, Sc, Rh) alloy based catalysts where the 

low binding energies of the reaction intermediates (*O and *OH) were 

credited for the superior catalytic activity. Our potential study indicates that 
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the ORR is thermodynamically favourable at 0.33 V and *OH formation is the 

rate determining step. The rate determining step (*OH formation) is very 

much agreement with the kinetic study. Our microkinetic analysis shows that 

the H2O formation is favoured over H2O2, which again suggests that the 

nanocage is highly selective for four-electron ORR over two-electron ORR. 

Hence, we report, platinum nanocage could be very promising catalysts for the 

efficient and selective reduction of O2.  
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4.1. Introduction 

The oxygen reduction reaction (ORR) has long been a subject of extensive 

research in developing proton exchange membrane (PEM) fuel cells because the 

slow reaction kinetics of ORR and the use of cost effective Pt-metal as electrodes 

(Pt/C) prevent the commercialization of PEM fuel cells [1-2]. Therefore, the 

development of a catalyst with less Pt-content without compromising the 

performance of ORR is very essential. In this regard, different kinds of catalysts 

like core-shell nanoparticle [3-5], hollow nano-materials [6-8] and metal-free 

catalyst [9-10] have been proposed and found to be efficient for ORR activity. 

However, since the discovery of graphene, two-dimensional (2D) materials with 

atomic layer thickness have attracted widespread attention due to a number of 

unusual properties and potential applications in next-generation devices like 

electronics [11], optics [12], magnetics [13], and catalysis [14]. Similarly, 

platinum nanosheets, platinum monolayer-based catalysts on a support material, 

and platinum monolayer shell with a core-shell nanoclusters have attracted 

considerable attention [15-22]. In fact, metal-based ultrathin catalysts have been 

recently synthesized, which not only lower the metal-content, but also improve 

the electro catalytic activity significantly. Duan et al. [15] synthesized ultrathin 

Rh nanosheets, which show excellent catalytic performance for catalytic 

hydrogenation and hydroformylation reactions. Moreover, Azdic and co-workers 

synthesized core-shell bimetallic IrNi [16] and AuNi [17] catalysts with a Pt 

monolayer shell and reported excellent ORR kinetics. Wang and co-workers [18] 

synthesized free-standing ultrathin Pt−Cu alloy nanosheets of 4−6 atom thickness, 

which exhibits excellent electrocatalytic activities for the oxidation of ethanol in 

comparison to commercial Pt black and Pt/C catalysts. Considerable progresses 

have been made on the noble metal based ultrathin materials, which have been 

reviewed elsewhere [19-20]. Furthermore, Zhang et al. [21] theoretically studied 

the ORR activity of metal monolayers (Pt, Pd, and Au) supported on WC(0001) 

surfaces and reported that the direct dissociation of O2 on all three monolayer 

surfaces are almost impossible due to the large barriers. In another experimental 
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and theoretical study, Yu et al. [22] reported core-shell nanoparticle with a 

monolayer Pt-shell over the Pd core for enhanced ORR activity. Recently, 

freestanding monolayer of metals (Ag and Au) have been predicted by Yang et al. 

[23-24]. They proposed a hexagonal closed pack structure for the monolayer. 

However, to the best of our knowledge, no free standing platinum-monolayer has 

been reported so far. In fact, the metal supported platinum monolayer has been 

considered as hexagonal closed packed planar structure. However, the structure of 

the monolayer changes significantly depending upon the hybridization (atomic 

configuration) of atoms. Graphene, as for example, holds honeycomb planar 

structure, whereas stanene possess honeycomb buckled structure [25]. Therefore, 

platinum monolayer might possess a unique structural pattern which in turns can 

facilitate the ORR activity. Therefore, the developments in the field of ultrathin 

materials inspired us to model an atomically thin platinum monolayer for ORR 

activity. We report here for the first time that a free-standing platinum monolayer 

can improve the ORR activity significantly.  

Despite extensive experimental reports on ORR activity over the ultrathin 

materials, the underlying reason behind their excellent catalytic behaviour is yet 

to be understood. Thereby, the superior catalytic activity of the monolayer is 

investigated through a systemic study. ORR involves many-electron reduction and 

it can proceed either through a more efficient four-step, four-electron reduction 

with the formation of H2O or via a two-step, two-electron reduction for the 

formation of H2O2. In fuel cells, water formation is very much desirable to 

maximize the efficiency. Thereby, the product selectivity [H2O vs. H2O2] is very 

important for the performance of a fuel cell.  

Therefore in this chapter, we have modelled a platinum monolayer for improved 

ORR activity. Furthermore, we have calculated its energetic, dynamical, thermal, 

and mechanical stabilities for its synthesis and practical usages. The potential 

applicability of the monolayer as a fuel cell cathode has been verified by studying 

the ORR activity. The reaction free energies, activation barriers of the possible 

elementary steps and their dependency with applied voltage have been studied to 

verify the ORR performance and compared with the previous reports on the bulk 
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Pt(111) surface and nanostructure based catalysts. Moreover, rational explanation 

has been offered for the excellent catalytic activity of the catalyst.  

4.2. Model and Computational Details  

The first-principles calculations are performed using a projector augmented wave 

(PAW) [26] method as implemented in the Vienna Ab initio Simulation Package 

(VASP) [27]. The exchange-correlation potential is described by using the 

generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE) 

[28]. Plane wave with a kinetic energy cut off of 470 eV is used to expand the 

electronic wave functions. The Monkhorst–Pack generated a set of 45 × 25 × 1 k-

points which is used to optimize the unit cell and evaluate the density of states of 

the Pt-ML. A 3 × 2 × 1 set of k-points has been used in all the calculations where 

supercell is used. The bulk Pt(111) surface is modeled with a (3 × 3) supercell to 

minimize the lateral interactions between the repeating images. The metal slab is 

composed of five atomic layers, where the bottom three layers are fixed and the 

top two layers are relaxed. A 12 Å of vacuum is used along the z-direction to 

avoid any periodic interactions. The Brillouin zone is sampled using a 3 × 3 × 1 k-

point grid for the surface calculations. All the systems are fully optimized, where 

the convergence criteria for total energy and forces are set at 10
-4

 eV and <0.02 

eV/Å, respectively. Spin-polarized calculations are performed for all the 

molecular species and oxygen adsorbed intermediates. We have included 

Grimme’s D3-type [29] of semiempirical method to include the dispersion energy 

corrections for van der Waals interactions. The climbing nudged elastic band (CI-

NEB) method [30] is used to locate the transition state. Six intermediate images 

are used in each CI-NEB pathway. Vibrational frequencies for the initial, 

transition and final states of the reaction are calculated and the transition states are 

confirmed by the presence of one imaginary frequency. Zero-point energy (ZPE) 

is calculated using the following equation: 

 ZPE =∑ 1/2ℎ𝜐𝑖 𝑖         (4.1)  
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where h is the Planck constant and υi is the frequency of the i
th

 vibrational mode. 

The reaction free energies (∆G) are calculated using the following equation: 

∆G = ∆E + ∆ZPE - T∆S       (4.2) 

where ∆E, ∆ZPE and ∆S are the difference in total energies, zero-point energies 

and entropy between the product/TS and reactant. The forward (ki) rate constants 

for all the elementary steps are calculated using the following equation: 

ki = (
𝑘𝐵𝑇

ℎ
) (

𝑞𝑇𝑆

𝑞𝑅
) 𝑒−∆G‡/𝑘𝐵𝑇       (4.3) 

where kB is the Boltzmann constant, T is the temperature, h is the Plank constant. 

Here, qTS and qR are the vibrational partition functions for the transition state and 

reactant structures, respectively and ∆G‡ 
is the Gibbs free energy barrier for the 

initial and final state of the elementary reaction. The finite system (Pt7 cluster) 

calculations are carried out using Becke’s three-parameter exchange and the 

Lee−Yang−Parr correlation functional (B3LYP) as implemented in the Gaussian 

09 package [31]. LANL2DZ basis sets has been used with effective core 

potentials (ECPs) [32]. 

We have modeled the Pt monolayers by cutting along the (110), (111) and (100) 

planes of bulk fcc platinum, resulting in six-coordinated buckled (Figure 4.1a & 

b), six-coordinated planar (Figure 4.1c & d) and four-coordinated planar (Figure 

4.1e) structures, respectively.  The six-coordinated buckled and planar structures 

have been modeled by considering in both hexagonal and orthorhombic lattices, 

whereas four-coordinated planar structure possess tetragonal lattice. Therefore, 

we have studied a total five kind of monolayers as has been shown in Figure 4.1.  
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Figure 4.1: Different motifs of 2D platinum monolayer: six-coordinated (a) 

orthorhombic buckled, (b) hexagonal buckled, (c) orthorhombic planar, (d) 

hexagonal planar; and four-coordinated (e) planar. Red-colored dashed lines 

represent the unit cell of the respective structures.  

4.3. Results and Discussion 

4.3.1 Stability of Pt-ML 

The energetic stability of the monolayers is investigated by performing formation 

[8] and cohesive energy [8] calculations (Table 4.1). For comparison, the energy 

values are compared with the single-layered Pt nanocage, nanocluster and bulk 

Pt(111) surface. Our calculated formation energies of the six-coordinated buckled 

structures (Figure 4.1a & b), six-coordinated planar structures (Figure 4.1c & d), 

four-coordinated planar (Figure 4.1e), singled layered nanocage, octahedral 

nanocluster and bulk Pt(111) surface structures are 0.73, 0.82, 1.32, 0.98, 0.78 

and 0.23 eV, respectively. Therefore, the buckled monolayers are easier to 

synthesis compared to single-layered nanocage and, octahedral nanocluster. 

Moreover, our calculated cohesive energy of buckled monolayers (-4.95 eV) are 

very much close to the bulk Pt(111) surface (-5.47 eV). Therefore, the buckled 

monolayers are energetically stable compared to planar monolayers and other 

nanostructured based catalyst. This energetic stability could arise due to the 

buckling nature of the (110) faceted monolayer. Moreover, it is very interesting to 

note that crystal lattice does not affect the energetic stability of the structures. 
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Table 4.1: Energetic stabilities of the monolayers. Our calculated values are 

compared with the previous reports on singled layered nanocage [8], octahedral 

Pt85 nanocluster [33] and bulk Pt(111) surface [8]  

Systems 

 

Formation 

Energy 

(eV/atom) 

Cohesive 

Energy 

(eV/atom) 

Six-coordinated buckled (orthorhombic) 0.73 -4.95 

Six-coordinated buckled (hexagonal) 0.73 -4.95 

Six-coordinated planar (orthorhombic) 0.82 -4.87 

Six-coordinated planar  (hexagonal) 0.82 -4.87 

Four-coordinated planar 1.32 -4.36 

Single-layered Pt66 nanocage 0.98 -4.71 

Octahedral Pt85 nanocluster 0.78 -4.91 

Bulk Pt(111) surface 0.23 -5.47 

 

The dynamic stabilities of the monolayers are investigated from phonon 

frequency calculations. To reduce the constraint of the periodic boundary 

condition, phonon dispersion calculations are carried out in (4 × 4) supercell 

geometry. The lattice dynamics of the monolayers are examined from their 

respective phonon dispersion plots (Figure 4.2a & 4.3). The Phonopy code [34] is 

used to calculate phonon properties through density functional perturbation theory 

(DFPT) [35]. Our phonon dispersion plot (Figure 4.2a) shows that the buckled 

orthorhombic monolayer (Figure 4.1a) shows a very small imaginary frequency of 

-1.69 cm
−1

, when the phonon dispersion approaches from Y to Γ. Such a small 

imaginary frequency value (<10 cm
−1

) can be ignored [36-38]
 
and thus the 

buckled orthorhombic monolayer can be considered a dynamically stable 

structure. All the other monolayers (Figure 4.3) have imaginary frequencies from 

-21 to -73 cm
−1

. In addition, phonon dispersion is also calculated considering the 

dielectric effects and Figure 4.4 shows that buckled orthorhombic monolayer has 

a small imaginary frequency of -2.50 cm
−1

. Therefore, in spite of the similar kind 
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of energetics stabilities between the two buckled monolayers (hexagonal and 

orthorhombic), only orthorhombic buckled structure is dynamically stable. 

Henceforth, all the studies have been performed on the buckled orthorhombic 

structures. In analogy with stanene (a monolayer of tin), a monolayer of platinum 

can be called ‘platene’. Therefore, from here on, the buckled orthorhombic Pt 

monolayer structure is named as platene (Figure 4.2b-c).  

 

Figure 4.2: (a) Dispersion of phonon modes, (b) Structural parameters and (c) 

adsorption sites of the buckled orthorhombic monolayer. 

 

Figure 4.3: Dispersion of phonon modes for six-coordinated (a) hexagonal 

buckled, (b) orthorhombic planar, (c) hexagonal planar; and four-coordinated (d) 

planar. 
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Figure 4.4: Dispersion of phonon modes of the six-coordinated orthorhombic 

buckled structure under dielectric effects 

Low-temperature fuel cells (DMFCs, PEMFCs and AFCs) are operated in the 

temperature range from 300 to 600 K [39]. Therefore, it is necessary to find out 

the possibility of interconversion of platene to any other conformers in the fuel 

cell operating temperature. Hence, the thermal stability of platene sheet is verified 

by performing ab initio molecular dynamics simulations (AIMD) using the Nosé 

thermostat model [40]
 
as implemented in VASP. This is carried out on a (4 × 4) 

supercell of platene, using an NVT ensemble at 300, 400, 500, and 600 K with a 

time step of 1 femtosecond (fs) for 15 picoseconds (ps). AIMD calculations are 

performed on the supercell geometry to reduce the constraint of periodic 

boundary condition. No structural reconstruction is found at 300 K. The 

fluctuation of the total energy is smooth throughout the AIMD simulation (Figure 

4.5a). Hence, the structure remains stable at room temperature. Furthermore, 

simulations are carried out using an NVT ensemble at 400, 500 and 600 K and the 

fluctuation of total energy has been shown in Figure 4.6. The snapshots of atomic 

configurations of the Pt-ML at the end of MD simulations are shown in the Figure 

4.7. We have not found any significant structural reconstructions even after 

heating at 600 K for 15 ps. Thereby, we predict that platene can withstand 

temperatures as high as 600 K and the interconversion to any other structures is 
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not possible. These results demonstrate that a high-energy barrier from other local 

minima energy structures separates the platene structure. 

 

Figure 4.5: (a) AIMD simulations and (b) stress-strain relationship of platene. 

 

 

 

Figure 4.6: AIMD simulations of platene at different temperatures 
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Figure 4.7: Snapshots of the platene after the end of the simulation at different 

temperatures: (a) 300, (b) 400, (c) 500 and (d) 600 K.  

Further, platene may undergo distortion upon the adsorption of reaction species 

during catalysis. So, it is necessary to evaluate the effect of lattice distortion on 

structural stability. Thus, the structural stability under strain is very important for 

their synthesis and applications. Therefore, strains are applied on the (4 × 4) 

supercell structure along the in-plane uniaxial and biaxial directions to evaluate 

the mechanical stability of platene and the applied strain (in %) is calculated using 

the following formula
41

:  

% strain = 
𝑎 − 𝑎1

𝑎
 × 100       (4.4) 

where ‘𝑎’ and ‘𝑎1’ are the lattice constants of platene sheet before and after the 

strain, respectively. Atomic positions are relaxed at each strain until the forces on 

each atom are less than 10
−2

 eV.Å
−1

. The elastic limit is calculated under tensile 

stretching.
 
The stress–strain curve (Figure 4.5b) shows that maximum stress 
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occurs at 27%, 30% and 15% for uniaxial along-a, along-b and biaxial directions, 

respectively. Therefore, the elastic limit of the platene is at 0.15 strain with a 

maximum stress of 8.82 GPa. Moreover, we have studied the mechanical 

properties of platene by calculating the change in energy in the strain range of -

5% to 5% with an increment of 1% by using the standard Voigt notation.
42-43

 The 

elastic strain energy per unit area can be expressed as
42-43

: 

U = 1/2C11εxx
2  + 1/2C22εyy

2 + C12εxxεyy + 2C66εxy
2    (4.5)                        

where C11, C22, C12 and C66 are the linear elastic constants, whereas 

εxx
 , εyy

  and εxy
 are the in-plane stress along the x, y and xy directions, 

respectively. The main criteria for mechanical stability are C11 > C12 and C66 > 

0. Our calculated values of C11, C22, C12 and C66 are 164, 120, -30 and 56 

GPa.nm, respectively. These are very much comparable with the previously 

reported values of black phosphorene [44] and borophene [43]. Furthermore, we 

have calculated the in-plane Young's modulus (Y) and Poisson's ratio (PR) and 

can be derived from the elastic constants using the following equations 

𝐸𝑥 =  
𝐶11𝐶22−𝐶12𝐶21

𝐶22
, 𝐸𝑦 =  

𝐶11𝐶22−𝐶12𝐶21

𝐶11
     (4.6)                                                  

  𝜐𝑥𝑦 =
𝐶21

𝐶22
,     𝜐𝑦𝑥 =

𝐶12

𝐶11
        (4.7)    

Therefore, 𝐸𝑥, 𝐸𝑦 and 𝜐𝑥𝑦, 𝜐𝑦𝑥  are Young's modulus (Y) and Poisson's ratio (PR) 

in x and y direction, respectively. The calculated values of Y are 164, 120 

GPa.nm, whereas the values of PR are -0.25 and -0.18 in x and y direction, 

respectively. The value of Y is quite lower than the hexagonal graphene (340 

GPa.nm) [45] and orthorhombic borophene (398 and 170 GPa.nm) [43]. 

However, our calculated Y is higher than phosphorene (23 and 92.3 GPa.nm 

along the armchair and zigzag direction, respectively) [44] and hexagonal stanene 

monolayer (24 GPa.nm) [46]. The negative PR value has been found due to the 

buckled configuration of platene. The negative PR value for buckled monolayer 

has been reported earlier [42-43, 47-48]. Our calculated density of states and band 

structure (Figure 4.8a) of platene show its metallic character.  
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Figure 4.8: (a) Band structure and total density of states (TDOS) and (b) Strain 

energy under in-plane uniaxial and biaxial strains of platene. 

The dissolution of surface atoms of the catalyst is also a very important criterion 

to describe the electrochemical stability of the catalyst [49,50]. It is well accepted 

that the electrochemical oxidation of Pt (Pt → Pt
2+

 + 2e
-
) is the main phenomenon 

behind the dissolution [51-53]. We have compared the dissolution behavior of 

platene with respect to the bulk Pt(111) surface. As the surrounding environment 

i.e. the presence of O, OH and OOH largely influences the dissolution, the 

calculations are carried out in the presence of these intermediates. Such model has 

been used for calculating the shift in dissolution potential [49,51-53]. Here, the 

shift (∆U) in the electrode potential is calculated with respect to the bulk Pt(111) 

surface using the following equation:  

∆U = UPlatene – UPt(111) = (μPt−Pt(111) − μPt−Platene)/(ne)   (4.8)  

where UPlatene, and UPt(111) are the electrode potential of platene, and bulk Pt(111) 

surface, respectively. μPt-Pt(111) and μPt-Platene are the chemical potential of Pt in 

platene, and bulk Pt(111) surface and n is the number of electron transferred 

during the dissolution reaction (Pt → Pt
2+

 + 2e
-
).  

The shift of electrode potential has been derived as follows: 

As mentioned before, dissolution of Pt into the solution proceeds through the 

following equation. 
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Pt → Pt
2+

 +2e
-
         (4.9) 

When the dissolution of Pt is referenced to the standard hydrogen electrode (SHE) 

reaction, the equation (4.9) can be written as 

Pt
n+ 

+ n/2 H2 → Pt + nH
+
       (4.10) 

The Gibbs free energy (∆G) for this reaction can be written as  

∆G = -neU         (4.11) 

where U is the electrode potential of Pt vs. SHE. Here, n = 2 for the equation 

(4.11). Now, considering the platinum in the catalyst and platinum in the solution 

are in equilibrium, the above equation can be expressed for the monolayer as 

-neUPlatene = μPt−Platene +  μnH+ − μPtn+ −  μn/2H2
    (4.12) 

where μPt−Platene, μPtn+ , μnH+ and μn/2H2
are the chemical potentials of platinum 

metal, dissolved platinum ions, H
+
 and H2, respectively.  

Similarly, the electrode potential (UPt(111)) of platinum in bulk Pt(111) surface can 

be related with the chemical potentials using the following equation 

-neUPt(111) = μPt−Pt(111) + μnH+ − μPtn+ −  μn/2H2
    (4.13) 

Therefore, the shift of electrode potential (ΔU) of platinum of NCs with respect to 

the bulk Pt(111) surface can be written as 

UPlatene – UPt(111) = ∆U = (μPt−Pt(111) − μPt−Platene)/(ne)   (4.14) 

Now, the chemical potentials of the metal can be defined as  

μPt = 
∂A

∂N
  ≈ 

∂E

∂N
         (4.15) 

where A, E and N are the total free energy, total energy and changes in number of 

platinum atoms, respectively. The total free energy can be approximated to total 

energy because the entropic contributions rules out while calculating the chemical 

potential difference between the metals.  
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The dissolution of the platinum has been considered by removing one platinum 

atom from the surface of the catalysts. Hence, the chemical potential of the 

equation (4.15) is calculated by considering the defected platene and Pt(111) 

surface. The chemical potential is obtained by calculating the total energies of the 

optimized structures (EPt) and defected structures (EPt-def).  

Therefore, from the equation (4.15), we can get μPt = (EPt-def – EPt)  (4.16) 

The value of N=1 as only one atom is removed for the calculation.  

As the surrounding environment i.e. the presence of O, OH and OOH largely 

influences the dissolution, the calculation is carried out in the presence of these 

intermediates.  

Therefore, μPt = (EPt-def_O/OH/OOH – EPt_O/OH/OOH)    (4.17) 

We have calculated the chemical potential of platinum for the platene and bulk 

Pt(111) surface.  The atoms, which are removed for the consideration of 

dissolution behavior at the different sites of the monolayer, have been shown in 

Figure 4.9. 

Our calculated shift in electrode potential (∆U) are 0.65, 0.35, 0.29 and 0.18 V for 

O-, OH-, OOH-adsorbed platene and bare platene, respectively. The positive ∆U 

value represents that dissolution of Pt atom is less favorable in platene than in 

bulk Pt(111) surface. The less dissolution tendency of platene can be explained 

from the structural reconstruction of platene upon adsorption of the intermediates. 

We find that the Pt atoms of O-adsorbed platene are strongly bonded compared to 

the O-adsorbed bulk Pt(111) surface. The Pt-Pt bond length in the vicinity of *O 

is 2.76 and 2.86 Å in platene and bulk Pt(111) surface, respectively. Therefore, 

the strong Pt-Pt bonding in platene resists from dissolution. Furthermore, the Pt-Pt 

bond distance in O-adsorbed platene is more close to the bulk fcc platinum (2.77 

Å), which again suggests its stability. 
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Figure 4.9: Optimized structures of the defected platene: (a) bare platene, (b) O-

adsorbed, (c) OH-adsorbed and (d) OOH adsorbed. The green circle represents 

the defected site. 

After carefully investigating the stability of the platene, we have rigorously 

elucidated the electronic structure to understand the stability of the buckled 

structure. For comparisons, we have compared with the orthorhombic planar 

structure. The projected density of states (PDOS) of platene (Figure 4.10a) shows 

that the π-orbitals (dxz and dyz) are significantly stabilized compared to the planar 

platinum structure (Figure 4.10b). This is due to the significant interactions 

between the σ- (dx2-y2 and dxy) and π-orbitals (dxz and dyz). This kind of orbital 

mixing stabilizes the buckling nature in a monolayer sheet [54]. In fact, the 

buckling nature of stanene and silicene is also attributed to the σ-π orbital mixing 

[54]. 
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Figure 4.10: Projected density of states (PDOS) of (a) platene and (b) planar 

structure. The inset pictures show the mixing of σ-π orbtials; black and red line 

represents the σ- (dx2-y2 and dxy) and π-orbitals (dxz and dyz), respectively. 

Furthermore, the underlying reason behind the stability of the buckled pattern has 

been investigated by molecular orbital analysis (Figure 4.11). We have considered 

a Pt7 cluster in both planar and buckled structure within the geometry of their 

respective periodic monolayers. Our calculated molecular orbitals suggest that the 

orbital compatibility plays an important role towards the exceptional stability of 

the buckled structure. The concept of orbital compatibility suggests that some 

orbitals of the system undergo an orientation to gain maximum overlap, which in 

turn stabilizes the system. The compatibility of orbitals is also well known for the 

relative stability of polyhedral boranes, carboranes, and metallaboranes [55-57]. 

We find that the dz2 orbitals of the out-of-plane Pt atoms tilt themselves (by 30°) 

toward the dyz orbital of the in-plane Pt atoms to gain the maximum overlap, 

which in turn stabilizes the buckled structure.  
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Figure 4.11: Molecular orbitals of buckled Pt7 cluster along (a) z-, (b) x- and (c) 

y-direction. 

4.3.2 ORR Mechanism 

4.3.2.1 Adsorption 

Now, the potential applicability of platene towards ORR has been discussed in the 

following sections. Firstly, the adsorption patterns of all the possible ORR 

intermediates species (*O2, *O, *OH, *OOH, *H2O and *H2O2) are studied over 

the three possible catalytic sites (Figure 4.2c) on the platene: (i) top, (ii) bridge, 

and (iii) hollow. We have checked the relative stabilities of the intermediate 

species adsorbed on all the three possible sites and then the most stable conformer 

are considered for detailed study. The preferred binding sites along with their 

respective binding energies are given in Table 4.2. For comparison, we have listed 

(Table 4.2) reported adsorption energies of the intermediate species on a bulk 

Pt(111) surface [8]. It is worth mentioning that the adsorption energies of *O2 and 

*O are more or less comparable than that on the bulk Pt(111) surface. In contrary, 

the end products (*H2O and *H2O2) are adsorbed weakly on platene compared to 

that on the bulk Pt(111) surface. Therefore, platene shows interesting behaviour 

compared to the bulk Pt(111) surface. The adsorption behaviours of the 

intermediates have been shown in the Figure 4.12.  
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Table 4.2: Preferred binding sites, binding energies (eV) of the most stable ORR 

intermediate species on platene and bulk Pt(111) surface [8]. Here t, b, h and f 

denote top, bridge, hollow, and fcc sites, respectively. 

Adsorbed species Binding Energy (eV) 

Platene Bulk Pt(111) surface 

*O2  -0.68 (b) -0.67 (b) 

*O -4.56 (h) -4.42 (f) 

*OH -2.09 (b) -2.37 (t) 

*OOH -0.78 (b) -1.15 (b) 

*H2O2 -0.10 (b) -0.30 (b) 

*H2O -0.05 (t) -0.26 (t) 

*H -2.60 (h) -2.77 (f) 

 

 

Figure 4.12: Adsorption behaviours of the intermediates: (a) *O2, (b) *OOH, (c) 

*OH, (d) *H2O, (e) *H2O2, (f) *O, (g) *H and (f) *CO. 
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4.3.2.2 Reaction mechanism 

Following the O2 adsorption, the reduction process can proceed via the four-

electron (4e
-
) and two-electron (2e

-
) reduction pathways for the formation of H2O 

and H2O2, respectively. On the basis of O2 bond dissociation, we have proposed 

two pathways [8]: (i) direct and (ii) indirect pathways. In case of direct pathway, 

O-O bond dissociation is favoured over *O2 hydrogenation, whereas in case of 

indirect pathway, hydrogenation process is preferred over O-O bond dissociation. 

Therefore, the product selectivity (H2O vs. H2O2) depends on the direct vs. 

indirect mechanism. So, we have calculated the reaction free energies and 

activation barriers for the complete reaction pathway (Scheme 4.1) and our 

calculated values are compared with the previous reports on the bulk Pt(111) 

surface and singled-layered nanocage.  

O2 activation: 

Direct O-O bond dissociation is one of the very important steps for fuel cell 

applications as it leads to the formation of H2O, which reduces the formation of 

unwanted by-products (H2O2). Thereby, direct dissociation favours 4e
-
 reduction 

over 2e
-
 reduction. Earlier studies show direct O-O bond dissociation (Step 4.1) is 

not thermodynamically and kinetically favourable over O2 hydrogenation (Step 

4.2) on the periodic Pt, Pd, Ag surfaces [58-59]. Thus, there are two competing 

pathways for *O2 while adsorbed on a catalyst surface. Either the adsorbed O2 

will dissociate into atomic oxygen *O or hydrogenated to *OOH.  

*O2 → *O + *O     ∆G = -0.64, ∆G‡ = 0.21 eV   (Step 4.1) 

*O2 + *H → *OOH     ∆G = -0.44, ∆G‡ = 0.09 eV   (Step 4.2) 

*O2 can be adsorbed via two conformers: (i) suproxo and (ii) titled [5,8,60]. The 

calculated *O2 dissociation (Step 4.1) barriers on the platene are 0.97 and 0.21 eV 

for superoxo and tilted conformers, respectively. Thus, during the activation 

process, the adsorbed *O2 may rearrange itself from the superoxo to tilted 

conformer. Similar kind of conformational rearrangements are reported on the 
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bulk Pt(111) surface [60] Pt79 nanocluster [33] and Pt66 nanocage [8]. The very 

low barrier for conformational rearrangement certainly favours the O2 

dissociation from the tilted conformer. The previously calculated O-O bond 

dissociation barriers are 0.53 eV [56] and 0.44 eV [58] on the bulk Pt(111) 

surfaces and 0.72 eV and 1.22 eV on the bulk Pd(111) [63] and Ag(111) [54] 

surfaces, respectively. Therefore, the direct *O2 dissociation barrier (0.21 eV) on 

platene is very much lower than the previous reports on any bulk metal surfaces. 

It is noteworthy to mention that we have done spin-polarized calculations while 

oxygen adsorbs on platene surface. We have found that the adsorbed *O2 (tilted) 

shows a total magnetic moment of 1.02 μB, whereas adsorbed *O is a 

nonmagnetic one. Our findings are in good agreement with the previously 

reported magnetic calculations [62]. However, we have not considered the 

potential energy crossing of the two states.  
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Scheme 4.1: Reaction free energies (eV) and activation barriers (eV, in 

parenthesis) are presented for all the possible elementary steps of ORR over 

platene. Our calculated respective values are compared with previous reports on 

oxygen reduction over single layered nanocage [8] and bulk Pt(111) surfaces 

[61].  

Similarly, O2 hydrogenation (Step 4.2) on platene is also exergonic (-0.44 eV) 

with an activation barrier of 0.09 eV. The barriers for the same step (Step 4.2) are 

reported to be 0.25 [63], 0.36 [61] and 0.30 eV [58] on the bulk Pt(111) surfaces. 

Therefore, the platene is highly reactive towards O2 hydrogenation and thus 

favours indirect over direct O2 dissociation. This trend is in good agreement with 

previously reported bulk Pt(111), Pd(111) and Ag(111) surfaces. 

*OH formation 

The *OH formation is of the most important steps for the ORR and many 

previous studies reported this is one of the rate determining steps on the bulk 

Pt(111) surfaces [58,61,63-64]. 

*O + *H → *OH         ∆G = -0.42, ∆G‡ = 0.10 eV   (Step 4.3) 

*OOH → *O + *OH    ∆G = -1.06, ∆G‡ = 0.02 eV   (Step 4.4) 

The direct O–O bond dissociation followed by hydrogenation leads to the 

formation of *OH (Step 4.3). The direct formation of *OH (Step 4.3) on platene is 

exergonic (-0.42 eV) with a very low activation barrier of 0.10 eV. The very low 

activation barrier for *OH formation is due to the similarity in adsorption 

behaviours of *O and *OH. Both the *O and *OH adsorb in the bridge position, 

which facilitates the *H to migrate to the *O very easily, lowering the *OH 

formation barrier. In fact, we have calculated the activation barrier of *OH 

formation while *O is adsorbed at the hollow site and it requires higher activation 

barrier (0.43 eV) for *OH formation. As the relative stability of *O is very much 

comparable on the hollow and bridge positions (differ only by 0.20 eV), therefore 

the surface site occupancy of *O will be very much comparable on platene. This 
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is completely opposite to the adsorption behaviour on the bulk Pt(111) surface, 

where the *O is not stable at the bridge site (moves to fcc site). Therefore, the 

buckling nature of (110) faceted platene helps the *O to adsorb in a unique 

manner (i.e at bridge site) on the platene surface, which subsequently lowers the 

activation barrier of *OH formation (Figure 4.13). Previous studies reported the 

activation barriers of 0.74 [58] and 0.86 eV [61] on the bulk Pt(111) surfaces and 

0.72 eV on the bulk Pd(111) surface [59]. Thus, the rate-determining step is no 

longer a rate-determining step when the reaction is catalyzed by the platene 

catalyst. 

 

Figure 4.13: Adsorption behaviours of *O and *OH in platene and bulk Pt(111) 

surface. 

Furthermore, *OH formation is possible via indirect pathways (Step 4.4) too, such 

as via peroxyl formation followed by O–O bond dissociation (Step 4.4). This step 

requires an activation barrier of 0.02 eV on platene with reaction free energy of -

1.06 eV. Sha et al. [58] and Li et al. [61] reported activation barriers of 0.12 eV 

and 0.06 eV for the *OOH dissociation (Step 4.4) step over the bulk Pt(111) 

surfaces.  

*H2O2 formation and decomposition 

The two-electron reduction process leads to the formation of H2O2. H2O2 can be 

formed via two successive hydrogenations at O2 (*O2 + *H → *OOH, *OOH + 

*H → *H2O2). 



137 
 

*OOH + *H → *H2O2  ∆G = -0.61, ∆G‡ = 0.05 eV   (Step 4.5) 

*H2O2 → *OH + *OH  ∆G = -0.72, ∆G‡ = 0.00 eV   (Step 4.6) 

Thus, *OOH can undergo further hydrogenation for the formation of *H2O2 (Step 

4.5). Our calculated activation barrier and reaction free energy for this process are 

0.05 and -0.61 eV, respectively. Zhiyao et al. [58] reported an activation barrier 

of 0.19 eV for H2O2 (Step 4.5) formation on the bulk Pt(111) surface. This 

suggests that H2O2 formation is favoured on platene compared to that on the bulk 

Pt(111) surface. However, our calculated rate constant (Table 4.3) values suggest 

that the ratio of rate constants for *OOH dissociation (k4) and *OOH 

hydrogenation (k5) is 4.45. Therefore, the dissociation of *OOH is more 

favourable than its hydrogenation. The *H2O2 can again dissociate into *OH (Step 

4.6). The step is a barrierless process on platene surface. Therefore, even if there 

is a possibility of H2O2 formation, but then it will dissociate into *OH. Therefore, 

we find that platene could be a very selective catalyst for water formation and 

therefore could be a promising catalyst for fuel cell applications.  

Table 4.3: Rate constants values for the elementary reactions at different 

temperatures.  

Elementary reactions 300 K 400 K 500 K 

*O2→*O+*O (k1) 1.87 × 10
09

 1.94 × 10
10

 8.31 × 10
10

 

*O2+*H→*OOH (k2) 2.23 × 10
11

  6.98 × 10
11

 1.46 × 10
12

 

*O+*H→*OH (k3) 9.83 × 10
10

 3.51 × 10
11

 7.93 × 10
11

 

*OOH→*O+*OH (k4) 3.11 × 10
12

 5.30 × 10
12

 7.69 × 10
12

 

*H+*OOH→*H2O2 (k5) 6.98 × 10
11

 1.61 × 10
12

 2.80 × 10
12

 

*H2O2→*OH + *OH (k6) 5.88 × 10
12

 8.00 × 10
12

 1.01 × 10
13

 

*H+*OH→*H2O (k7) 2.42 × 10
12

 4.14 × 10
12

 6.00 × 10
12
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*H2O formation 

*OH + *H → *H2O  ∆G = -1.12, ∆G‡ =0.02 eV   (Step 4.7) 

The adsorbed *OH undergoes protonation for the formation of *H2O. On platene 

surface, the activation barrier for this process is 0.02 eV with a reaction free 

energy of -1.12 eV. Previous studies reported H2O formation barriers of 0.16 eV 

[61], 0.09 [63] and 0.14 eV [58] on the bulk Pt(111) surfaces, which are higher 

than our calculated barrier of 0.02 eV on the platene surface.  

However, the *H2O formation barrier (0.02 eV) and *OH formation barrier (0.10 

eV) is lower than *O2 dissociation (0.21 eV) barrier on platene surface. This 

suggests that *O2 dissociation is the rate determining step on the platene surface. 

On the other hand, *O2 dissociation barrier (0.21eV) is significantly higher (0.44-

0.53 eV) on the bulk Pt(111) surface than that on platene surface. Moreover, the 

adsorption energies of *H2O (-0.05 eV) and *H2O2 (-0.10 eV) are very low on 

platene surface compared to that on the bulk Pt(111) surface (-0.26 for *H2O and 

-0.30 eV for *H2O2), lessening the possibility of surface poisoning.   

Therefore, our results show excellent catalytic activity of platene toward ORR. 

This includes excellent catalytic activity toward rate-determining steps as well 

other important steps. We find that *O2 activation processes (*O2 → *O + *O and 

*O2 + *H → *OOH) and *OH formation (*O + *H → *OH) are significantly 

improved over platene surface. More importantly, the highest activation barrier 

for ORR is 0.21 eV on platene surface, which is far lower than any ORR catalysts 

studied to date. 

4.3.3. ORR activity on few-layered platene structures: 

For comparisons, we have studied ORR activity on few-layered platene structures.  

For this, we considered three (odd) and four (even) layers of platene. Here all the 

atoms are full relaxed to get the exact surface pattern of few-layered platene 

structures. Interestingly, the (110) surface pattern changes to (100) surface pattern 

after energy minimization. Besides, they form a planar structure.  This is quite 
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logical that highly un-saturated Pt atoms tend to fulfil their valencies and the 

structure tends to stabilize into a low energy structure. This is very much 

consistent with the previous reports on the bilayer of buckled stanene and 

germanene [65].  

Nevertheless, we have studied adsorption behaviours of ORR intermediates on tri- 

and tetra-layers of platene. The calculated adsorption energy values (Table 4.4) 

are comparable on the three- and four-layered platene structures but the reaction 

intermediates are strongly adsorbed on the few-layered platene structures 

compared to that on platene (Table 4.2). Our calculated activation barriers for 

important ORR steps (Step 4.1, 4.2, 4.3 and 4.7) show that direct O2 dissociation 

(Step 4.1) is favourable over layered platene structures compared to that on 

platene. However, other important steps such as *OH, *H2O, and *OOH 

formation are not favourable on the three and four-layered platene structures. 

Besides, the activation barrier for the rate determining step (*O + *H → *OH) is 

considerably high over the layered platene structures. Overall ORR activation 

barriers are higher on the three and four-layered platene structure compared to 

that on platene. Furthermore, our results on few layers of platene are very much 

comparable with the previous reports on Pt(100) surface [61, 66]. Therefore, 

platene can be a selective and efficient catalyst over few-layered platene 

structures.  

Table 4.4: Adsorption energies (in eV) of the reaction intermediates on three-

layered and four-layered structures. 

Species Three-layered Four-layered Previous reports on bulk 

Pt(100) surface 

*O2 -1.08 -1.07 -1.10 [61], -1.10 [66] 

*O -4.45 -4.42 -4.38
 
[61], -4.03

 
[66] 

*OH -2.88 -2.88 -2.77
 
[61], -2.78

 
[66] 

*OOH -1.31 -1.28 -1.30
 
[61], -1.41

 
[66] 

*H2O -0.25 -0.27 -0.25
 
[61], -0.27

 
[66] 

*H -2.88 -2.91 -2.71
 
[61], -2.87

 
[66] 
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Table 4.5: Reaction free energies (in eV) and activation barriers (in eV, 

parenthesis) on three-layered and four-layered structures 

Elementary steps Three-layered Four-layered Previous reports on 

bulk Pt(100) surface 

*O2 → *O + *O -1.29 (0.11) -1.25 (0.09) -1.28 (0.13) [61], -

1.20 (0.15) [66] 

*O2 + *H → 

*OOH 

0.55 (0.11) 0.56 (0.26) 0.28 (0.53) [61],   0.26 

(0.48) [66] 

*O + *H → *OH -0.25 (0.44) -0.29 (0.40) -0.29 (0.42) [61], -

0.43 (0.36) [66] 

*OH + *H → 

*H2O 

-0.08 (0.36) -0.07 (0.41) 0.16 (0.76) [61],  0.06 

(0.80) [66] 

 

4.3.4. Effect of applied potential:  

On the other hand, catalysts are exposed to electrical potential during the course 

of the reaction. Therefore, the effects of electrode potential on the reaction free 

energies and reduction mechanisms have been investigated as proposed by 

Nørskov and co-workers [67]. The reaction free energy (∆G) is calculated as 

follows: 

∆G = ∆E + ∆ZPE − T∆S – eU      (4.18) 

where ∆E is the total energy change obtained from the DFT calculations, ∆ZPE is 

the change in zero-point energy, T is 300 K, ∆S is the entropy change, e is the 

transferred charge for the elementary step and U is the electrode potential with 

respect to the standard hydrogen electrode.  
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Figure 4.14: Free energy diagrams for ORR mechanism at different potentials 

Figure 4.14 shows that all the elementary steps are downhill process at U = 0 V. 

However, the proton transfer steps are thermodynamically not favourable as we 

increase the potential. Our calculated reaction free energies show that the highest 

electrode potential under which all the elementary reactions are exergonic is 0.38 

V. Thus, the working potential for platene is 0.38 V and above this potential, 

some of the elementary reactions are endergonic. The *OH formation (*O + *H 

→ *OH) and *OOH formation steps (*O2 + H
+
 + e → *OOH) are not 

thermodynamically favourable at higher potentials (>0.38 V). However, the 

exergonicity of *H2O formation step is not affected by the applied potential. 

Furthermore, we have calculated potential-dependent activation barrier [E(U)] 

according to the following equation: 

E(U) = E(U
0
) + β[µ(*H) - µ(*) – ½ µ(H2(gas)) + e(U)]   (4.19) 

where E (U
0
) is the activation barrier at the equilibrium potential for the 

adsorption of a proton-electron pair on the surface (*). The quantity [μ(*H) - μ(*) 

- ½ μ(H2(gas)], in turn, corresponds to the reaction free energy of hydrogen 

adsorption on platene surface and defines the equilibrium potential referred to 

above. β denotes a symmetry factor, which is similar with Brønsted-Evans-
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Polanyi coefficient. In our study, the value of β is taken as 0.5. This value of β 

(0.5) has led to satisfactory results in modelling electrochemical ORR [63-64] and 

CO2 reduction reaction
65

. This kind of model has been successfully proved in 

previous literatures for modelling the electrochemical environment of the 

reactions [63-66]. As direct *O2 dissociation (Step 4.1) is not potential dependent, 

therefore we have calculated the values for *OOH and *OH formation (Step 4.2 

& 3). Our calculated potential dependent activation barriers (Table 4.6) show that 

the activation barriers of these two protonation steps (Step 4.2 & 3) increase with 

the increase of applied potential. Interestingly, we find that *O2 dissociation step 

(*O2 → *O + *O) remains as a rate determining step below ~0.4 V, whereas the 

protonation steps (*O2 + *H → *OOH, *O + *H → *OH) becomes rate 

determining above the ~0.4 V. This is very much consistent with our potential 

dependent thermodynamic behaviour, where 0.38 V is found to be the maximum 

potential having all the elementary steps exergonic nature.  

Table 4.6: Potential dependent activation barriers for *OOH and *OH formation. 

Applied Potential (V) Activation Barrier (eV) 

*O2 + H
+
 + e → *OOH *O + H

+
 + e → *OH 

0.0 -0.07 0.06 

0.2 0.17 0.16 

0.4 0.27 0.26 

0.6 0.37 0.36 

0.8 0.47 0.46 

1.0 0.57 0.56 

 

We have further considered the influence of water environment on the ORR 

process. We have included the solvation effects using the VASPsol code [72-73] 

to calculate the reaction free energies for all the elementary steps. This kind of 

implicit solvation model has been successfully implemented in previous studies 
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and shows excellent consistency with experiment [5, 74-75]. The calculated 

reaction free energies in the gas phase and in solvent (water) are given in Table 

4.7. The results indicate that the elementary steps become more 

thermodynamically favourable in the water medium.  Therefore, the reaction 

kinetics will improve further in the presence of water. 

Table 4.7: Reaction free energies of the elementary steps on platene for (a) gas 

and (b) solvation medium.  

Steps Elementary Reactions Platene 

∆𝐆(gas phase) ∆𝐆(solvation) 

4.1 *O2 → *O + *O     (tilted) -0.64 -0.67 

4.2 *O2 + *H → *OOH      -0.44 -0.67 

4.3 *O + *H → *OH      -0.42 -0.59 

4.4 *OOH → *O + *OH     -1.06 -0.96 

4.5 *OOH + *H → *H2O2   -0.61 -0.62 

4.6 *H2O2 → *OH + *OH   -0.72 -0.78 

4.7 *OH + *H → *H2O -1.12 -1.20 

 

Interestingly, we find that (110) faceted Pt-based ultrathin nanosheets have been 

synthesied and reported to be very effective in catalytic activity. Jia et al. [76] 

synthesized rhombic dodecahedral PtCu3 alloy ultrathin nanosheets, which are 

exposed with high-energy (110) facets and their electrochemical characterizations 

showed that the nanosheets exhibit excellent electrocatalytic performance for 

formic acid oxidation and high antipoisoning activity in comparison with 

commercial Pt black and PtCu3 alloy nanoparticles with (111) surfaces. Very 

recently, Chen et al. [77] synthesized cubic Pt–Sn alloy nanocrystals with (110) 

facets composed of 12 nanosheets, showing superior electrocatalytic activity 

towards methanol oxidation. Therefore, we believe that (110) faceted platinum 

monolayer is possible to synthesis and will be an excellent catalyst for ORR.     
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4.4. Conclusion 

In conclusion, first-principles calculations are performed to understand the ORR 

activity on a free-standing Pt-ML, which has been named ‘platene’. Platene has an 

orthorhombic buckled structure with (110) surface, which is different compared to 

the previously reported hexagonal platinum monolayer synthesized on a metal 

substrate. Energetic, thermal, dynamic and mechanical stabilities of platene are 

evaluated from the total energy, AIMD simulation, phonon dispersion and stress-

strain relationship, respectively. Molecular dynamics simulations suggest that 

platene can withstand temperatures as high as 600 K without any structural 

reconstruction. Phonon dispersion shows that platene is dynamically stable. We 

find that an orbital mixing between in-plane σ-orbital and out-of-plane π-orbital 

helps in stabilizing the buckling pattern. Moreover, a significant (by 30°) orbital 

compatibility of the out-of-plane orbital helps towards the stability of the buckled 

structure. Reaction free energies and activation barriers are calculated for all the 

possible elementary steps of ORR on platene and compared with the singled-

layered nanocage and previously reported bulk Pt(111) surfaces. After careful 

investigation on structural parameters of the adsorbed intermediates, we find that 

a unique adsorption behaviour of *O (at bridge site) on platene makes the *OH 

formation very much favourable compared to bulk Pt(111) surface. Our potential 

dependent study indicates that the ORR is thermodynamically favourable at 0.38 

V and the *OH (*O + *H → *OH) and *OOH (*O2 + *H → *OOH) formation 

step becomes thermodynamically unfavourable at higher potentials, which is very 

much consistent with our calculated potential dependent activation barriers, which 

show that the *O2 dissociation step (*O2 → *O + *O) remains as a rate 

determining step below ~0.4 V, whereas the protonation steps (*O2 + *H → 

*OOH, *O + *H → *OH) becomes rate determining above the ~0.4 V. Our 

kinetics analysis shows that platene is a very selective and efficient catalyst for 

H2O formation over H2O2, and thus a promising catalyst for the fuel cell 

applications. Moreover, our solvation calculation shows that the reaction becomes 

thermodynamically more favorable in water medium and thus the reaction 

kinetics may further improve in the presence of water. Hence, we report that 
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platene could be very promising catalysts for the efficient and selective reduction 

of O2. Moreover, the recent experimental successes on (110) faceted nanosheets 

and our computational results can motivate experimentalists to synthesis (110) 

faceted platinum monolayer. 

4.5. References 

1. Calle-Vallejo F., Koper M. T. M., Bandarenka A. S. (2013), Tailoring the 

catalytic activity of electrodes with monolayer amounts of foreign metals, Chem. 

Soc. Rev., 42, 5210-5230. (DOI: 10.1039/C3CS60026B) 

2. Watanabe M., Tryk D. A., Wakisaka M., Yano H., Uchida H. (2012), Overview 

of recent developments in oxygen reduction electrocatalysis, Electrochim. Acta, 

84, 187-201. (DOI: 10.1016/j.electacta.2012.04.035) 
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5.1. Introduction 

Proton exchange membrane (PEM) fuel cells are one of the most promising 

devices for clean energy due to their high efficiency, low operating 

temperature and zero emission [1-4]. ORR is the key reaction at the cathode, 

which controls the performance of a fuel cell. However, the slow reaction 

kinetics associated with the ORR remains one of the major limitations for 

commercialization of low-temperature fuel cells [5-6]. Besides, the high Pt 

loading in a state-of-the-art ORR electrocatalyst is also a topic of major 

concern [7]. These can be addressed either by reducing the Pt-loading of the 

catalyst or by changing the morphology of the platinum catalyst. In order to 

lower the Pt-loading, alloying Pt with other transition metals has been 

emerged as a good alternative for efficiency and stability of the catalyst. Such 

alloying with other metals leads to the formation of bi-metallic [8-10], mixed 

alloy [11-12] and core-shell structures [13-15].  However, due to the 

dissolution of surface atoms and leaching of the active metal [16], the 

durability of these catalysts is far from the scenario of commercialization. On 

the other hand, the catalytic activity of the Pt-based catalysts can be improved 

by changing the morphology; designing nanoparticles with desirable shapes. 

Apart from the different metal-based catalysts, the shape of the metal 

nanoparticle plays a very important role to maximize the specific activity of 

the catalyst [17]. Therefore, the shape-controlled synthesis of a nanocrystal 

with exposed active surface sites is a topic of current interest. 

El-Sayad and co-workers [18] have given the breakthrough by synthesizing a 

series of shape-controlled colloidal platinum nanoparticles in the shapes of 

tetrahedral, cubic, irregular-prismatic, icosahedral and cuboctahedral 

structures. Later on, extensive studies have been performed for the synthesis 

of shape-controlled well-defined platinum nanocatalysts [19-24]. Sun and co-

workers [19] have developed a very facile shape-controlled synthesis 

technique for platinum nanoparticles and they established a major effect on the 

ORR of the PEM fuel cell. Using the scanning electrochemical microscopy, 

Carlos et al. [20] reported that the hexagonal platinum nanoparticle with (111) 

and (100) facets exhibits an enhanced ORR activity while comparing with the 

spherical and cubic nanoparticles. The shape-controlled synthesis of the Pt3Ni 
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nanoctahedra terminated with (111) facets improves the ORR activity by five-

fold compared to the similar sized Pt3Ni nanocube terminated with (100) 

facets [21].  Over the past few years, considerable progresses have been made 

on the area of shape-controlled synthesis as well as shape-dependent activity 

of platinum nanoparticles for ORR activity [25-29]. The shape of the catalyst 

is also very important for improving the product selectivity as reported for 

many organic reactions such as benzene hydrogenation [30], pyrrole 

hydrogenation [31], butene isomerization [32], glucose oxidation [33], formic 

acid oxidation [34], and CO oxidation [35] reactions.  

Despite the extensive experimental studies on the shape-dependent activity, 

there is a lack of understanding about the dissimilar catalytic activities of 

different shaped NCs toward a particular reaction. To the best of our 

knowledge, there are no reports on the ORR reduction on a well-defined NC-

based catalyst. Therefore, it is necessary to model NCs of different shapes 

surrounded by well-defined facets to understand their catalytic activities 

toward ORR. Here, we have modeled two NCs of similar size in the shapes of 

cuboctahedral (Pt79) and octahedral (Pt85) geometries and surrounded by well-

defined facets. The cuboctahedral and octahedral NCs (Figure 5.1) are 

considered for our study as these shapes are often realized experimentally [36, 

37]. Besides, Pt(111) and Pt(100) are the highly exposed surfaces in the 

experimentally synthesized Pt-nanoclusters [38, 39].  

ORR involves many-electron reduction reaction and it can proceed either 

through a more efficient four-step, four-electron reduction with the formation 

of H2O or via a two-step, two-electron reduction for the formation of H2O2 

[40]. However, the four-electron reduction (4e
-
) is preferred over two-electron 

(2e
-
) reduction in order to maximize the efficiency. Besides, H2O2 formation 

affects the durability of the membrane of a PEM fuel cell [41]. Thereby, the 

product selectivity (H2O vs. H2O2) is very important for the performance of a 

fuel cell. Therefore, a systematic study based on the reaction free energy and 

activation barriers of all the possible elementary steps is done to understand 

the shape dependent catalytic properties of the NCs. For comparisons, our 

results are compared with the available theoretical and experimental data on 

the bulk Pt(111) surface. Kinetic analysis is performed to gain more insights 
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into the rate of reaction and product selectivity (H2O
 
vs. H2O2). Therefore, in 

the present investigation, we have demonstrated an atomic level understanding 

toward the shape-dependent catalyst durability, catalytic activity, and product 

selectivity of the platinum nanocatalysts toward ORR. This study will 

certainly provide a significant insight into the designing of an efficient catalyst 

for fuel cell applications.    

5.2. Model and Computational Details  

 

Figure 5.1: (a) Cuboctahedral NC (Pt79) with eight (111) and six (001) facets, 

and (b) Octahedral NC (Pt85) with eight (111) facets.  

Cuboctahedral and octahedral Pt NCs are synthesized with majorly exposed 

(111), (002) and/or (200) facets [38, 39]. Therefore, we have modeled two 

NCs of ~1.5 nm in the shape of cuboctahedral (Pt79) and octahedral (Pt85) 

geometry. The cuboctahedral Pt79 NC (Figure 5.1a) is modeled with eight 

(111) and six (001) facets, whereas the octahedral Pt85 NC (Figure 5.1b) is 

modeled with eight (111) facets. Previous experimental and theoretical reports 

show that Pt(111) surface shows better ORR activity than Pt(100) or any other 

Pt-surfaces [9,42-49]. In fact the specific activity of Pt(111) surface reported 

to be two times higher than the Pt(100) surface [9].  Further, the sequence of 

ORR activity on Pt surface reported to be in the following order: (100) < (110) 

< (111) [42, 46-47]. More importantly, the ORR activity is highest even on 

the (111) facet of Pt alloy based catalysts [43-45].
 
 Therefore, inspired by all 

these findings, we have chosen the (111) facet for studying ORR reaction 

mechanism. 
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The first-principles calculations are performed using a projector augmented 

wave (PAW) [50] method as implemented in the Vienna Ab initio Simulation 

Package (VASP) [51-53]. The exchange-correlation potential is described by 

using the generalized gradient approximation of Perdew-Burke-Ernzerhof 

(GGA-PBE) [54]. Plane wave with a kinetic energy cut off of 470 eV is used 

to expand the electronic wave functions. A 25 × 25 × 25 Å
3
 cubic supercell is 

used to optimize the metal clusters to rule out the possibility of interactions 

between the periodically repeated metal clusters. The Brillouin zone is 

sampled with a Gamma point (1×1×1) for clusters. The total energy of the Pt79 

and Pt85 cluster are improved by 0.001 and 0.002 eV, respectively if the k-

point mesh set to 2 × 2 × 2. Therefore, we have used Gamma point for all the 

calculations to save the computational cost. All the atoms are relaxed for the 

full structural relaxation. The bulk Pt(111) is modeled with a (2 × 2) supercell 

to minimize the lateral interactions between the repeating images. The metal 

slab is composed of five atomic layers, where the bottom three layers are fixed 

and the top two layers are relaxed. A 12 Å of vacuum is used along the z-

direction to avoid any periodic interactions. The Brillouin zone is sampled 

using a 3 × 3 × 1 k-point grid for the surface calculations. All the systems are 

fully optimized, where the convergence criteria for total energy and forces are 

set at 10
-4

 eV and <0.02 eV/Å, respectively. Spin-polarized calculations are 

performed for all the molecular species and oxygen adsorbed intermediates. 

We have included Grimme’s D3-type [55] of semiempirical method to include 

the dispersion energy corrections for van der Waals interactions. The climbing 

nudged elastic band (CI-NEB) method [56] is used to locate the transition 

state. Six intermediate images are used in each CI-NEB pathway. Vibrational 

frequencies for the initial, transition and final states of the reaction are 

calculated and the transition states are confirmed by the presence of one 

imaginary frequency. Zero-point energy (ZPE) is calculated using the 

following equation: 

 ZPE =∑ 1/2ℎ𝜐𝑖 𝑖        (5.1)  

where h is the Planck’s constant and υi is the frequency of the i
th

 vibrational 

mode. In this work, we employ same methodologies for the energies (free 
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energy and adsorption energy) and activation barrier calculations as in 

reference [48-49]. 

 

5.3. Results and Discussion 

We have divided this section into three parts. In the first part, we have 

investigated the energetic stability, thermal stability, dissolution nature, and 

coalescence behavior of the NCs. Then, the adsorption behaviors of the ORR 

intermediates on the (111) facet of the NCs are studied and compared with 

previous theoretical and experimental reports over the bulk Pt(111) surfaces. 

The catalytic activities are compared with the previously reported bulk Pt(111) 

based catalysts, as there are no reports (on full ORR mechanism) on a well-

defined platinum NC.  Furthermore, all possible ORR mechanisms are studied 

followed by an attempt which is made to find out the role of the shape towards 

the ORR activity. Finally, kinetic analysis has been performed to explore the 

efficiency and selectivity of the NCs toward four-electron vs. two-electron 

reduction.  

5.3.1 Stability of the NCs: 

The stability of the NCs is very important for their synthesis and practical 

usages. Cohesive and formation energy calculations are performed to evaluate 

the thermodynamic stability of the NCs. For comparisons, we have calculated 

cohesive energies for the bulk Pt(111) and face centered cubic (fcc) Pt. The 

calculated cohesive energies are -4.87, -4.91, -5.47 and -5.71 eV/atom for the 

cuboctahedral, octahedral, bulk Pt(111) and fcc platinum structures, 

respectively. Our calculated cohesive energy value of the bulk platinum is 

very much in agreement with the experimental value of -5.84 eV/atom [57]. 

Further, the formation energies [58-61] are calculated and the calculated 

formation energies are 0.82, 0.78 and 0.23 eV/atom for the cuboctahedral, 

octahedral and bulk Pt(111) respectively. The negative cohesive energy values 

indicate that the NCs are thermodynamically stable and the formation energy 

values predict that the NCs are separated by low energy differences.  
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The thermal stability of the NCs is verified by carrying out Ab Initio 

Molecular Dynamics Simulations (AIMD) using canonical ensemble at 300-

500 K with a time step of 1 femtosecond. Temperature control is achieved by 

nóse thermostat model [62]. First, the structure is heated at 300 K with a time 

step of 1 femtosecond (fs) for 20 picoseconds (ps). In case of cuboctahedral 

NC, no structure reconstruction is found after the simulation, whereas the edge 

atoms are moving inwards for the octahedral NC. We have carefully 

investigated the structure of the NCs during the AIMD simulation at 300 K. 

We find that the diameter of the cuboctahedral (11.31 Å) decreases to 11.16 Å 

and the diameter of the octahedral (14.85 Å) NC decreases to 14.54 Å. The 

fluctuation of the total energy of cuboctahedral NC is smooth throughout the 

AIMD simulations (Figure 5.2a). Hence, the structure remains stable at room 

temperature. In contrary, the fluctuation of total energy is very high for 

octahedral NC (Figure 5.2c). Therefore, the total energy fluctuation can be 

related to the changes in the diameter of the NCs. Further, simulations using 

an NVT ensemble at 400 and 500 K with a time step of 1 fs are carried for 20 

ps. We have plotted the root mean square displacement (RMSD) as a function 

of time step (Figure 5.2b and 5.2d) for all the cases. Our RMSD plots show 

that atomic displacements of cuboctahedral are negligible throughout the 

temperature ranges (300-500 K). The snapshots of atomic configurations of 

NCs at the end of MD simulations are shown in Figure 5.3. We did not find 

any structural reconstruction of cuboctahedral NC even after heating at 500 K 

for 20 ps. These results demonstrate that the NCs are separated by high-energy 

barriers from other local minima structures and they are stable in the fuel cell 

operating temperatures.  
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Figure 5.2:  Molecular dynamics simulation analysis at different temperatures 

as a function of time step: (a-b) Cuboctahedral NC and (c-d) Octahedral NC.  

 

Figure 5.3: Snapshots of the NCs after the simulation at different 

temperatures. 

Apart from the energetic and thermal stability of the NC, the dissolution of 

surface atoms of the nanoparticle is also a very important criterion to describe 

the electrochemical stability of the catalyst [63-64]. Catalysts of different 
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shapes are different in terms of the extent of unsaturation and hence toward 

dissolution. Therefore, nanoparticles with different shapes possess different 

extent of resistant toward dissolution in a fuel cell. It is well accepted that the 

electrochemical oxidation of Pt (Pt → Pt
2+

 + 2e
-
) is the main phenomenon 

behind the dissolution [65-67]. We have compared the dissolution behavior of 

the NCs with respect to the bulk Pt(111). As the surrounding environment i.e. 

the presence of oxygen largely influences the dissolution, the calculations are 

carried out in the presence of O-atom. Such model has been used for 

calculating the shift in dissolution potential [63, 65-67]. Here, the shift (∆U) 

in the electrode potential is calculated with respect to bulk Pt(111) using the 

following equation  

∆U = UNC – UPt(111) = (μPt−Pt(111) − μPt−NC)/(ne)   (5.2)  

where UNC, UPt(111), μPt-NC, μPt-Pt(111) and n are the electrode potential of the NC, 

electrode potential of the bulk Pt(111), chemical potential of platinum metal of 

the NC, chemical potential of platinum metal of the bulk Pt(111) and number 

of electron transferred during the dissolution reaction (Pt → Pt
2+

 + 2e
-
), 

respectively. The negative ∆U value for NC represents that the dissolution of 

the NC is faster than the bulk Pt(111). The detailed discussion for deriving the 

dissolution potential limit has been provided below. Dissolution of Pt into the 

solution proceeds through the following equation 

Pt → Pt
2+

 +2e
-
        (5.3) 

When the dissolution of Pt is referenced to the standard hydrogen electrode 

(SHE) reaction, the equation (5.3) can be written as 

Pt
n+ 

+ n/2 H2 → Pt + nH
+
      (5.4) 

The Gibbs free energy (∆G) for this reaction can be written as 

∆G = -neU        (5.5) 

where, U is the electrode potential of Pt vs. SHE. Here, n = 2 for the equation 

(5.5). Now, considering the platinum in the catalyst and platinum in the 

solution are in equilibrium, the above equation can be expressed for the NCs 

as 
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-neUNC = 𝜇𝑃𝑡−𝑁𝐶 +  𝜇𝑛𝐻+ − 𝜇𝑃𝑡𝑛+ −  𝜇𝑛/2𝐻2
                                   (5.6) 

where 𝜇𝑃𝑡−𝑁𝐶, 𝜇𝑃𝑡−𝑁𝐶𝑛+ , 𝜇𝑛𝐻+ and 𝜇𝑛/2𝐻2
are the chemical potentials of 

platinum metal, dissolved platinum ions, H
+
 and H2, respectively.  

Similarly, the electrode potential (UPt(111)) of platinum in bulk Pt(111) can be 

related with the chemical potentials using the following equation 

-neUPt(111) = 𝜇𝑃𝑡−𝑃𝑡(111) +  𝜇𝑛𝐻+ − 𝜇𝑃𝑡𝑛+ −  𝜇𝑛/2𝐻2
                       (5.7) 

Therefore, the shift of electrode potential (ΔU) of platinum of NCs with 

respect to the bulk Pt(111) can be written as 

UNC – UPt(111) = ∆U = (𝜇𝑃𝑡−𝑃𝑡(111) − 𝜇𝑃𝑡−𝑁𝐶)/(𝑛𝑒)                        (5.8) 

Now, the chemical potentials of the metal can be defined as  

μPt = 
𝜕𝐴

𝜕𝑁
  ≈ 

𝜕𝐸

𝜕𝑁
                                                                                     (5.9) 

where A, E and N are the total free energy, total energy and changes in 

number of platinum atoms, respectively. The total free energy can be 

approximated to total energy because the entropic contributions rules out 

while calculating the chemical potential difference between the metals.  

The dissolution of the platinum has been considered by removing one 

platinum atom from the surface of the catalysts. Hence, the chemical potential 

of the equation (5.9) is calculated by considering the defected NCs and bulk 

Pt(111). The chemical potential is obtained by calculating the total energies of 

the optimized structures (EPt) and defected structures (EPt-def).  

Therefore, from the equation (5.9), we can get μPt = (EPt-def – EPt) 

The value of N=1 as only one atom is removed for the calculation.  

As the surrounding environment i.e. the presence of oxygen largely influences 

the dissolution, the calculation is carried out in the presence of O-atom.  

Therefore, μPt = (EPt-def_O – EPt_O)     (5.10) 
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We have calculated the chemical potential of platinum for the facet, edge and 

vertex atoms on both the NCs and for the bulk Pt(111).  

The atoms, which are removed for the consideration of dissolution behavior at 

the different sites of the NCs and for bulk Pt(111), have been shown in Figure 

5.4 to 5.6.  

 

Figure 5.4: The bulk Pt(111) in (a) pure and (b) defected form. 

 

 

Figure 5.5: The cuboctahedral NC in (a) pure and (b-d) defected forms; (b) at 

the facet, (c) at the edge and (d) at the vertex. 
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Figure 5.6: The octahedral NC in (a) pure and (b-d) defected forms; (b) at the 

facet, (c) at the edge and (d) at the vertex. 

We have calculated the shift in the electrode potential of the facet, edge and 

vertex atoms of the NCs (Figure 5.5-5.6). Our results show that the vertex 

atoms are most prone to dissolution, followed by edge and facet atoms for 

both the NCs (Figure 5.7). Vertex atoms possess highest unsaturation that 

causes them to dissolve fast. We find that the facet atoms of the octahedral NC 

are more stable than that of the cuboctahedral one from dissolution. 

Interestingly, edge and vertex atoms of the cuboctahedral NC are more stable 

than the edge and vertex atoms of the octahedral NC. Moreover, we have 

calculated the dissolution potential in the presence of *OH and *OOH. Our 

results (Figure 5.8 & 5.9) show that the extent of dissolution is highest in the 

oxygen environment and least in the OOH environment. This is due to the 

strong adsorption nature of *O, which destabilizes the NC more than when 

*OOH is adsorbed. However, the trend of the shift of dissolution potential is 

similar for vertex, edge and facet sites irrespective of the reaction 

environment. Therefore, the electrochemical stability of the cuboctahedral 

structure is better than the octahedral one. Hiroaki et al. [68] concluded that 

the dissolution of the nanoparticle starts from the terrace atoms instead of edge 
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atoms of a cubic platinum nanoparticle. Recently, Ruttala et al. [69] found that 

the Pt-cuboctahedra is more stable than the Pt-nanocube due to the higher 

dissolution rate of the (100) facet than the (111) facet. Therefore, our results 

are very much in consistent with previous reports.  

 

Figure 5.7: The shift in electrode potential of the atoms of the NCs at 

different sites (facet, edge and vertex) with respect to the bulk Pt(111) in the O 

environment. 

 

 

Figure 5.8: The shift in electrode potential of the atoms of the NCs at 

different sites (facet, edge and vertex) with respect to the bulk Pt(111) in the 

OH environment. 
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Figure 5.9: The shift in electrode potential of the atoms of the NCs at 

different sites (facet, edge and vertex) with respect to the bulk Pt(111) in the 

OOH environment. 

5.3.2 ORR Mechanism 

5.3.2.1 Adsorption 

Four different catalytic sites (Figure 5.1) are present on the Pt(111) facet of the 

NCs: (i) top, (ii) bridge, (iii) face centered cubic (fcc) and (iv) hexagonal close 

packed (hcp). The most preferred binding sites of the intermediate species and 

their respective binding energies are given in Table 5.1. For comparison, we 

have calculated adsorption energies of the intermediate species on the bulk 

Pt(111). We find that the preferred binding sites are same for all the adsorbates 

on the NCs and bulk Pt(111). It is interesting to find that the *O2 and *O bind 

very strongly on the (111) facet of the NCs than on the bulk Pt(111), whereas 

the hydrogenated intermediates (*OH and *OOH) and products (*H2O and 

*H2O2) have comparable binding energy on the NCs and bulk Pt(111). 

Moreover, *O2, *O and *OH bind very strongly on the cuboctahral NC surface 

than on the octahedral NC. However, the adsorption energy of *H2O and 

*H2O2 are comparable on both the NCs. The adsorption behaviors of the 

intermediates have been shown in Figure 5.10.  



170 
 

Table 5.1: Preferred binding sites, binding energies (eV) of the most stable 

ORR intermediate species on the (111) facet of the NCs and bulk Pt(111) 

surface. Here t, b, and f denote top, bridge, and fcc sites, respectively.  

Adsorbed 

Species 

Octahedral (Pt85) Cuboctaheral 

(Pt79) 

Pt(111) 

*O2 -1.43 (b)  -1.56 (b) -0.79 (b) 

*O -4.90 (f) -5.19 (f) -4.54 (f) 

*OH -2.38 (t) -2.49 (t) -2.40 (t) 

*OOH -1.38 (b) -1.40 (b) -1.22 (b) 

*H2O2 -0.31 (b) -0.34 (b) -0.34 (b) 

*H2O -0.21 (t) -0.23 (t) -0.26 (t) 

*H -2.76 (f) -2.80 (f) -2.80 (f) 

 

 

Figure 5.10: Adsorption sites of the most stable adsorbates on the (111) facet 

of the cuboctahedral NC; (a) *O2 , (b) *O, (c) *OH, (d) *OOH, (e) *H2O, (f) 

*H2O2 and (g) *H. The most preferred adsorption sites are same on the (111) 

facet of the octahedral NC. 
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5.3.2.2 Reaction Mechanism 

During ORR, H2O and H2O2 are the two end products, which are formed via 

four-electron (4e
-
) and two-electron (2e

-
) reduction reactions, respectively. We 

have considered two important pathways for O2 dissociation: (i) direct and (ii) 

indirect pathways [48-49]. In case of direct pathway, O-O bond dissociation is 

favored over hydrogenation, whereas in case of indirect pathway, 

hydrogenation is preferred over O-O bond dissociation [48-49]. Further, the 

product selectivity (H2O vs. H2O2) can be related to the direct vs. indirect 

mechanism. 

 

Scheme 5.1: Reaction free energies (eV) and activation barriers (eV, in 

parenthesis) are presented for all the possible elementary steps of ORR over 

(111) facet of the NCs, where C and O
 
represent for the cuboctahedral and 

octahedral NCs, respectively. Our calculated respective values are compared 

with the previous reports on the bulk Pt(111) [70].  
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O2 activation:  

Direct O-O bond dissociation via 4e
-
 reduction is a very important step for the 

fuel cell applications as it leads to the formation of H2O. Moreover, direct 

dissociation reduces the possibility of unwanted by-products formation. 

Previous studies on bulk metal surfaces (Pt, Pd and Ag) show that direct O-O 

bond dissociation (step 5.1) is not kinetically favored over hydrogenation (step 

5.2) [71-72]. Thus, the *O2 can be dissociated into atomic oxygen (*O) or can 

be hydrogenated to *OOH.  

Table 5.2: Reaction free energies (∆G in eV) and activation barriers (∆G‡ 
in

 

eV) for the all-possible elementary reactions on the (111) facet of the 

cuboctahedral and octahedral NCs.  

Steps Elementary Reactions Cuboctahedral Octahedral 

∆𝐆 ∆𝐆‡ ∆𝐆 ∆𝐆‡ 

5.1 *O2 → *O + *O      -2.33 0.00 -2.13 0.16 

5.2 *O2 + *H → *OOH      -0.47 0.04 0.05 0.10 

5.3 *O + *H → *OH      0.03 0.25 0.02 0.98 

5.4 *OOH → *O + *OH     -1.92 0.00 -1.87 0.00 

5.5 *OOH + *H → *H2O2   0.11 1.14 0.08 0.41 

5.6 *H2O2 → *OH + *OH   -1.71 0.06 -1.67 0.00 

5.7 *OH + *H → *H2O -0.43 0.00 -0.57 0.00 

 

The direct *O2 bond dissociation is a barrierless process with reaction free 

energy of -2.33 eV on the (111) facet of the cuboctahedral NC. However, the 

activation barrier is 0.16 eV with a reaction free energy of -2.13 eV on the 

(111) facet of the octahedral NC. Paul et al. [73] also reported that the O-O 

bond dissociation is a barrierless process over the Pt79 NC. The previously 

calculated O-O bond dissociation barriers are 0.53 eV [58], 0.45 eV [73] and 

0.44 eV [59] on the bulk Pt(111); 0.72 eV and 1.22 eV on the bulk Pd(111) 

[59] and Ag(111) [73]
 

surfaces, respectively. Therefore, the NCs show 

superior activity towards direct O2 dissociation over the bulk surfaces. 

Moreover, the octahedral NC requires 0.16 eV of more energy for the direct 
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O-O dissociation than the cuboctahedral NC. Therefore, the shape of the 

catalyst influences the activation of O-O bond. In fact, the *O-O bond 

distances in the cuboctahedral and octahedral NCs are 1.29 and 1.27 Å, which 

indicate that the activation of *O2 is favored on the cuboctahedral (111) facet. 

The vibrational frequencies of the *O-O bond while adsorbed on the 

cuboctahedral and octahedral facets are 1200 and 1266 cm
-1

, respectively, 

which also support our finding. 

Similarly, O2 hydrogenation (step 5.2) on the cuboctahedral NC is exergonic (-

0.47 eV) with an activation barrier of 0.04 eV, whereas the O2 hydrogenation 

is an uphill process (0.05 eV) with an activation barrier of 0.10 eV on the 

octahedral NC. The previous reported barriers for O2 hydrogenation (step 5.2) 

are 0.25 [75], 0.36 [70] and 0.30 eV [71] on the bulk Pt(111).  

Interestingly, we find that the direct O2 bond dissociation is slightly favorable 

(thermodynamically and kinetically) on the (111) facet of the cuboctahedral 

NC over the O2 hydrogenation step. However, the octahedral NC shows a 

different catalytic trend, though both the steps (steps 5.1-5.2) are very much 

comparable. Previous studies reported that O2 hydrogenation is more favorable 

over direct O2 bond dissociation on the Pt(111), Pd(111) and Ag(111) surfaces. 

Therefore, the octahedral NC shows a similar trend in ORR activity like other 

bulk (111) surfaces. Moreover, the octahedral NC favors *OOH formation, 

which increases the possibility of H2O2 formation.  

*OH formation: 

The *OH formation is another important step for ORR and this step is reported 

to be a rate determining step of ORR on bulk Pt(111) [70-71,74]. The direct 

O-O bond dissociation leads to the formation of *O, which subsequently 

undergoes hydrogenation for the formation of *OH (step 5.3). The formation 

of *OH (step 5.3) on the octahedral NC is slightly endergonic (0.02 eV) with 

an activation barrier of 0.98 eV. However, the *OH formation step requires a 

lower activation barrier (0.25 eV) on the cuboctahedral NC. Previous studies 

reported activation barriers of 0.74 [71] and 0.86 eV [70] on the bulk Pt(111) 

and 0.72 eV on the Pd(111) surfaces [72].
 
Therefore, the *OH formation is 

very much favorable on the cuboctahedral NC surface than on the octahedral 
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NC and bulk Pt(111) surfaces. The lower barrier for the *OH formation on the 

cuboctahedral NC surface is might be due to the strong adsorption of *OH on 

the cuboctahedral NC surface (-2.49 eV) than on the octahedral NC surface (-

2.38 eV). Moreover, we have carefully investigated the energetics and 

structural parameters of the transition state to provide the clear understanding 

behind the distinct nature of *OH formation on the NCs. The Pt-Pt distance is 

similar (2.67 Å) in both the bare NCs. However, the structural parameters are 

different in their respective *OH formation transition states (TS). On the 

cuboctahedral NC, the transition state structure for *OH formation is close to 

the product structure, whereas the corresponding structure is close to the 

reactant on the octahedral NC. As *O adsorbs strongly compared to *OH, 

therefore the extent of deformation on the (111) facet of the NCs are different 

in their respective transition states. The Pt-Pt bond distances are 2.77 and 2.93 

Å on the cuboctahedral and octahedral NC, respectively. Therefore, octahedral 

NC is under highly strained (9.7%), which makes the TS less stable compared 

to the transition state on the cuboctahedral NC (3.7% strained). Moreover, we 

have calculated the strain energy of the NCs in their respective TS geometry. 

The strain energy of the TS is calculated by evaluating the energy difference 

between the optimized NC and the single-point energy of the NC within the 

geometry of the transition states. Our calculated strain energies are 0.73 and 

0.26 eV for the octahedral and cuboctahedral NC, respectively. Therefore, the 

product like transition state makes the *OH formation favorable on the 

cuboctahedral NC. This may be due to the presence of two different facets 

(111) and (100) in the cuboctahedral NC. 

We have also calculated the activation barriers for *OH formation (*O + *H 

→ *OH) step at the edge site. The calculated activation barriers for the *OH 

formation are 1.24 and 0.63 eV on the cuboctahedral and octahedral NCs, 

respectively. Thereby, *OH formation is favourable on the (111) facet than at 

the edge site of cuboctahedral NC and the trend is opposite on the octahedral 

NC. The anomaly can be explained from the adsorption energy of the *O and 

*OH on the NCs. Octahedral NC binds *O in almost similar way on the edge 

(-4.80 eV) and facet (-4.90 eV) sites, whereas cuboctahedral NC binds weakly 

(by 0.30 eV) at the edge site compared to facet site. Therefore, the charge 
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transfer from the cuboctahedral NC towards *O will be less at the edge site, 

which hinders the protonation step. 

The site dependent catalytic activity has been reported previously. Gao et al. 

[76] showed some interesting findings on site specific reactivity of Pd 

nanoparticles for CO2 reduction and hydrogen evaluation reaction (HER) and 

reported that the corner, edge, and terrace sites are active for HER, whereas 

edge sites are active for CO2 reduction. Using DFT and microkinetic 

modeling, Cai et al. [77] investigated the site specific reactivity on furfural 

conversion over platinum (Pt) catalysts and reported that the reaction 

pathways in furfural conversion (hydrogenation or decarbonylation) largely 

depend strongly on the reactive sites of the catalysts. Furthermore, Lyu et al. 

[78] also reported that the hydrodehalogenation of nitrobenzene highly 

dependent on the type of reaction sites, whereas the hydrogenation pathways 

show almost similar activity on different reaction sites. 

Furthermore, *OH formation is possible via indirect pathways (step 5.4) too; 

such as via peroxyl formation followed by O-O bond dissociation (step 5.4). 

This step is a barrierless process on both the NCs with reaction free energies 

of -1.92 and -1.87 eV for the cuboctahedral and octahedral NCs, respectively. 

Yao et al. [71] and Kai et al. [70] reported activation barriers of 0.12 eV and 

0.06 eV, respectively for the *OOH dissociation (step 5.4) step over the bulk 

Pt(111). Therefore, the *OOH dissociation in general is a favorable process 

over the NCs and bulk surfaces.  

*H2O2 Formation and Decomposition: 

The 2e
-
 reduction process leads to the formation of H2O2. H2O2 can be formed 

(step 5.5) via two successive hydrogenations on O2 (*O2 + *H → *OOH, 

*OOH + *H → *H2O2). Our calculated activation barrier and reaction free 

energy for H2O2 formation are 0.41 and 0.08 eV, respectively over the 

octahedral NC surface. In fact, the cuboctahedral NC requires far higher 

activation energy than the octahedral NC for the formation of H2O2. Zhiyao et 

al. [75] reported an activation barrier of 0.19 eV for the H2O2 formation (step 

5.5) on the bulk Pt(111). This suggests that H2O2 formation is favorable on 

bulk Pt(111), whereas  it is not favorable on the cuboctahedral NC surface. 
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The dissociation of *H2O2 into *OH (step 5.6) is very much comparable on 

both the NCs. The activation barriers for *H2O2 dissociation step (step 5.6) is a 

barrierless process on the octahedral NC, whereas it shows an activation 

barrier of 0.06 on the cuboctahedral NC.  

*H2O formation: 

The adsorbed *OH undergoes further hydrogenation (step 5.7) towards the 

formation of *H2O. This is calculated to be a barrierless process on the NCs 

surface. The previous studies reported H2O formation barriers of 0.16 eV [72], 

and 0.14 eV [71] on the bulk Pt(111), which are higher than our calculated 

barriers on the NCs surface. However, the *H2O formation is favorable over 

*OH formation on the surface of the NCs. This suggests that the *OH 

formation is the rate determining step on the NCs and *H2O formation will not 

influence the reaction kinetics on the NC facet. We find that the *O2 

dissociation (*O2 → *O + *O) and *OH formation (*O + *H → *OH) steps 

are significantly improved over the cuboctahedral NC surface than on the 

octahedral NC surface. Therefore, our results show that the shape of the NCs 

has a significant role on the ORR activity. Moreover, the shape is not only 

influencing the rate-determining step (step 5.3) but also other important steps. 

So if we compare the catalytic activity of the cuboctahedral and octahedral 

NCs toward ORR then we find that the cuboctahedral NC is highly selective 

for four-electron reduction over two-electron reduction. Thus, we predict that 

the cuboctahedral NC could be a promising catalyst for fuel cell applications.  

5.3.3. Origin of the Reactivity 

We have calculated the surface energies of the NCs to understand the excellent 

catalytic activities of the NCs with respect to the bulk Pt(111). The calculated 

surface energies for the cuboctahedral NC, octahedral NC and bulk Pt(111) are 

0.176, 0.172, and 0.114 eV/Å2, respectively. The presence of low coordinated 

sites is the reason for high surface energy of the NCs. Thus, our results 

indicate that the NCs are highly reactive compared to the bulk Pt(111) and the 

cuboctahedral NC is the most active one, which is very much consistent with 

our ORR activity study. 
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Furthermore, we have calculated the strain energy on the facet of the NCs to 

understand the excellent catalytic activity of the cuboctahedral NC. The 

calculated strain energies for the cuboctahedral and octahedral NCs are -4.58 

and -6.55 eV, respectively. Therefore, the cuboctahedral NC is more reactive 

than that of octahedral NC. We have carefully investigated the geometrical 

parameters of the NCs to find out the origin of such reactivity. The average Pt-

Pt bond distances of the facet atoms are 2.66 Å for both the cuboctahedral and 

octahedral NCs compared to 2.77 Å in the bulk Pt(111). Surprisingly, the Pt-Pt 

bond distances of the edge atoms are 2.64 and 2.62 Å for the cuboctahedral 

and octahedral NCs, respectively. However, the Pt-Pt bond distance of the 

(100) facet of the cuboctahedral NC is 2.71 Å. Therefore, due to the presence 

of two different facets in the cubocatahedral structure, the surface is under 

strain, which in turn improves the catalytic activity.  

We have further calculated the % of strain on the cuboctahedral and octahedral 

NCs and our results show that the cuboctahedral NC is under less compressive 

strain (more tensile strain) than the octahedral NC. Besides, the d-band center 

of the (111) facet of both the NCs is calculated. The d-band center of the 

cuboctahedral and octahedral NCs are -2.50 and -2.61, respectively.  It has 

been previously reported that the expansion in the lattice parameters (under 

tensile strain) shifts the d-band center toward Fermi, which strengthens the 

binding strength of the adsorbate on the surface [79-81]. Interestingly, our 

calculations also show that the less compressive strained cuboctahedral NC 

shifts the d-band center toward Fermi and binds the reaction intermediates (*O 

and *OH) strongly. Therefore, the dissociation of *O2 and formation of *OH 

become favorable on the cuboctahedral NC due to the stabilization of the 

products (*O and *OH). 

Therefore, our detailed investigation concludes that the presence of small 

traces of (100) facet in the cuboctahedral NC induces compressive strain in the 

system, which in turn improves the activity; thus improves the adsorption of 

the intermediates (*O and *OH). As a result, cuboctahedral and octahedral 

NCs favour two different reaction mechanisms. Cuboctahedral NC prefers 

direct as well as indirect pathways for ORR mechanism. In contrary, 

octahedral NC favours indirect over direct pathway and thus increases the 



178 
 

possibility of hydrogen peroxide formation (H2O2). Therefore we find that 

cuboctahedral NC improves the ORR activity and selectivity compared to the 

octahedral NC. 

5.3.4. Kinetic Analysis 

We have done a detailed kinetic analysis based on our preliminary DFT results 

to understand the product selectivity between four-electron (H2O formation) 

vs. two-electron (H2O2 formation) reduction reactions. The forward (ki) rate 

constants for all the elementary steps are calculated using the following 

equation: 

ki = (
𝑘𝐵𝑇

ℎ
) (

𝑞𝑇𝑆

𝑞𝑅
) 𝑒−∆G‡/𝑘𝐵𝑇      (5.11) 

where kB is the Boltzmann constant, T is the temperature, h is the Plank 

constant. Here, qTS and qR are the vibrational partition functions for the 

transition state and reactant structures, respectively and ∆G‡ 
is the Gibbs free 

energy barrier for the initial and final state of the elementary reaction. The 

vibrational partition functions (q) are calculated as follows 

𝑞 = ∑   
𝑖

1

1−𝑒−ℎ𝑣𝑖/𝑘𝐵𝑇       (5.12) 

where υi are the vibrational frequencies.  

Table 5.3: Rate constants (s
-1

) of the elementary reactions at different 

temperatures on the cuboctahedral NC (CNC) and octahedral NC (ONC). Here 

ki stands for the forward rate constant of the i
th

 step.  

Elementary 

reactions 

300 K 500 K 

CNC ONC CNC ONC 

*O2 

𝑘1
→*O+*O 8.66×10

12
 1.10×10

10
 1.24×10

13
 2.34×10

11
 

*O2+*H
𝑘2
→  *OOH 1.36×10

12
 1.61×10

11
 4.31×10

12
 1.20×10

12
 

*O+*H 
𝑘3
→*OH 1.32×10

08
 1.30×10

-04
 1.15×10

10
 9.27×10

02
 

*OOH
𝑘4
→ *O+*OH 7.92×10

12
 7.54×10

12
 1.22×10

13
 1.26×10

13
 

*H+*OOH  
𝑘5
→*H2O2 

5.39×10
-07

 8.17×10
05

 3.82×10
01

 8.27×10
08

 

*H2O2 

𝑘6
→*OH + *OH 8.73×10

11
 6.65×10

12
 3.62×10

12
 1.11×10

13
 

*H+*OH
𝑘7
→*H2O 1.67×10

13
 1.65×10

13
 2.06×10

13
 1.99×10

13
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The rate constants (Table 5.3) are calculated in the temperature range of 300 K 

and 500 K as the fuel cell operates in this temperate range [82, 83]. The rate 

constants improve significantly as we increase the temperature. At 300 K, the 

ratios of rate constants (k1/k2) between *O2 dissociation and *O2 

hydrogenation steps are 6.36 and 0.07 on the cuboctahedral and octahedral 

NCs, respectively. Hence, *O formation is favorable over *OOH formation 

(*O2 → *O + *O and *O2 + *H → *OOH) on the cuboctahedral surface, 

whereas both the steps are very much competing on the octahedral surface. 

However, it is very important to understand whether the shape of the NC 

affects the *OOH dissociation (*OOH 
𝑘4
→ *O + *OH) and hydrogenation 

(*OOH + *H 
𝑘5
→ *H2O2) steps or not? We find that the ratios of rate constants 

(k4/k5) of these two steps are 1.46 × 10
19 

and 9.22 × 10
06

 for the cuboctahedral 

and octahedral NCs, respectively; implying that the *OOH dissociation is very 

much favorable over *OOH hydrogenation on the cuboctahedral NC surface. 

Therefore, even if the reaction proceeds through the *OOH intermediate, it 

will further dissociate into *O and *OH (*OOH → *O + *OH) on the 

cuboctahedral NC surface. Hence, our kinetic analysis suggests that 

cuboctahedral NC is highly selective and efficient towards 4e
-
 reduction (H2O 

formation) over 2e
-
 reduction (H2O2 formation) reaction. More importantly, 

the rate-determining step (*O+*H→*OH) is no longer a rate determining step 

(Table 5.3) when the reaction is catalyzed by the cuboctahderal NC. 

Interestingly, the superior catalytic activity of the cuboctahedral NC over 

octahedral NC has been reported earlier. Wu et al. [84] investigated a series of 

Pt3Ni NCs with fraction of exposed (111) and (100) facets and reported that 

the truncated-octahedral or cuboctahedral NCs with highly exposed (111) 

facets increase the ORR mass activity by 1.8 times than that of the octahedral 

NCs. Carlos et al. [20] also concluded that the hexagonal Pt nanoparticle with 

(100) and (111) exposed facets displays the highest ORR activity in relative to 

the sphere (no preferential facets), tetrahedral/octahedral with (111) facets and 

cubic with (100) facets. Furthermore, the cuboctahedral NCs show better 

catalytic activity toward other reactions too. Gillian et al. [85] reported that 

the cuboctahedral palladium NC shows superior catalytic activity compared to 

the octahedral NC for Suzuki-Miyaura cross coupling reactions, where they 
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attributed the presence of the (100) facet for showing better catalytic activity. 

Recently, Xia and co-workers [86] investigated the formic acid oxidation on 

different Pd polyhedrons enclosed by different proportion of (100) and (111) 

facets and concluded that the Pd nanocubes with slight ‘truncations’ at the 

corners to be the best catalysts. Wang et al. [87] reported that a 7 nm platinum 

nanoparticle consisting of (111) and (200) facets or only (100) facet transfers 

nearly four-electron (3.6) during ORR, whereas 3 and 5 nm nanoparticles with 

majorly (111) facet transfer less electron (0.7). Our calculation also shows that 

cuboctahedral NC favours four-electron reduction, whereas octahedral NC 

favours two-electron reduction. Moreover, Kim et al. [88] reported that 

octahedral Pd nanoparticles favour higher H2O2 selectivity during ORR, which 

is consistent with our results. However, many experimental reports conclude 

that cuboctahedral NC shows higher ORR activity while compared to 

octahedral NC. Therefore, the overall ORR activity of the NC is in good 

agreement with previous experimental reports [20, 84-88]. Therefore, it is 

believed that the presence of the (100) facets along with the (111) facets (i.e. 

cuboctahedral, truncated-octahedral and hexagonal shape) shows superior 

catalytic activity than the purely (111) and (100) faceted NCs (i.e. octahedral 

and cubic shapes). Interestingly, our results are very much in consistent with 

previous experimental findings and this could be again due to the presence of 

two types of facets in the cuboctahedral NC. Therefore, our study not only 

provides an in-depth understanding behind the shape-dependent catalytic 

activity but also illustrates the experimental finding in the atomic level.  

5.4. Conclusion 

First-principle calculations are performed to understand the shape-dependent 

catalytic activities of the platinum NCs toward ORR activity. The 

cuboctahedral and octahedral platinum NCs enclosed by well-defined facets 

have been chosen for our study due to their high symmetry and experimental 

realization. Molecular dynamics simulation suggests that cuboctahedral NC is 

thermally more stable than octahedral NC and the cuboctahedral NC can 

withstand temperatures as high as 500 K without any structural reconstruction. 

Dissolution potential behaviors of the NCs show that cuboctahedral NC is 

electrochemically stable compared to the octahedral one. Reaction free 
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energies and activation barriers are calculated for all the possible elementary 

steps of ORR on the (111) facet of the NCs. Our results reveal that the direct 

O-O bond dissociation is thermodynamically favorable over the NCs surface, 

which is totally opposite to previous theoretical on the bulk metal (Pt, Pd, Ag) 

surfaces, where indirect O-O bond dissociation is favorable over direct O-O 

bond dissociation. Furthermore, the rate-determining step is no longer a rate-

determining step when the reaction is catalyzed by the cuboctahedral NC. Our 

kinetics analysis shows that the 4e
-
 reduction (H2O formation) is very 

favorable than the 2e
-
 reduction (H2O2 formation) when the NCs. Hence, the 

efficiency and product selectivity (H2O vs. H2O2) increased significantly when 

the reaction is catalyzed by the NCs. However, the efficiency and product 

selectivity reach maximum when the reaction is catalyzed by the 

cuboctahedral NC. After a detailed investigation on the surface energy and 

compressive strain, we find that, due to the presence of (111) and (100) facets, 

the cuboctahedral NC shifts the d-band center position toward Fermi, which 

allows the NC to interact strongly with the intermediates, which in turn 

stabilizes the intermediates. As a result, cuboctahedral and octahedral NCs 

favour two different reaction mechanisms. Cuboctahedral NC prefers direct as 

well as indirect pathways for ORR mechanism. In contrary, octahedral NC 

favours indirect over direct pathway and thus increases the possibility of H2O2 

formation. Therefore we find that cuboctahedral NC improves the ORR 

activity and selectivity compared to the octahedral NC. Interestingly, earlier 

experimental reports show that the presence of (100) facets along with the 

(111) facets (i.e. cuboctahedral, truncated-octahedral and hexagonal) shows 

superior catalytic activity than the purely (111) and (100) faceted NCs (i.e 

octahedral and cube), which is in well agreement with our findings. Therefore, 

our study provides atomistic insights into the shape-dependent catalytic 

activity of the platinum NCs toward ORR. We believe that our study will 

certainly help the experimentalists to understand the shape dependent catalytic 

activity of the NCs, which in turn will guide them for designing more efficient 

and selective catalyst for fuel cell applications.  
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6.1 Introduction  

The ever-increasing demand of energy and the problems associated with fossil 

fuel burning is the primary reason of searching for various alternative energy 

sources. Fuel cells are efficient and non-polluting energy sources due to their 

high energy densities and wide operating range of temperature compared to 

other conventional systems [1-5]. Direct methanol fuel cells (DMFCs) are 

very promising over any other kind of fuel cells due to their low operating 

temperature, ease of handling and high energy density and wide variety of 

portable applications [6-8]. The adsorption and catalytic dehydrogenation of 

methanol on the catalyst surface is a crucial step in DMFC. The chemisorption 

and decomposition of methanol on electrode’s surfaces have been widely 

studied in recent years. However, the dehydrogenation mechanism of 

methanol over electrode’s surface is not fully understood. As there are three 

different types of bond (C-H, O-H and C-O) present in methanol, the 

complexity of the dehydrogenation process arises whether the bond scission 

occurs via C-H, O-H or C-O bonds. To understand the underlying reaction 

mechanism of methanol decomposition on catalyst’s surface, extensive studies 

(experimental and theoretical) have been carried out by various research 

groups [9-22]. These experimental and theoretical studies on methanol 

decomposition concludes that the C-O bond scission is not a favourable one 

but the sequence of O-H and C-H bond activations steps are very crucial and 

could be the rate determining steps to improve the efficiency of the methanol 

fuel cell. Apart from the initial dehydrogenation through C-H or O-H bonds, 

the surface morphology and size of the metal nanoparticles also plays an 

important role in the bond scission process which in turn governs the catalytic 

activity of the metal catalyst. In this context, metal nanoclusters surrounded by 

multiple numbers of well-defined facets show its potential in comparison to 

their bulk metal surfaces. Metal nanoclusters enclosed by multiple numbers of 

facets are very noble types of catalyst and found to be very promising in 

different electro-oxidation reaction [21, 23] due to the presence of high 

surface unsaturation. Such unsaturation serves as a highly active site for 

activating chemical bonds which in turn controls the catalytic activity. Many 

theoretical studies are done on small size metal nanocluster [18, 24] to 
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understand the catalytic activity of the nanocluster. However, the size of the 

nanocluster is very important to its catalytic reactivity due to their finite-size 

effects [25-30]. These low-coordinated sites have higher d-band energies, 

which actually increase the reactivity of these sites [31-32]. But, to the best of 

our knowledge, there are no reports on methanol decomposition on the well-

defined facets of platinum nanocluster. The role of different types of binding 

sites and modes of the substrate-adsorbent is yet to be known. Therefore, to 

understand the activity of the nano-sized catalyst and the whole decomposition 

process over such nanocluster’s surfaces, it is necessary to model nanocluster 

surrounded by different type of facets. The nanocluster with cuboctahedral 

shape is one of the stable forms due to its high symmetry. Hence we have 

modelled a ~1 nm size cubocahedral platinum nanocluster enclosed by well-

defined low index facets to understand the methanol decomposition pathway. 

Some questions and comparisons will arise whether the adsorption behaviour 

and reaction energy of the nanocluster’s surfaces is similar to the bulk surfaces 

or not? Similarly, whether the rate determining steps and the reaction 

mechanism are similar as in the bulk surfaces or not? In this study, an attempt 

has been made to address these questions by comparing with previously 

reported results. The highly unsaturated binding sites such as edge vs. bridge 

site of the nanocluster surface is considered for the methanol decomposition to 

get the maximum catalytic activity. 

The (111), (002) and/or (200) planes are mainly observed in the XRD patterns 

of experimentally synthesized Pt nanocluster [33-37]. As the (200)/(002) has 

the same pattern as in (100)/(001), we have considered cubooctahedral Pt79 

cluster with (111) and (001) facet to model the real experimental situation. 

Here cuboctahedral Pt79 cluster is modelled with eight (111) and six (001) 

facets (Figure 1a) to improve the catalytic activity of the surfaces. We have 

considered various active sites on the (111) facet of the nanocluster for our 

methanol dehydrogenation study as platinum (111) surface is the most 

exposed and stable surface. The edge position (Figure 6.1), formed by the 

intersection of the (111) facets, is considered to be one of the highly 

unsaturated active site of the cluster. Two more highly active catalytic sites 

such  as bridge and three fold hollow sites (Figure 6.1) are also considered on 
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the (111) facet of the nanocluster. Here we have considered methanol 

dehydrogenation proceeds via adsorption of the various intermediates on the 

(111) facet of the nanocluster via C- and O- centre.  

Therefore, the complete dehydrogenation pathway is studied considering three 

kind of adsorption (*) to the edge, bridge and hollow site (Figure 6.1) of the 

(111) facet. All the intermediates adsorbed at the edge position are mentioned 

as vertical adsorption via C- or O-centre. Similarly, the intermediates adsorbed 

at the bridge site of the (111) facet of the nanocluster mentioned as parallel 

adsorption via di-sigma manner [Figure 6.1b]. Some other adsorbents are 

minima at the three-fold hollow site of the (111) facet. The binding 

preferences on the edge, bridge or the hollow site of the (111) facet are 

accessed based on their relative stabilities. 

6.2 Computational Methods and Models 

The first-principles calculations are performed using projected augmented 

wave (PAW) method [38], as implemented in the Vienna ab initio simulation 

package (VASP) [39-41]. The exchange-correlation interaction is treated in 

the level of the GGA using Perdew-Burke-Ernzerhof (GGA-PBE) [42]. A 

22×22×22 Å
3
 cubic supercell is used to optimize the structures of the metal 

clusters to rule out the possibility of interaction of periodically repeated metal 

clusters. The Brillouin zone is sampled using gamma k-point (1×1×1). We 

have increased the k-points to 2×2×2 for the Pt79 cluster and total energy 

improved by 0.002 eV. As the box size is quite high therefore we continue our 

calculation with gamma point only. All the atoms are relaxed for the full 

structural relaxation. The climbing nudged elastic band (CI-NEB) method [43] 

is used to locate the transition states. Six intermediate images are used in each 

CI-NEB pathway. Vibrational frequencies for the initial, transition and final 

states of the reactions are calculated and transition states are confirmed by the 

presence of one imaginary frequency. Zero-point energy (ZPE) is calculated as 

ZPE =∑ 1/2ℎ𝜐𝑖 𝑖  where h is Planck’s constant and υi is the frequency of the i
th

 

vibrational mode. The adsorption energies (Ead) for all possible adsorbates are 

calculated using the following equation.  

Ead = Ecluster-molecule – (Ecluster + Emolecule)    (6.1) 
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where Ecluster-molecule, Ecluster and Emolecule are the energies of the adsorbed 

species on cluster, the platinum cluster and the corresponding molecular 

species. The reaction energy (enthalpy) is calculated using the total energy 

difference between the products and the reactants. Thus negative reaction 

energy suggests the exothermic nature of the reaction whereas positive 

reaction energy suggests the endothermic nature of the reaction. Activation 

barrier are calculated by the energy difference between the transition and the 

initial state. The reaction energy and activation barrier is calculated with zero 

point energy (ZPE) correction and entropy contribution but we have tabulated 

without ZPE and entropy contribution so that vis-à-vis comparison can be 

made with previous theoretical studies. However, the ZPE and entropy 

corrected activation barrier has been also provided separately. The ZPE 

correction and entropy contribution is included for activation free energy 

calculation for temperature dependent rate constant.  

 

Figure 6.1. (a) Cuboctahedral Pt79 nanocluster enclosed by fourteen facets. 

Intermediates adsorb in a (b) di-sigma fashion and at the top edge site via (c) 

C- and (d) O-centre  

6.3 Results and Discussion 

The results and discussion part is divided into four sections for the successive 

dehydrogenation of four methanol hydrogens. The various intermediates 

involved for the first (CH2OH, CH3O), second (CHOH, CH2O), third (CHO, 

COH) and fourth methanol dehydrogenation (CO) steps are discussed as 

following.  
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In the beginning of each step, we have discussed the adsorption type, relative 

stabilities, and adsorption energy of all the intermediates involved for their 

respective dehydrogenation steps. The intermediates are studied at the three 

active sites (edge, bridge and hollow) adsorbed through C- and O-atoms. The 

reaction energy and C-/O-H bond activation barriers for each of those 

processes are calculated and discussed in their respective sections to 

understand their reaction thermodynamics. At the end of each section, our 

calculated results are compared with the available experimental and theoretical 

data to understand and compare the catalytic activity of our model system.  

From here on, methanol, methoxy, hydroxymethyl, hydroxymethelene, 

formaldehyde, formyl, hydroxymethylidyne, carbon monoxide represented as 

*CH3OH, *CH3O, *CH2OH, *CHOH, *CH2O, *CHO, *COH, and *CO when 

adsorbed through C-atom and *OHCH3, *OCH3, *OHCH2, *OHCH, *OCH2, 

*OCH, *OHC, *OC when adsorbed through O-atom. Similar convention used 

for the bridge structures (*CH3OH, *CH3O etc.) as used for the intermediates 

adsorbed through C-centre at edge position.   

6.3.1 First Dehydrogenation Step 

Here we have studied the first dehydrogenation mechanism of the methanol 

which will lead to the formation of hydroxymethyl (*CH2OH) or methoxy 

(*CH3O) intermediates. So in the beginning, we have discussed about the 

adsorption behaviour, adsorption energy and relative energetics of all the 

intermediates (methanol, hydroxymethyl, and methoxy) involved in the first 

dehydrogenation step and then discussed about their reaction thermodynamics 

and activation barrier for each of these (C-H/O-H) bond dissociation process 

on the nanocluster’s surface. 

6.3.1.1 Adsorption Type and Energetics 

Methanol (*CH3OH): The dehydrogenation process of methanol starts with 

its adsorption on the nanocluster’s (111) surface. The methanol molecule 

calculated to be a minima at the top edge position adsorbed as *CH3OH 

(Figure 6.2a) and *OHCH3 (Figure 6.2b) with adsorption energy of -0.24, -

0.38 eV respectively. The other structure (Figure 6.2c) calculated to be a 
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minimum is the one adsorbed at the bridge site with adsorption energy of -0.19 

eV. Their relative energetic study shows that *OHCH3 is the most stable 

structure when adsorbed through O-centre and stable by 0.18 and 0.19 eV than 

the CH3OH adsorbed at the edge and bridge position respectively. The Pt-C 

and Pt-O distances at the top edge position adsorbed as *CH3OH and *OHCH3 

structures are 3.24 Å and 2.52 Å respectively but at the bridge position, 

*CH3OH adsorbed via di-sigma manner where methanol interacts weakly with 

the nanocluster surface through the C-H bond. In the bridge structure, the Pt-

H, Pt-C and Pt-O bond distances are 2.83 Å, 3.32 Å and 3.59 Å respectively 

(Figure 6.2c). Such structural parameters reflect that the methanol molecule 

interacting weakly with the nanocluster’s surface. Interestingly, our relative 

energetic study shows methanol adsorbed at the top edge site (through C-

atom) and bridge site are equally stable though methanol interacts weakly with 

the nanocluster while adsorbed at the bridge position. 

Shustorovich [44]
 
reported that saturated molecules prefer to bind at the top 

position of the metal surface, thus agreeing well with our results. The C-O-H 

bond angle of the methanol changes from 107.72º to 109.34º after adsorption 

through O-atom, indicating that there is an interaction between the methanol 

oxygen and platinum of the nanocluster. Slab model surface calculations 

showed that methanol adsorption is most favourable when it binds through O-

atom on the top edge site of Pt(111) surface. Mavrikakis et al. showed that 

methanol weakly adsorbs through O-atom with adsorption energy of -0.33 eV 

[22].  

In our calculation, the optimized Pt-O bond distance is of 2.52 Å which is in 

close agreement with the Pt-O bond distance of 2.59Å [19] reported 

previously. The cluster model calculation by Ishikawa and Goddard et al. 

reported that methanol binds weakly to the top site of platinum through O-

atom with binding energy of -0.66 eV [18] and -0.64 eV [24] respectively. 

Higher adsorption value is due to the different size of clusters (Pt10 and Pt8) 

used for their model study. Experimentally, methanol reported to be adsorbed 

weakly at the top site of Pt(111) through O-atom [8-9,27] with binding energy 

of ~-0.40-0.50 eV [9,13]. Our calculated results also suggest that methanol 

binds weakly to the cluster and among the different binding sites of the cluster, 
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methanol binds most strongly at the top edge site through O-atom with 

adsorption energy of -0.38 eV, thus supporting the trend of previous 

experimental and theoretical results. 

 

Figure 6.2: Adsorbed methanol at edge via (a) C-atom and (b) O-atom; (c) 

bridge position. Methoxy at  edge via (d) C-atom and (e) O-atom; (f) bridge 

position. Hydroxymethyl at edge via (g) C-atom and (h) O-atom; (i) bridge 

position. 

Methoxy (*CH3O):  Methoxy is an important intermediate during methanol 

dehydrogenation process. *OCH3 is formed through the O-H bond scission of 

*OHCH3 with adsorption energy of -2.47 eV. In the adsorbed *OCH3 structure 

(Figure 6.2e), the Pt-O bond distance (1.97 Å) is shorter than the Pt-O (2.52 

Å) bond distance in methanol. The CH3O structure calculated to be a minima 

where one of the C-H bond strongly interacting with the nanocluster with C-H 

bond length of 2.15 Å (Figure 6.2d). *CH3O binds at the bridge-site in a di-

sigma manner with adsorption energy of -2.25 eV. In this di-sigma manner, 

one hydrogen atom of –CH3 oriented to the nanocluster, forming Pt-H, Pt-C 

and Pt-O bond distances of 2.09 Å, 2.99 Å and 2.01 Å respectively (Figure 

6.2f). Therefore, we find the adsorption energy is higher by 0.22 eV at the top 
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edge position than at the bridge position, which is also reflected from the Pt-O 

bond distances at the edge (1.97 Å) and the bridge (2.01 Å) position 

respectively. Relative energetic study shows, *OCH3 at the top edge site is 

energetically more stable by 0.30 eV than *CH3O at the bridge site. Both bond 

distances and relative energetics suggest about the favourable binding of 

*OCH3 over *CH3O. Interestingly, both at the bridge and edge position, 

methyl group interact weakly with the nanocluster. In slab model calculation, 

Mavrikakis et al. [17] showed that methoxy binds through oxygen at the top 

position with Pt-O distance of 2.03 Å and adsorption energy of -1.54 eV while 

Desai et al. [19] reported that methoxy binds through oxygen at the bridge 

position with average Pt-O distances of 2.51 Å and adsorption energy of -1.66 

eV. Recently, Kramer et al. [45] also suggested about the top-site binding of 

methoxy through oxygen atom with the adsorption energy of -1.59 eV. 

Goddard et al. also suggested the binding of methoxy at the top site with 

adsorption energy of -1.07 eV [24] on Pt8 cluster. Ishikawa et al. [18] 

obtained site preference for methoxy in a three-fold hollow site with the 

binding energy of -2.07 eV in their cluster model study. Though there are 

many studies on the favourable binding site of the methoxy group but most of 

them reported that methoxy binds through the O-atom, which agrees well with 

our calculated results.  

Hydroxymethyl (*CH2OH): We find *CH2OH binds at the top edge position 

with adsorption energy of -2.76 eV and Pt-C bond distance of 2.08 Å (Figure 

6.2g). It even binds weakly as *OHCH2, where O-atom bridging between the 

two platinum centres with Pt-O bond distances of 3.70 Å and 3.10 Å (Figure 

6.2h) and adsorption energy of -1.07 eV. Longer Pt-O bond distances show 

their reluctance of binding through the O-atom. At the top edge position, 

*CH2OH (Figure 6.2i) structure is more stable by 1.55 eV than *OHCH2, 

suggesting its preference of binding through C-atom. Our findings are well in 

agreement with the extended Huckel calculation by Hoffman et al. [46] that 

unsaturated radical species such as carbon in hydroxymethyl will certainly 

form a covalent bond with the metal of the cluster’s surface. The *CH2OH 

adsorption on Pt(111) surface reported by various groups and their calculated 

adsorption energy values are -1.98 eV [17], -2.17 eV [19], and -2.08 eV [45] 
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while adsorbed at the top Pt site through C-atom. Cluster model calculations 

reported higher adsorption energy of -2.51 eV [18] and -2.85 eV [24] for the 

similar type of geometries. Therefore, previous studies on slab and cluster 

models support our findings and our calculated value of adsorption energy 

agrees well with the cluster model study.   

6.3.1.2 Reaction Energy and Activation Barriers 

In this part, methanol dehydrogenation energetics related to the formation of 

methoxy and hydroxymethyl has been discussed. We have calculated the 

reaction energy and activation barrier for the following possible elementary 

steps based on their adsorption behaviour. 

*CH3OH→ *CH2OH+*H            (Step 6.1)      

*OHCH3→ *OHCH2+*H            (Step 6.1a) 

*CH3OH→ *CH3O+*H              (Step 6.2)      

*OHCH3→ *OCH3+*H              (Step 6.2a) 

Table 6.1: Reaction energy (eV) and activation barrier (eV) for the following 

elementary steps (Step 6.1-2 and Step 6.1a-2a) while adsorbed vertically 

through C- and O-atom and parallely at the bridge site. 

 

Elementary 

Reactions 

Edge  
1
C-bonded 

2
O-bonded 

1
Bridge 

React-

ion 

Energy 

Activat-

ion 

Barrier 

React-

ion 

Energy 

Activat-

ion 

Barrier 

React-

ion 

Energy 

Activat-

ion 

Barrier 
1
CH3OH→ 

CH2OH+H 
2
OHCH3→ 

OHCH2+H 

-0.57 0.31 1.36 1.38 -0.29 0.29 

1
CH3OH→ 

CH3O+H 
2
OHCH3→ 

OCH3+H 

0.47 0.64 0.29 0.62 0.41 0.65 
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C-H bond activation 

Edge vs. bridge site: 

At the edge position, the C-H bond activation from *CH3OH to the formation 

of *CH2OH calculated to be exothermic by -0.57 eV (step 6.1) and 

endothermic by 1.36 eV (step 6.1a) if the intermediates (*CH3OH and 

*OHCH2) are adsorbed at the top edge position through C and O-centre 

respectively. The calculated activation barriers are 0.31 eV and 1.38 eV 

respectively. Therefore, the C-H bond activation is favourable at the edge 

position when the intermediate is adsorbed through C-centre. 

At the bridge position, C-H bond dissociation for the formation of *CH2OH 

calculated to be exothermic by -0.29 eV (step 6.1) and the activation barrier is 

of 0.29 eV. Therefore, the C-H bond activation barrier of methanol at the 

bridge position (0.29 eV) is lower and very much comparable with the top 

edge site (0.31 eV) when adsorbed through C-centre. 

It is clear from the reaction energies and activation barriers that C-H bond 

activation is very much favourable at the bridge position while the 

intermediates are adsorbed in a di-sigma manner. It is also clear that C-H bond 

activation is very much favourable when methanol adsorbed through C-atom 

(*CH3OH) than through O-atom (*OHCH3). Recently Kramer et al. [45] 

reported that the activation barrier for this process is of 0.55 eV when it binds 

through C-atom. Greeley et al. [22] reported the activation barrier of 0.67 eV 

for the C-H bond activation of methanol when it binds through C-atom. 

Cluster model study by Ishikawa et al. [18] showed the activation barrier of 

0.42 eV for C-H activation process when adsorbed through C-atom. Therefore, 

in all the previous studies the C-H bond activation barrier reported to be 

lowest when the intermediates are adsorbed though carbon atom but we report 

the C-H bond activation barrier is the lowest (0.29 eV) when the intermediates 

are adsorbed in a di-sigma manner.  
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Scheme 6.1: The reaction energies (eV) and activation barriers (eV, values in 

parenthesis) for the successive methanol dehydrogenation at different binding 

sites (a) adsorbed through C-atom and (b) O-atom at top edge position and (c) 

bridge position.  

O-H bond activation: 

Edge vs. bridge site: 

The O-H bond dissociation is endothermic by 0.29 eV (Step 6.2) and 0.47 eV 

when adsorbed through O- and C-centre respectively (Step 6.2-2a).  The 

activation barriers for these two processes are 0.62 eV and 0.64 eV 

respectively.  

The reaction (Step 6.2) is endothermic by 0.41 eV and the calculated 

activation barrier is of 0.65 eV while adsorbed in a di-sigma manner. 

Interestingly, the O-H bond activation barriers are very much comparable 
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whether the intermediates are adsorbed through O- (0.62 eV), C centre (0.64 

eV) or in a di-sigma (0.65 eV) manner.   

 

 

Scheme 6.2: The reaction energies (eV) and activation barriers (eV, values in 

parenthesis) for the successive methanol dehydrogenation at different binding 

sites (a) adsorbed through C-atom and (b) O-atom at top edge position and (c) 

bridge position.[Values in the black colour are without ZPE and entropy 

correction whereas red colour are including ZPE and entropy correction] 

C-H vs. O-H bond activation: 

Our reaction thermodynamics and activation barrier study shows C-H bond 

activation is very much favourable over O-H bond activation at the catalysts 

surface. Such C-H bond activation preferences over O-H bond activation can 

be explained from the following findings.  
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Firstly, the produced *CH2OH binds more strongly than *CH3O intermediates 

at the bridge and edge positions respectively. Secondly, the C-H bond energies 

are lower than the O-H bond energies. The calculated gas phase reaction 

energy for the C-H bond activation is 3.98 eV whereas O-H bond activation is 

4.23 eV, suggesting that C-H activation is more favourable over O-H 

activation (Scheme 6.3). In fact the adsorption behaviour of *CH3OH also 

suggests its preference for dehydrogenation through C-H bond activation as 

one of the methanol carbon hydrogen (C-H = 1.13 Å) orients towards the 

surface of the nanocluster and interacts strongly. 

 

Scheme 6.3: Gas phase energetic (energy in eV) for the complete methanol 

dehydrogenation pathway. 

The preference of C-H bond activation over O-H activation, to form *CH2OH 

is reported in the literature using Pt(111) surface and cluster model study. 

Desai et al. [19] showed that C-H bond activation is exothermic by -0.16 eV 

whereas O-H bond activation is endothermic by 0.66 eV over Pt (111) 

surfaces. Mavrikakis et al. [22] reported the activation barrier of 0.81 eV for 

O-H bond activation and 0.67 eV for C-H bond activation. Kramer, Cui-Yu 

and Desai et. al. reported O-H bond activation barrier on Pt (111) surfaces is 

of 0.81 eV [45], 0.85 eV [20], and 1.47 eV [19] respectively. Ishikawa et al. 

[18] in their cluster model study reported that the formation of hydroxymethyl 

(activation energy 0.42 eV) is more favourable than the methoxy formation 

(activation energy 0.77 eV).   

Therefore, our calculations show the same trend as reported on Pt(111) 

surfaces and platinum cluster model study that C-H bond activation is more 

favourable than the O-H bond activation. Here also, we find our calculated 

activation barrier is the lowest (0.29 eV) while comparing with all the values 
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reported previously. Therefore we assume such Pt cub-octahedral nanocluster 

could be an excellent catalysis for C-H bond activation. 

On the other hand, when intermediates are adsorbed through O-atom, O-H 

bond activation (barrier = 0.62 eV) is favourable over C-H bond activation 

(barrier = 1.38 eV) due to the stronger adsorption of *OCH3 (adsorption 

energy = -2.47 eV) than *OHCH2 (adsorption energy = -1.07 eV). In fact their 

relative energetic study also shows *OCH3 intermediate is more stable (by 

1.04 eV) than *OHCH2.  

6.3.2. Second Dehydrogenation Step 

In this step, we have studied the second successive dehydrogenation step of 

methanol which lead to the formation of hydroxymethelene (*CHOH) and 

formaldehyde (*CH2O) intermediates. 

6.3.2.1 Adsorption Type and Energetics: 

Hydroxymethelene (*CHOH): We find *CHOH (Figure 6.3a), is stable at 

the top edge position with adsorption energy of -3.67 eV whereas *OHCH 

binds weakly at the same site with adsorption energy of -0.25 eV (Figure 

6.3b). The Pt-C and Pt-O bond distances are 1.89Å and 2.72Å in case of 

*CHOH and *OHCH intermediates respectively. *CHOH intermediate 

calculated to be more stable by 3.03 eV than the *OHCH intermediate. Both 

adsorption energy and relative energy study shows *CHOH intermediate is the 

most preferred. *CHOH adsorbed intermediate calculated to be stable at the 

bridge position too with adsorption energy of -4.86 eV, in a di-sigma manner 

with Pt-C and Pt-O bond distances of 2.03Å and 2.72Å respectively (Figure 

6.3c). The *CHOH structure is 0.15 eV more stable in the bridge position than 

*CHOH at the top edge position. As *CHOH has a divalent C-atom, it is 

expected to be stable at the bridge position to fulfil its covalency (become 

tetravalent), thus favouring the bridged structure. 

Slab model study reported that *CHOH binds with equal adsorption energy in 

the top and bridge position of the Pt(111) surface with adsorption energy of -

3.24 eV [17]. A recent study [45] on Pt(111) surface shows that it prefers to 

bind at the bridge position with binding energy -3.39 eV. However, study on 
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cluster surface shows that *CHOH is stable at the top position with adsorption 

energy of -3.79 eV which is in close agreement with our calculated adsorption 

energy (-3.67 eV) of *CHOH at the top edge position [18]. Another cluster 

model calculation [24] shows that it is most preferred at the bridge position 

with adsorption energy of -3.68 eV but our calculated adsorption value is 

maximum (4.86 eV) when adsorbed in a di-sigma manner. 

 

Figure 6.3: Adsorbed hydroxymethelene at edge via (a) C-atom and (b) O-

atom; (c) bridge position. Formaldehyde at edge via (d) C-atom and (e) O-

atom; (f) bridge position. 

Formaldehyde (*CH2O):  

We find *CH2O is also most stable when it adsorbed in a di-sigma manner, at 

the bridge position (Figure 6.3f) with binding energy of -1.94 eV. Here, the Pt-

O and Pt-C bond distances are 2.05Å and 2.11Å respectively. In case of edge 

position, OCH2 binds strongly with the nanocluster with adsorption energy of -

0.55 eV (Figure 6.3e), whereas *CH2O binds weakly with adsorption energy -

0.17 eV (Figure 6.3d). The Pt-C and Pt-O bond distances are 2.67 Å and 2.18 

Å in case of *CH2O and *OCH2 respectively. The bridge *CH2O intermediate 

is energetically most stable by 0.37 eV and 0.10 eV than adsorbed through C 

and O-centre respectively. Higher adsorption value of *CH2O at the bridge 

position (adsorption energy -1.94 eV) than edge position (adsorption energy -

0.17 eV) is due to the CO group of formaldehyde interacting more strongly 

with the surface of the nanocluster. This is more clear from the C-O bond 

distance of 1.35Å, 1.22Å and 1.23Å for the bridge, top edge *CH2O and 
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*OCH intermediates respectively. So such bond elongation at the bridge site 

justifies about the charge transfer between the C-O group and the platinum 

nanocluster.  

Slab model surface calculation [19] on Pt(111) showed that formaldehyde 

tend to bind at the bridge position in a di-bridge fashion with adsorption 

energy of -0.50 eV where the Pt-O and Pt-C bond lengths are of 2.12Å and 

2.06Å respectively. Others slab model calculation also reported similar kind of 

binding behaviour with the adsorption energy of -0.43 eV [45] and -0.50 eV 

[17]. Cluster model calculation [24] also reported about the di-sigma bonding 

behaviour of formaldehyde with adsorption energy of -0.41 eV. Therefore our 

result such as di-sigma bonding preference of formaldehyde agrees well with 

previous reports. 

6.3.2.2 Reaction Energies and Activation Barriers 

In the second step, the formed methoxy (*CH3O) and hydroxymethyl 

(*CH2OH) intermediate can further undergo C-H and O-H bond activation. C-

H bond activation on methoxy (*CH3O) and hydroxymethyl (*CH2OH) leads 

to the formation of formaldehyde (*CH2O) and hydroxymethelene (*CHOH) 

intermediates respectively whereas hydroxymethyl (*CH2OH) can undergo 

only O-H bond activation to form formaldehyde (*CH2O). The possible 

elementary steps are shown as following (steps 6.3-5 and 6.3a-5a). 

*CH2OH→ *CHOH+*H     (Step 6.3)             

*OHCH2→ *OHCH+*H     (Step 6.3a) 

*CH3O→ *CH2O+*H         (Step 6.4)             

*OCH3→ *OCH2+*H         (Step 6.4a) 

*CH2OH→ *CH2O+*H       (Step 6.5)           

*OHCH2→ *OCH2+*H       (Step 6.5a) 
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Table 6.2: Reaction energy (eV) and activation barrier (eV) for the following 

elementary steps (Step 6.3-5 and Step 6.3a-5a) while adsorbed vertically 

through C- and O-atom and parallely at the bridge site. 

 

Elementary 

Reactions 

Edge  

1
C-bonded 

2
O-bonded 

1
Bridge 

React-

ion 

Energy 

Activat-

ion 

Barrier 

React-

ion 

Energy 

Activat-

ion 

Barrier 

React-

ion 

Energy 

Activat-

ion 

Barrier 
1
CH2OH→ 

CHOH+H 
2
OHCH2→ 

OHCH+H 

 

-0.14 

 

 

0.37 

 

 

1.40 

 

1.45 

 

-0.10 

 

 

0.04 

 

1
CH3O→ 

CH2O+H 
2
OCH3→ 

OCH2+H 

 

-0.24 

 

0.12 

 

-0.01 

 

0.11 

 

-0.34 

 

0.14 

 

 
1
CH2OH→ 

CH2O+H 
2
OHCH2→ 

OCH2+H 

 

0.69 

 

1.02 

 

-0.94 

 

0.09 

 

0.29 

 

1.04 

 

 

C-H bond activation 

Edge vs. bridge site: 

At the edge position, *CH2OH can undergo C-H bond activation to form 

*CHOH. The reaction (step 6.3) is calculated to be exothermic by -0.14 eV 

and endothermic by 1.40 eV when the intermediates are adsorbed through C 

(step 6.3) and O-centre (step 6.3a) respectively. The calculated activation 

barriers for the step 6.3 and 6.3a are 0.37 eV and 1.45 eV respectively.  

Similarly, *CH3O can undergo C-H bond activation to form *CH2O (step 6.4) 

while adsorbed through C- and O-centre respectively. The reaction energy and 

activation barriers are calculated to be -0.24 eV and 0.12 eV for C-centre and -

0.01 and 0.11 eV for O-centre respectively. Kramer et al. [45] reported the 

activation barrier of 0.19 eV for the *OCH2 formation from *OCH3, agrees 

well with our results. 
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On the other hand, at the bridge site, the C-H activation from *CH2OH (step 

6.3) and *CH3O is exothermic by -0.10 eV and -0.34 eV respectively. The 

activation barriers for these two steps are 0.04 eV and 0.14 eV respectively. 

Therefore, the C-H bond activation barrier is the lowest (0.04 eV) when 

intermediates adsorbed in a di-sigma manner. 

Mavrikakis et al. [22] found the activation barrier of 0.25 eV for the 

decomposition of methoxy over Pt(111) surface. Cui-Yu et al. [20] found the 

activation barrier of 0.27 eV for the bridge position. Therefore our calculated 

activation barrier is far lower than what reported in the literature, shows the 

excellent catalytic activity of the Pt (111) facet of the nanocluster.   

O-H bond activation 

Edge vs. bridge site: 

The O-H bond activation of *CH2OH (step 6.5-6.5a) calculated to be 

endothermic and exothermic by 0.69 eV and -0.94 eV when intermediates are 

adsorbed through C- and O-centre respectively. The activation barriers for 

these two steps are 1.02 eV (step 6.5) and 0.09 eV (step 6.5a) respectively. In 

case of adsorbed hydroxymethyl (*CH2OH), hydroxyl group does not interact 

with the cluster, thus difficult for O-H bond dissociation, resulting in higher 

endothermicity (0.69 eV) and activation barrier (1.02 eV). 

At the bridge site, the O-H bond activation of *CH2OH is endothermic by 0.29 

eV and activation barrier for this process is of 1.04 eV. Therefore, the *CH2O 

formation at the bridge site is not favourable.  

C-H vs. O-H bond activation: 

It is clear from the activation barriers that at the edge and bridge position, 

*CHOH formation via C-H bond activation is more preferable than the *CH2O 

formation via O-H bond activation. Reaction energy values suggest the same 

trend. Interestingly, when it binds through oxygen atom, O-H bond activation 

(formation of *OCH2) becomes more favourable over C-H bond activation 

(formation of *OHCH). This can be due to the following reasons. Firstly, 

*CH2OH adsorbs very strongly (-2.76 eV) than *OHCH2 (-1.07 eV), thus 
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favouring its dehydrogenation. Secondly, the O-H bond distance in the 

adsorbed *OHCH2 is 1.01 Å, which is longer than in the gas-phase geometry 

(0.97 Å), showing its tendency to dehydrogenate via O-H bond activation. 

Therefore, such adsorption fashion favours the O-H bond activation over C-H 

bond activation. Furthermore, *OCH2 is energetically more stable (by 0.27 

eV) over *CH2O.  

However, the higher activation barrier of 1.38 eV for the first C-H bond 

activation of methanol to the formation of *OHCH2 in the first 

dehydrogenation step (step 6.1a) might not allow further dehydrogenation to 

the formation of OCH2 from OHCH2 at this position in spite of its lower 

activation barrier (0.09 eV). 

It is clear from the activation barriers of the first dehydrogenation steps (step 

6.1-1a, 6.2-2a) and second dehydrogenation steps (step 6.3-3a, 6.4-4a, 6.5-5a) 

that *CH3OH→ *CH2OH→*CHOH is the most favourable path at the bridge 

position. But at the edge position, reaction is more favourable through 

*CH3OH→*CH2OH followed by *CH3O→*CH2O which is in agreement with 

the study of Desai et al. who reported that although methanol prefers to 

dehydrogenate via C-H bond activation forming hydroxymethyl but in the 

subsequent step methoxy intermediate prefers to form formaldehyde via C-H 

bond activation. In contrast, *OHCH3→*OCH3→*OCH2 is the most 

favourable pathway when intermediates are adsorbed through O-atom. 

6.3.3. Third Dehydrogenation Step 

Here, we have studied the dehydrogenation of the third hydrogen of methanol 

which lead to the formation of formyl (*CHO) and hydroxymethylidyne 

(*COH) intermediates from the formaldehyde (*CH2O) and 

hydroxymethelene (*CHOH) intermediates. 

6.3.3.1 Adsorption Type and Energetics 

Formyl (*CHO):   

*CHO is adsorbed strongly in the edge position (Figure 6.4a) with adsorption 

energy of -3.03 eV and Pt-C bond distance of 1.96 Å. In contrast, *OCH binds 
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very weakly (Figure 6.4b) with adsorption energy of -0.60 eV at the top edge 

position. In the bridge position, *CHO intermediate adsorbs in a di-sigma way 

(Figure 6.4c) with adsorption energy of -3.47 eV. In the bridge position, Pt-C, 

Pt-O and C-O distances are 2.07Å, 2.15Å and 1.29 Å respectively. Elongation 

of C-O bond occurs from 1.22 Å to 1.29 Å, suggesting the change of 

hybridisation on the carbon centre. Surprisingly, *CHO intermediate 

calculated to be most stable at the edge position by 0.08 eV than the bridge 

position though the adsorption energy is higher at the bridge position. 

Previously Kramer et al. [45] reported that formyl binds most preferably 

through C-atom at the top site of the Pt(111) surfaces, with adsorption energy 

of -2.29 eV whereas Desai et al. [19] reported that formyl prefers to adsorb in 

a di-sigma manner with the adsorption energy -2.45 eV. Gomes et al. [47] 

found that formyl adsorbed at the bridge site through C-atom with binding 

energy of -2.61 eV. Previous cluster model study reported the adsorption 

energy of -2.71 eV [24] and -2.84 eV [18] for the binding of formyl through 

C-atom on the top site of the nanocluster surface.  

 

Figure 6.4: Adsorbed formyl at edge via (a) C-atom and (b) O-atom; (c) 

bridge position. Hydroxymethylidine at edge via (d) C-atom and (e) O-atom; 

(f) bridge position.  

Hydroxymethylidyne (*COH):  

In our study, hydroxymethylidyne adsorps at the top site of the edge position 

with adsorption energy of -3.94 eV and -0.63 eV for *COH (Figure 6.4d) and 
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*OHC (Figure 6.4e) structures respectively. The Pt-C and Pt-O bond distances 

in these two structures are 1.78Å and 2.75Å respectively. The structure is not 

stable at the bridge position. On the other hand, the *COH calculated to be a 

minima at the hollow site of the Pt(111) facet with adsorption energy of -5.67 

eV and Pt-C bond distances of 2.02Å (Figure 6.4f) respectively. Interestingly, 

the intermediate is most stable at the hollow site (by 1.58 eV) than the edge 

site.  

Slab model calculation by Kramer et al. [45]
 
reported that COH preferably 

binds at the hollow site through C-atom with adsorption energy of -4.70 eV. 

Cluster model calculation by Goddard et al. [24] reported that COH prefers to 

bind at the hollow site through C-atom with binding energy of -5.25 eV. 

Another cluster model study by Ishikawa et al. [18] found strong adsorption 

through C-atom with the adsorption energy of -3.05 eV and -4.86 eV at the top 

and hollow site respectively.  

6.3.3.2. Reaction Energies and Activation Barriers 

The formed formaldehyde and hydroxymethelene intermediate can further 

undergo C-H and O-H bond activation. C-H bond activation leads to the 

formation of formyl and hydroxymethylidyne from formaldehyde and 

hydroxymethelene respectively whereas only hydroxymethelene can undergo 

O-H bond activation to form formyl intermediate. The proposed elementary 

steps are given as following (steps 6.6-8 and 6a-8a). 

*CHOH→ *COH+*H     (Step 6.6)               

*OHCH→ *OHC+*H     (Step 6.6a) 

*CH2O→ *CHO+*H       (Step 6.7)              

*OCH2→ *OCH+*H       (Step 6.7a) 

*CHOH→ *CHO+*H      (Step 6.8)              

*OHCH→ *OCH+*H      (Step 6.8a) 
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Table 6.3: Reaction energy (eV) and activation barrier (eV) for the following 

elementary steps (Step 6.6-8 and Step 6.6a-8a) while adsorbed vertically 

through C- and O-atom and parallely at the bridge site. 

 

Elementary 

Reactions 

Edge  
1
C-bonded 

2
O-bonded 

1
Bridge 

React-ion 

Energy 

Activat-

ion 

Barrier 

React-

ion 

Energy 

Activat-

ion 

Barrier 

React-

ion 

Energy 

Activat-

ion 

Barrier 
1
CHOH→ COH+H 

2
OHCH→ OHC+H 

0.66 1.01 0.68 0.99 -0.77 0.11 

1
CH2O→ CHO+H 

2
OCH2→ OCH+H 

-1.31 0.05 1.35 2.54 -0.61 0.18 

1
CHOH→ CHO+H 

2
OHCH→ OCH+H 

-0.54 0.03 -1.20 0.06 -0.15 0.41 

 

C-H bond activation 

Edge vs. bridge site: 

*CHOH can undergo C-H bond activation to form *COH (step 6.6) with 

activation energy barrier of 1.01 eV and 0.99 eV while adsorbed through C- 

and O-centre respectively (step 6.6-6a). The reaction energies for these 

process are 0.66 eV (step 6.6) and 0.68 eV (step 6.6a) respectively. Both 

reaction energy and activation barrier value suggests that this process is not 

favourable at edge position irrespective of their binding mode. Ishikawa et al. 

reported the activation barrier of 0.53 eV for this process when the 

intermediates were bonded through C-atom. 

The C-H activation on the *CH2O intermediate (step 6.7) calculated to be 

exothermic by -1.31 eV with activation barrier of 0.05 eV. In contrast, when 

*OHC is formed from *OCH2 (step 6.7a), the step becomes endothermic by 

1.35 eV with the activation barrier of 2.54 eV. Therefore, the C-H activation 

on *CH2O is very much favourable when adsorbed through C-atom. 

At the bridge position, on the other hand, *CHOH undergoes C-H bond 

activation to form *COH (step 6.6) with activation barrier of 0.11 eV. 
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Reaction energy of this step is exothermic by -0.77 eV. *CH2O can also 

undergo C-H bond activation to form *CHO and the reaction is exothermic by 

-0.61 eV with activation barrier of 0.18 eV. 

Therefore, the conversion of CHOH→COH is highly unfavourable at the edge 

position due to the high activation barrier whereas at the bridge position it is 

very much favourable. It is due to the different adsorption behaviour of the 

involved intermediates at the bridge position. At the bridge position, *COH 

adsorbs very strongly at the three-fold hollow site with the adsorption energy -

5.67 eV, resulting the lower activation barrier for the process. For the same 

process, Kramer et al. reported the activation barrier of 0.56 eV. 

O-H bond activation 

Edge vs. bridge site: 

The calculated O-H activation barrier for the formation of *CHO from 

*CHOH (step 6.8) intermediate is 0.03 eV and *OCH from *OHCH 

intermediate is 0.06 eV (step 6.8a). The reaction energies for these two 

process are -0.54 eV (step 6.8) and -1.20 eV (step 6.8a) respectively. Though 

the adsorption behaviour of *CHOH and *OHCH are different but activation 

energies are very much comparable for both the cases (step 6.8 and step 6.8a). 

This could be due to their comparable adsorption energies of the *CHO/*OCH 

intermediate and the *CHOH/*OHCH intermediate. Ishikawa et al. also 

reported the activation barrier of 0.44 eV for the same process when adsorbed 

through C-atom.   

Rather at the bridge position, the activation barrier for the formation of *CHO 

from *CHOH is 0.41 eV and the reaction is exothermic by -0.15 eV. 

Activation barrier is high due to the strong adsorption behaviour (adsorption 

energy -4.86 eV) of *CHOH at the bridge position. 

C-H vs. O-H bond activation: 

It is clear from the calculated reaction energy and activation barrier values that 

C-H decomposition of *OCH2 or *OHCH is not favoured when it binds 

through O-atom, due to the lower adsorption energy of the *OCH or *OHC 
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intermediates. But the O-H bond activation step (Step 6.8a) is exothermic 

which could be due to the similarity in the adsorption behaviour of *OHCH 

(Figure 6.3b) and *OCH (Figure 6.4b) intermediates. The orientation of Trans 

*OHCH is similar with *OCH, resulting easy dehydrogenation from O-atom. 

Therefore its quite unlikely, the formation of *OHCH from *OHCH2 

intermediate due to high activation barrier 1.45 eV (step 6.3a), so the 

successive dehydrogenation steps from there on. 

 In case of *CHOH when adsorbed at the edge site, there are possibilities of 

formation of either *COH or *CHO through C-H or O-H bond activation 

respectively. Generally, the *COH formation is not favourable due to strong 

adsorption behaviour of *CHOH intermediate. However, this process is quite 

favourable at the bridge site with activation barrier of 0.11 eV, due to the very 

strong adsorption (-5.67 eV) behaviour of *COH at the three-fold hollow 

position. At the edge site, formation of *CHO becomes favourable either via 

O-H bond activation from *CHOH (step 6.8) or via C-H bond activation from 

*CH2O (step 6.7). The C-H bond activation from *CH2O intermediate 

calculated to exothermic (-1.31 eV) with low (0.05 eV, step 6.7) activation 

barrier. 

At the bridge position, *CH3OH→ *CH2OH→*CHOH is the most favourable 

pathway up to second dehydrogenation step. The calculated activation barrier 

of third dehydrogenation step shows that the reaction proceeds via *CH3OH→ 

*CH2OH→ *CHOH→ *COH pathway. At the edge position, reaction proceed 

through *CH3OH→*CH2OH followed by *CH3O→ *CH2O→ *CHO.  

6.3.4. Fourth Dehydrogenation Step 

In this step, dehydrogenation pathways for the formation of carbon monoxide 

from the formyl and hydroxymethyl intermediates are discussed. 

6.3.4.1 Adsorption Type and Energetics: 

Carbon monoxide (*CO) and Hydrogen: The adsorption of carbon 

monoxide has been widely studied experimentally as well theoretically over 

Pt(111) surfaces. We find, it adsorbs at the top site of the edge position with 

adsorption energy of -2.21 and 0.04 eV while adsorbed as *CO (Figure 6.5a) 
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and *OC (Figure 6.5b) structure respectively. The Pt-C and Pt-O bond 

distances in these structures are 1.94 Å and 2.51 Å respectively. In the bridge 

position, it binds through C-atom at the hollow site with adsorption energy of -

2.29 eV where the Pt-C bond distance is of 2.11Å (Figure 6.5c).  

On the other hand, hydrogen adsorbs at the bridge, hollow and top side of 

Pt(111) facet with adsorption energy of -4.50 eV, -4.33 eV and -4.40 eV 

respectively.  

 

Figure 6.5: Adsorbed carbon-monoxide at edge via (a) C-atom and (b) O-

atom; (c) three-fold hollow 

6.3.4.2. Reaction Energy and Activation Barriers 

Carbon monoxide (*CO) can be formed from formyl (*CHO) intermediate via 

C-H bond activation or from hydroxymethylidyne (*OCH) via O-H bond 

activation. The possible elementary steps are given as following (steps 6.9-10 

and 6.9a-10a). 

*CHO→ *CO + *H       (Step 6.9)         

*OCH→ *OC + *H       (Step 6.9a) 

*COH→ *CO + *H        (Step 6.10)       

*OHC→ *OC + *H        (Step 6.10a) 
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Table 6.4: Reaction energy (eV) and activation barrier (eV) for the following 

elementary steps (Step 6.9-10 and Step 6.9a-10a) while adsorbed vertically 

through C- and O-atom and parallely at the bridge site. 

 

Elementary 

Reactions 

Edge  

1
C-bonded 

2
O-bonded 

1
Bridge 

React-

ion 

Energy 

Activat-

ion 

Barrier 

React-

ion 

Energy 

Activat-

ion 

Barrier 

React-

ion 

Energy 

Activat-

ion 

Barrier 
1
CHO→ CO + H 

2
OCH→ OC + H 

-1.00 0.18 -1.50 - -1.14 0.34 

1
COH→ CO + H 

2
OHC→ OC + H 

-2.17 0.02 -3.39 - 
-0.64 

 
0.52 

 

C-H bond activation 

Edge vs. bridge site: 

The formation of *CO from formyl is exothermic, irrespective of their binding 

through C- or O-atom. At the edge position, the C-H bond activation of *CHO 

calculated to be exothermic by -1.00 eV (step 6.9) and the barrier is 0.18 eV 

whereas reaction is exothermic by -1.50 eV when it binds through O-atom 

(step 6.9a). We could not locate the TS for the step 6.9a. In the bridge 

position, step 6.9 is calculated to be exothermic by -1.14 eV with the 

activation barrier of 0.34 eV. 

O-H bond activation 

Edge vs. bridge site: 

The formation of *CO from COH (step 6.10 and step 6.10a) via O-H bond 

activation becomes highly exothermic. Step 6.10 is exothermic by -2.17 eV 

with the activation energy of 0.02 eV whereas step 6.10a is exothermic by -

3.39 eV. We could not locate the TS for the step 6.10a. In the bridge position, 

step 6.10 is exothermic by -0.64 eV with the activation energy of 0.52 eV. The 

formation of *CO at the edge position is more favourable than at the bridge 

position due to the little longer O-H bond distance in *COH at the edge 

position (0.99Å) than at the bridge position (0.98Å).  
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C-H vs. O-H bond activation: 

Our calculated reaction energies and activation barrier study show that at the 

edge position, the decomposition pathway is more favourable (Scheme 6.1a) 

as *CH3OH→*CH2OH→ *CHOH→*CHO→*CO and the reaction steps such 

as CH3OH→*CH3O, *CH2OH →*CH2O and CHOH→*COH are least 

favourable.  

Similarly, at the bridge position the methanol decomposition is most 

favourable (Scheme 6.1c) as *CH3OH→ *CH2OH→ *CHOH→*COH→*CO 

and the reaction steps such as CH3OH→ *CH3O, *CH2OH →*CH2O and 

CHOH→ *CHO are last favourable. Therefore in case of edge and bridge 

position, the difference in the most favoured pathway is in the first and last 

two steps.  The methanol decomposition pathway is not favourable (Scheme 

6.1b) if the intermediates are adsorbed through oxygen centre (*OHCH3). 

6.3.5 Temperature vs. Rate Constant 

To check the effect of temperature on the methanol decomposition reaction, 

we have calculated the rate constants of the elementary reactions using the 

following equation  

1 #0

exp

n

b m
Gk T P

k
h RT RT


  

   
          (6.2) 

where, k and T is the rate constant and reaction temperature and kb, h, p
0
, R, n 

and ΔG is the Boltzmann’s constant, Planck’s constant, standard atmospheric 

pressure and fundamental gas constant, number of reactants and zero-point 

energy corrected activation barriers respectively. 

The methanol decomposition temperature ranges from 323K to 523K, hence 

the rate constants are calculated at T= 323, 423 and 523K and listed in Table 

6.5-9. It is clear from the calculated rate constant values that the first two steps 

of the methanol decomposition reactions proceeds (Table 6.5-6) very fast 

when the intermediates are adsorbed parallely in a di-sigma manner. 

Interestingly, these two steps are reported to be the rate determining steps for 

the methanol decomposition [17, 20, 22] and we find if the intermediates are 

adsorbed in a di-sigma manner then the kinetics of the rate determining steps 
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can be improved significantly. Skoplyak et al. and Peremans et al. reported 

experimentally that C=O group of methanol interacts paralley to the surface 

[48] and –CH3 group is also inclined to the surface [49]. Taking into account 

these experimental observations and our calculated DFT results, we believe 

methanol molecule and the other dissociated intermediates adsorb in a di-

sigma manner which in turns lowers the activation barrier thus increases the 

catalytic efficiency.  

On the other hand, reaction proceeds quite favourable (Table 6.7-8) at the edge 

position too and the reaction kinetics are excellent for the last two 

dehydrogenation steps of the methanol. Our rate constant study could not find 

any specific step which is slow, so that can be called as a rate determining step 

which might be due to excellent catalytic activity of the nanocluster. The 

methanol decomposition is quite slow while proceeds through O-centre (Table 

6.9).   

Table 6.5: Rate of the elementary reactions (s
-1

) at different temperatures of 

the most favourable pathway at the bridge position when adsorbs as di-sigma 

manner.  

Elementary Reactions 323K 423K 523K 

CH3OH→CH2OH-H 4.12×10
11

 1.73×10
12

 4.60×10
12

 

CH2OH→CHOH-H 2.05×10
13

 3.42×10
13

 5.
13

×10
13

 

CHOH→COH-H 2.73×10
12

 7.32×10
12

 1.47×10
13

 

COH→CO-H 3.61×10
06

 2.36×10
08

 3.42×10
09

 

 

Table 6.6: Rate of the elementary reactions (s
-1

) at different temperatures of 

the less favourable pathway at the bridge position when adsorbs as di-sigma 

manner.  

Elementary Reactions 323K 423K 523K 

CH3OH→CH3O-H 1.59×10
06

 1.27×10
08

 2.07×10
09

 

CH3O→CH2O-H 5.70×10
12

 1.31×10
13

 2.40×10
13

 

CH2O→CHO-H 6.37×10
10

 4.18×10
11

 1.46×10
12

 

CHO→CO-H 2.65×10
08

 6.29×10
09

 4.87×10
10
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Table 6.7: Rate of the elementary reactions (s
-1

) at different temperatures of 

the most favourable pathway at the edge position when binds through C-atom.  

Elementary Reactions 323K 423K 523K 

CH3OH→CH2OH-H 1.69×10
10

 1.50×10
11

 6.36×10
11

 

CH2OH→CHOH-H 4.99×10
09

 5.86×10
10

 2.94×10
11

 

CHOH→CHO-H 4.06×10
13

 5.76×10
13

 7.82×10
13

 

CHO→CO-H 8.25×10
11

 2.94×10
12

 7.05×10
12

 

 

Table 6.8: Rate of the elementary reactions (s
-1

) at different temperatures of 

the less favourable pathway at the edge position when binds through C-atom.  

Elementary Reactions 323K 423K 523K 

CH3OH→CH3O-H 4.26×10
07

 1.55×10
09

 1.57×10
10

 

CH3O→CH2O-H 1.13×10
12

 3.72×10
12

 8.52×10
12

 

CH2O→CHO-H 1.55×10
13

 2.76×10
13

 4.33×10
13

 

CHO→CO-H 8.25×10
11

 2.94×10
12

 7.05×10
12

 

 

Table 6.9: Rate of the elementary reactions (s
-1

) at different temperatures at 

the edge position when binds through O-atom.  

Elementary Reactions 323K 423K 523K 

OHCH3→H-OCH3 1.16×10
07

 5.73×10
08

 6.98×10
09

 

OHCH3→OHCH2-H 1.00×10
-05

 3.53×10
-01

 2.48×10
02

 

OCH3→OCH2-H 7.21×10
13

 8.88×10
13

 1.11×10
14

 

OHCH2→OCH2-H 2.63×10
13

 4.10×10
13

 5.92×10
13

 

OHCH2→OHCH-H 4.42×10
-08

 5.82×10
-03

 9.27×10
00

 

OCH2→OCH-H 4.77×10
-26

 1.09×10
-16

 7.18×10
-11

 

OHCH→OCH-H 1.30×10
14

 1.35×10
14

 1.51×10
14

 

OHCH→OHC-H 1.69×10
01

 1.97×10
04

 1.69×10
06
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6.4. Conclusion 

DFT calculations have been performed to understand the methanol 

decomposition pathways on the cuboctahedral platinum nanocluster (Pt79) 

enclosed by low index facets. Our relative energetic study shows the 

intermediates adsorbed parallely in a di-sigma manner are the most stable for 

most of the structures.  The calculated reaction energy, activation barriers and 

temperature dependent reaction constant study shows that methanol 

decomposition pathway is most favourable at the bridge site while adsorb in a 

di-sigma manner. Interestingly, the calculated rate constant values show that 

the first two steps of the methanol decomposition reactions proceeds very 

fastly when the intermediates are adsorbed parallely in a di-sigma manner. 

Interestingly, these two steps are reported to be the rate determining steps for 

the methanol decomposition process and we find the kinetics of the rate 

determining step can be improved significantly if the intermediates are 

adsorbed in a di-sigma manner. Our calculated results are compared with 

previous experimental and theoretical studies and we find our calculated 

barriers are the lowest when the decomposition is proceeding through a di-

sigma manner which is certainly interesting for the methanol dehydrogenation 

mechanism. To our surprise, methanol experimentally characterized to be 

adsorbed in a di-sigma manner though no previous theoretical studies consider 

methanol decomposition mechanism proceeds through a di-sigma manner. 

Therefore, we believe methanol decomposition might be proceeding through a 

di-sigma manner. 
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7.1.  Scope for future work 

The present doctoral thesis describes about the atomic scale designing of NC-

based electrodes for low-temperature fuel cells. Further understanding on the 

site and size-specific reactivity of the NCs is required in order to design more 

efficient and selective catalyst for ORR. The ORR activity can be further 

explored using high-index NCs as catalyst. The remarkable ORR efficiency of 

platinum nanosheet can be further investigated on bimetallic nanosheet. 

Furthermore, a significant scope is there to improve the overpotential of ORR 

on NC-based catalyst. In addition, further investigation is required to check 

the possibility of di-sigma adsorption of MOR reaction intermediates on 

periodic step surface model.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


