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Abstract 

Developing a highly efficient catalyst for oxygen reduction reaction (ORR) is key to the 

performance of a fuel cell for future energy applications.  ORR pathways are systematically 

studied on (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 pathway for ORR. The catalytic activity of the nanocage is investigated in greater detail 

toward their product selectivity (H2O vs. H2O2). The previous theoretical and experimental 

reports on bulk Pt(111) show that direct O-O bond dissociation and OH formation is very 

much unlikely due to the high-energy barrier. However, we find that the direct O-O bond 

dissociation and OH formation is thermodynamically and kinetically favourable when 

catalysed by an octahedral Pt-nanocage. Our 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.  

Keywords: Heterogeneous Catalysis, Nanocage, Oxygen Reduction Reaction, Fuel Cell  
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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 

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 alloy14-15 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 increase the efficiency of ORR activity. Norskov 

and co-workers19-21 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 fullerene22 gave a new direction in the area of hollow materials. Later on, 

many fullerene like structures such as B-fullerene,23 BN-fullerenes24-25 and inorganic 
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fullerenes26 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 the electro catalytic activity significantly. Recently, Pd-Rh nanoboxes27 

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, octahedral30 and icosahedral nanocages31 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 
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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 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.  

 

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 

1a) structure consists of 66 platinum atoms. Pt-nanocages with icosahedral31 and octahedral30 

geometries have been synthesized lately. Moreover, Pt(111) facet is the majorly exposed 

facet observed in the XRD pattern of experimentally synthesized Pt nanoclusters.46-48Previous 
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experimental and theoretical reports show that Pt(111) surface shows better ORR activity 

than Pt(100) or any other Pt-surfaces12,44,49-52. 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).   

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 0.7-0.8V. Therefore, inspired by these findings, we have designed an octahedral 

nanocage enclosed by (111) facets to improve the ORR activity. 

 

Figure 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.  
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 6 

 

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 Projector augmented wave (PAW) method is 

employed to treat interactions between ion cores and valance electrons.53 Plane wave with a 

kinetic energy cut off of 470 eV is used to expand the electronic wave functions. A 25 × 25 × 

25 Å3 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 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-type58 of semiempirical 

method to include the dispersion energy corrections for van der Walls interactions. Phonon 
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 7 

frequency of the nanocage is calculated using density functional perturbation theory.59 The 

climbing nudged elastic band (CI-NEB) method60 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   

where h is the Planck constant and υi is the frequency of the ith vibrational mode. The 

adsorption energies (Ead) for all possible adsorbates are calculated using the following 

equation:  

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

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 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. 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 
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 8 

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.   

3.1. 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. 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, 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 nose thermostat 
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 9 

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 2a). 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 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 Supporting 

Information. We did not find any structural reconstruction (see Supporting Information) 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 (see Fig. S4a, Supporting 

Information) at 2600 fs. Similarly the diameter of the nanocage increases to 14.97 Å (see Fig. 

S4b, Supporting Information) 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 (see Fig. S4c, 

Supporting Information). In 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 (see Fig. 

S5e, Supporting Information). However, the structure 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. 

Thereby, we predict that the nanocage can withstand temperatures as high as 600 K. These 
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results demonstrate that the single layered nanocage is separated by high-energy barriers from 

other local minima structures. 

 

 

Figure 2:  Molecular dynamics simulation analysis at different temperatures as a function of 
time step: (a) total energy and (b) RMSD.  
 

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. Generally, nanocages are synthesized on a support material32 and in that case, they 

might show exceptional stability on a support material.  
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3.2 ORR Mechanism 

3.2.1 Adsorption 

Three different catalytic sites (Figure 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 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 1) with previous reported 

values on bulk Pt(111) surface to estimate the accuracy of our calculations.  

 

Table 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. 63,64Values are taken from the previous report on 

Pt(111) surfaces.  

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 -0.6264 and -0.69 eV63 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 Å67 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 eV69 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 
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adsorption energy of -0.67 eV. Thereby, we find that our results are in very much agreement 

with previously reported (theoretical and experimental) values.  

*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 eV71 and -4.46 eV72 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 -2.2164 and -2.45 eV71 at the top position. Our calculated adsorption energy value 

on bulk Pt(111) is 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 
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previous theoretical adsorption energies of -0.2064 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 -0.3763 and -0.27 eV64 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. 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. 

 

3.2.2 ORR 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 
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formation), we propose two possible pathways: i) direct and ii) indirect (Scheme 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 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 1) is not kinetically favoured over O2 hydrogenation (Step 

2) on bulk Pt, Pd, Ag surfaces.77-78  Thus, there are two competing pathways for *O2 while 
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adsorb on the catalyst surface. Either the adsorbed O2 will dissociate into atomic oxygen *O 

or hydrogenated to *OOH.  

*O2 → *O + *O     ∆G = -1.95, ∆G‡  = 0.02 eV   (1) 

*O2 + *H → *OOH     ∆G = -0.50, ∆G‡  = 0.05 eV   (2) 

As discussed, *O2 can be adsorbed (see Supporting Information) via two conformers: (i) 

suproxo and (ii) titled.66 The calculated O2 dissociation (Step 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 eV64 and 0.44 eV77 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 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 2) reported to be 

0.2563, 0.3664 and 0.30 eV77 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 show63-65,77 that this is one of the rate determining steps of ORR.  

Page 17 of 35 Journal of Materials Chemistry A

Jo
ur
na
lo
fM

at
er
ia
ls
C
he
m
is
tr
y
A
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

is
he

d 
on

 0
9 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

am
br

id
ge

 o
n 

12
/0

6/
20

16
 0

9:
27

:5
3.

 

View Article Online

DOI: 10.1039/C6TA03245A



 18 

*O + *H → *OH         ∆G = -0.17, ∆G‡  = 0.58 eV   (3) 

*OOH → *O + *OH    ∆G = -1.96, ∆G‡  = 0.00 eV   (4) 

The direct O-O bond dissociation followed by hydrogenation leads to the formation of *OH 

(Step 3). The direct formation of *OH (Step 3) on the nanocage surface is exergonic (-0.17 

eV) with an activation barrier of 0.58 eV. Previous studies reported activation barriers of 

0.7477 and 0.86 eV64 on bulk Pt(111) and 0.72 eV on Pd(111).78 

Furthermore, *OH formation is possible via indirect pathways (Step 4) too; such as via 

peroxyl formation followed by O-O bond dissociation (Step 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 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 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 charges79 are calculated using Henkelman programme80-82 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 
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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. 

 

*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   (5) 

*H2O2 → *OH + *OH  ∆G = -1.26, ∆G‡  = 0.58 eV   (6) 

Thus, *OOH can undergo further hydrogenation for the formation of *H2O2 (Step 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 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 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   (7) 
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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 0.0963 and 0.14 eV77 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 spite of the high activation barrier for *H2O formation (Step 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 toward ORR. This 

includes excellent catalytic activity toward 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 
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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 

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 

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: The compressive surface strain on (a) bulk Pt (111) and (b) nanocage.  

 

The calculated (Figure 3) strain energies (compressive strain) for nanocage and bulk Pt(111) 

are 16.12(-6.23 %) and 0.32 eV(-0.002 %) respectively.  
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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  

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 4 shows that the Pt 

3d orbitals of the nanocage are more stabilized while interacting with the O 2p orbitals of 

O/OH (Figure 4a-b). In contrary, the extent of stabilization (Figure 4a-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 4c) on the nanocage surface.  

Page 22 of 35Journal of Materials Chemistry A

Jo
ur
na
lo
fM

at
er
ia
ls
C
he
m
is
tr
y
A
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

is
he

d 
on

 0
9 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

am
br

id
ge

 o
n 

12
/0

6/
20

16
 0

9:
27

:5
3.

 

View Article Online

DOI: 10.1039/C6TA03245A



 23 

 

Figure 4: 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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3.2.3 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 

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 5: Free energy diagrams for ORR mechanism at different potentials 
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Figure 5 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 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. 

3.2.4 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 (k i) rate 

constants for all the elementary steps are calculated using the following equation: 

k i = (𝑘𝐵𝑇ℎ )(𝑞𝐹𝑞𝐼 )𝑒−∆G‡/𝑘𝐵𝑇
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where kB is the Boltzmann constant, T is the temperature, h is the Plank constant. Here q I 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 11 − 𝑒−ℎ𝑣𝑖/𝑘𝐵𝑇 

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. 

The details of the microkinetic model are given in the Supporting Information.  

Table 2: Rate constants (s-1) of the elementary reactions at different temperatures and here k i 

stands for the forward step of i-th step. 

Elementary 

reactions 

300 K 350 K 400 K 450 K 500 K 

*O2→*O+*O (k1) 2.71× 1012 3.56× 1012 4.45× 1012 5.37× 1012 6.31× 1012 
*O2+*H→*OOH (k2) 1.11× 1012 1.68× 1012 2.34× 1012 3.06× 1012 3.84× 1012 

*O+*H→*OH (k3) 9.35× 1002 2.62× 1004 3.25× 1005 2.34× 1006 1.14× 1007 
*OOH→*O+*OH (k4) 3.64× 1013 3.37× 1013 3.24× 1013 3.19× 1013 3.19× 1013 

*H+*OOH→*H2O2 (k5) 5.38× 10-06 2.43× 10-03 2.41× 10-01 8.77× 1000 1.57× 1002 
*H2O2→*OH + *OH (k6) 1.08× 1003 3.15× 1004 4.04× 1005 2.30× 1006 1.18× 1007 

*H+*OH→*H2O (k7) 2.29× 1007 1.62× 1008 7.15× 1008 2.30× 1009 5.93× 1009 
 

As the oxygen reduction temperature in the low-temperature fuel cell ranges from 300 K to 

500 K,85-86 the rate constants (Table 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 
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constants (k4/k5) for *OOH 
𝑘4→ *O + *OH and *OOH + *H 

𝑘5→ *H2O2 is 6.76 × 1018, 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.  

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 × 1044 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.  

 

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 
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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 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.  

 

Supporting Information 

 
Adsorption site of the most stable adsorbates, details of microkinetic analysis, snapshots of 

the nanocage after the simulation at different temperature, snapshots of the nanocage during 

the simulation at different temperatures and values of phonon frequencies have been given in 

Supporting Information. 
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Marković, Science 2007, 315, 493. 

(13) V. Stamenkovic, B. S. Mun, K. J. J. Mayrhofer, P. N. Ross, N. M. Markovic, J. 

Rossmeisl, J. Greeley and J. K. Nørskov, Angew. Chem. 2006, 118, 2963. 

(14) W. J. Tang, L. Zhang and G. Henkelman, J. Phys. Chem. Lett. 2011, 2, 1328. 

(15) A. Holewinski, J. Idrobo and S. Linic, Nat. Chem.2014, 6, 828. 

Page 29 of 35 Journal of Materials Chemistry A

Jo
ur
na
lo
fM

at
er
ia
ls
C
he
m
is
tr
y
A
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

is
he

d 
on

 0
9 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

am
br

id
ge

 o
n 

12
/0

6/
20

16
 0

9:
27

:5
3.

 

View Article Online

DOI: 10.1039/C6TA03245A



 30 

(16) J. X. Wang, H. Inada, L. Wu, Y. Zhu, Y. Choi, P. Liu, W. P. Zhou and R. R. Adzic, J. 

Am. Chem. Soc. 2009, 131, 17298. 
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