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Abstract:  

The designing of an efficient and selective catalyst for hydrogen peroxide (H2O2) formation is 

highly sought due to its importance in industries. Unlike conventional Pd-Au alloy based 

catalyst, the catalytic activity of three cuboctahedral core-shell nanocluster (Au19@Pt60, 

Co19@Pt60 and Au10Co9@Pt60) has been investigated toward H2O2 formation and compared that 

with the pure Pt cuboctahedral NC (Pt79). Much attention has been devoted to thermodynamic 

and kinetic parameters to find out the feasibility of 2e- over 4e- oxygen reduction reaction (ORR) 

to improve the product selectivity (H2O vs. H2O2). Elementary steps correspond to H2O2 

formation are significantly improved over Au10Co9@Pt60 nanocluster (NC) than that on the pure, 

core-shell NCs, periodic surface based catalysts. Furthermore, Au10Co9@Pt60 NC favours H2O2 

formation via the much desired Langmuir-Hinshelwood mechanism. The potential dependent 

study shows that the H2O2 formation is thermodynamically favourable up to 0.43 V on 

Au10Co9@Pt60 NC and thus significantly lowers the overpotential for 2e- ORR process. Besides, 

the Au10Co9@Pt60 NC is very much selective towards H2O2 formation over H2O formation.  

Keywords: Direct hydrogen peroxide formation, Core-shell nanocluster, Reaction Mechanism, 

Selectivity, Density functional calculations 
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1. Introduction: 

Hydrogen peroxide (H2O2) is an environment friendly oxidant that is extensively used in many 

industrial applications such as in pulp and paper industry, water treatment, chemical synthesis 

and so on.1-2 H2O2 is currently produced at commercial scale by the indirect process, where 

anthraquinone is hydrogenated to anthrahydroquinone in the presence of a Pd-catalyst. Then 

anthrahydroquinone undergoes to an autoxidation to regenerate anthraquinone and H2O2 as a by-

product.3 However, this is an expensive recycling process, which produces concentrated H2O2. 

Thus the challenge is to develop an efficient and selective catalyst for H2O2 production. In this 

context, the oxygen reduction process is a promising approach for the direct synthesis of H2O2.
4-9 

However, the oxygen reduction reaction (ORR) is a multi-step process. It can either proceed 

through a two-step two-electron reduction for H2O2 formation or via a four-step four-electron 

reduction for H2O formation. Pd-Au bimetallic catalysts have been reported as most effective 

catalysts for the direct synthesis of H2O2. The Au component induces “ensemble effect” 

(particular arrangement of active constituents) and/or “electronic effect” (change in electronic 

environment of Pd metal), which improve the activity of the Pd based catalyst.11 Extensive 

studies have been carried out both in experimentally and theoretically on the Pd-Au based 

catalyst for H2O2 synthesis11-17. However, there are major problems toward product selectivity 

over the Pd-based catalysts.18 The synthesis process undergoes through low product (H2O2) 

selectivity due to the competition between 2e- (H2O2 formation) vs. 4e- (H2O formation) 

reduction reaction. Besides, the Pd-based catalyst binds H2O2 strongly, which in turn favours 

H2O2 decomposition to H2O and O2 via a disproportionation reaction or via a hydrogenation 

reaction to H2O.4,19-21 Further, the dissociative adsorption of a hydrogen molecule is sluggish on 

Pd-based catalysts.22 In fact, previous experimental studies reported the poor performance of a 
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Pd/C catalyst towards hydrogen oxidation reaction (HOR) while compared to Pt/C or Pd-Pt/C 

based catalysts.23-24 So, a slow reaction occurs between the adsorbed hydrogen atoms and oxygen 

molecules on a Pd-based catalyst to proceed through the typical Langmuir-Hinshelwood 

mechanism for H2O2 formation.14,25 Thus, the performance of a catalyst for H2O2 production 

depends on three important steps: (i) H2 oxidation (HOR) (ii) O2 hydrogenation, and (iii) H2O2 

formation. Interestingly, Pt is one of the best catalysts for HOR and O2 hydrogenation.26-27 

Therefore, there is a high possibility that the ORR reaction may proceed through the typical 

Langmuir-Hinshelwood mechanism when catalyzed by a Pt-based catalyst. However, Pt based 

catalysts are not preferred over Pd based catalysts for H2O2 synthesis. This is due to the fast 

kinetics for OH and H2O formation on the Pt based catalysts than that on the Pd based 

catalysts.28 Besides, the indirect O-O bond dissociation is favourable over Pt catalysts.26-27,29-30 

Therefore, Pt is not a selective catalyst for H2O2 formation.31 However, Pt-based catalysts can be 

selective for H2O2 formation if the OOH hydrogenation (H2O2 formation) is preferred over the 

OOH dissociation. 

Nørskov and co-workers reported that the binding energy of *O and *OH on the metal surface 

should neither be strong nor weak, so that the reaction species can be desorbed easily from the 

catalyst surface as well as can stabilize the intermediate.32 Similarly, OOH is an important 

intermediate for H2O2 formation. Therefore, it should bind on the catalyst surface in an optimal 

range so that it can facilitate the OOH formation as well as the OOH hydrogenation. The Pt-

based catalyst with a mixed alloy core (with strong and weak binding) could be an excellent 

option for the optimal binding of OOH. Now, a surface that binds O-atom in optimal range can 

also be expected to bind OOH linearly, as both the adsorbates binds the surface via the O-atom.33 
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Therefore, we have chosen Co and Au as a mixed-alloy core from the two opposite sides of the 

volcano curve of O-binding energy to get the optimal binding of OOH.32,33  

Apart from the composition of a catalyst, the morphology of a bi-metallic catalyst is also very 

important for their catalytic activity. Bi-metallic catalysts have been often designed as skeleton-

surface,34
 skin-surface,35

 mixed alloy36 and core-shell structures.37 Among them, core-shell based 

catalysts are very promising due to the easy tunability of inside core and their facile synthetic 

route.38 For this, three cuboctahedral core-shell NCs (M19@Pt60; M= Co, Au and Au+Co) are 

modelled to study the full reaction mechanism for H2O2 formation. Moreover, core shell NCs are 

modelled to understand the role of core metal for improving the selectivity and efficiency for 

H2O2 formation. For comparisons, our results are compared with the available data on the 

conventional bulk Pd(111), Au(111), Pd-Au(111) and Pt(111) surfaces. Besides, kinetic analysis 

is performed to gain more insights into the rate of reaction and product selectivity (H2O2
 vs. 

H2O). A potential dependent reaction free energy diagram has been established to understand the 

thermodynamic feasibility of such elementary reactions as such electrochemical reaction happens 

under an applied potential. Moreover, a detailed investigation based on the structural change and 

electronic properties is performed to gain more insights into the role of core-composition 

towards catalytic activity. Therefore, in this work, we have attempted to provide a significant 

insight into the designing of an efficient core-shell based Pt catalyst for H2O2 over H2O 

formation. 

2. Model and Computational Details: 

 

The core-shell nanoparticles have been often theoretically modelled using the slab model. 

However, the effect of low-coordinated sites (twin boundaries, edge and vertex atoms) of 

nanoparticle can’t be mimicked using slab model. These highly unsaturated sites possess higher 
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d-band energies, which influences the overall activity of the nanoparticles. Basically, the slab 

model resembles a larger nanoparticle.30 Therefore, cluster model study with well-defined facets 

can only provide the real scenario about the experimental situation. The Pt3M (M = Co, Fe, Ni, 

Ti) based surfaces are well known for excellent oxygen reduction activity.39-40 However, here we 

have designed three types of core-shell NCs (~1.5 nm) maintaining the same ratio (3:1) of Pt and 

M (M= Au, Co, and Au+Co). Therefore, we have modelled the M19@Pt60 NC in the shape of a 

cuboctahedral geometry, where the core and shell structures contain 19 and 60 atoms, 

respectively. The M19@Pt60 NC (Figure 1a) is modelled with eight (111) and six (001) facets. In 

reality, (111), (002) and/or (200) planes are mainly observed in the XRD patterns of 

experimentally synthesized Pt NC.41 As the (200)/(002) has the same pattern as in (100)/(001), 

we have considered cuboctahedral NC enclosed by (111) and (001) facet to model similar to 

experimentally synthesized NC. Furthermore, several groups have previously reported the 

superior catalytic activity of the cuboctahedral NC over octahedral, cubic, icosahedral NC. Wu et 

al.42 investigated a series of Pt3Ni NCs with 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. In another experimental study, it has 

been reported that the hexagonal Pt nanoparticle with (100) and (111) exposed facets displays the 

highest ORR activity compared to the sphere (no preferential facets), tetrahedral/octahedral (with 

(111) facets) and cubic (with (100) facets) NCs.43 In addition, many experimental reports 

concluded that cuboctahedral NC shows higher ORR activity compared to other geometries.44 In 

fact, we have theoretically demonstrated that a cuboctahedral NC with (111) and (100) facets is 

more active than that of a similar size octahedral (111) NC.45 Therefore, based on these findings, 

we have chosen cuboctahedral motif as our modelled catalyst. 
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A (3 × 3) supercell of periodic AuCo@Pt(111) surface is modelled [Figure S1a] to minimize the 

lateral interactions between the repeating images. As the NCs contain three atomic layers, 

therefore we have modelled a three-layer slab for a vis-à-vis comparison between cluster and 

slab model. In the slab model, the top layer is of completely Pt atoms, whereas the bottom two 

layers are made of Au-Co alloy maintaining the ratio of 1:1 between Au and Co atoms. For 

Au19@Pt60, Co19@Pt60 NCs, the 19 atoms core composed of Co and Au atoms, respectively. 

Such Au@Pt46 and Co@Pt47 core-shell NCs have been experimentally synthesized. However for 

Au10Co9@Pt60, we have modelled a mixed core of Au and Co atoms with ~1:1 atomic ratio to 

maintain the maximum symmetry of the core structure (Figure 1d and Figure S1b). All the atoms 

are fully relaxed by setting the convergence criteria for total energy and forces at 10-4 eV and 

<0.02 eV/Å, respectively. The optimized Au10Co9@Pt60 NC has a near D2h symmetry and is a 

local minimum energy structure. 

In order to investigate the thermodynamic stability of the core-shell NCs, we have calculated 

segregation energy for Au19@Pt60, Co19@Pt60 and Au10Co9@Pt60 NCs. Segregation energy (Eseg) 

has been calculated using the following equation: 

Eseg = Eseg-NC - ENC 

where Eseg-NC is the total energy of the NC after exchanging the core-atom with a shell Pt-atom 

and ENC is the total energy of the core-shell NC. 

 Therefore, positive segregation energy represents that Pt atom prefers to stay in the shell layer, 

whereas negative segregation energy represents that Pt atom prefers to stay in the core. The 

optimized geometries of the segregated structures have been shown in Figure S2.  Our results 

show that the core Au atoms prefer to exchange (-0.18 eV) with the Pt shell atoms in Au19@Pt60 

NC. In contrast, Co atom prefers to stay in the core with segregation energy of 1.86 eV. Previous 
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study48 on the 55-atom NC also reported about the shell preference of Au atoms and core 

preferences of Co atoms though experimentally Au@Pt NCs have been synthesized.46-47 

Interestingly, the negative segregation energy of Au atom (-0.18 eV as pure core) becomes 

negligible (-0.03 eV) in case of the mixed core (Au+Co), whereas the positive segregation 

energy of Co atom (1.86 eV as pure core) reduces to 0.91 eV in case of the mixed core (Au+Co). 

This might be due to the strong bonding between Au and Co atoms. The ORR mechanism has 

been studied on the Pt(111) facet of the NCs. It has been previously reported (theoretically as 

well as experimentally) that the Pt(111) is the mostly exposed and active facet for ORR.45, 49-52  

 

Figure 1: Cuboctahedral (a) pure Pt and (b-d) core-shell (M19@Pt60) NCs enclosed with eight 

(111) and six (001) facets. Here light purple, yellow and blue colour balls represent cobalt, gold 

(M) and platinum metal atoms, respectively.  
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The first-principles calculations are performed using a projector 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 We have included Grimme’s D3-type58
 of 

semiempirical method to include the dispersion energy corrections for van der Walls 

interactions. The climbing nudged elastic band (CI-NEB) method59
 is used to locate the 

transition state. The detailed computational part has been provided in Supporting Information 

(Text S1). 

3. Results and Discussion: 

3.1 Adsorption 

There are four possible catalytic sites (Figure 1a) on the (111) facet of NC: (i) top, (ii) bridge, 

(iii) face centered cubic (fcc) and (iv) hexagonal close packed (hcp). Table 1 presents most stable 

site and its respective binding energy for all the intermediates. For comparisons, we have 

tabulated adsorption energies of all the intermediate species on the (111) facet of the pure Pt 

NC45 (Pt79). Figure S3 shows the adsorption type of all the intermediates. Interestingly, the 

preferred binding sites are same for all the adsorbates except for OH. OH preferably binds at the 

top site of the (111) facet of Pt79, Co19@Pt60 and Au10Co9@Pt60 NCs, whereas it is most stable at 

the bridge site on the (111) facet of Au19@Pt60 NC. Hydrogen molecule is not stable on the 

Au19@Pt60 and Au10Co9@Pt60 NCs, rather it dissociates into atomic hydrogen upon adsorption. 

Our spin polarized study shows that the adsorbed *O2 (tilted) has a total magnetic moment of 

0.82, 0.74 and 0.81 μB while adsorbed on the Pt(111) facet of Au19@Pt60, Co19@Pt60 and 

Au10Co9@Pt60 NCs, respectively.  On the other hand, the adsorbed *O is a nonmagnetic one 
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while adsorbed on the NCs surface. This is very much consistent with the previous reports on 

*O2 and *O adsorbed on the periodic Pt(111) surfaces.60  

Table 1: Preferred binding sites, binding energies (eV) of the most stable ORR intermediate 

species on the Pt(111) facet of the NCs and periodic Pt(111) surface. Here t, b and f denote top, 

bridge and fcc sites, respectively. Respective Values on the Pt79 NC and periodic Pt(111) have 

been taken from reference number 45 and 10, respectively.  

Adsorbed 

Species 

Co19@Pt60 Au19@Pt60 Au10Co9@Pt60 Pt79  Periodic Pt 

(111) 

*O2  -0.01 (t) -0.45 (t) -0.22 (t) -0.60 (t) -0.67 

*O -4.42 (f) -5.51 (f) -5.40 (f) -5.19 (f) -4.42 
*OH -1.99 (t) -3.35 (b) -2.12 (t) -2.49 (t) -2.37 

*OOH -0.95 (b) -1.26 (b) -1.12 (b) -1.40 (b) -1.15 
*H2O2 -0.21 (b) -0.26 (b) -0.28 (b) -0.34 (b) -0.30 
*H2O -0.08 (t) -0.14 (t) -0.22 (t) -0.23 (t) -0.26 

*H -2.47 (f) -2.98 (f) -2.81 (f) -2.80 (f) -2.77 
*H2 -0.05 (t) - - -0.34 (t) - 

 

Furthermore to take into account the adsorption behaviour at the low-coordinated site, we have 

calculated the adsorption energies of all the possible reaction species at the edge site of the 

Au10Co9@Pt60 NC and the values have been provided at the Supporting Information (Table S1). 

It is very interesting to note that all the species except *O bind strongly on the edge position 

compared to the (111) facet, which is due to the high unsaturation of edge atoms. Besides, the 

strong adsorption energy of the end products (*H2O and *H2O2) at the edge site poisons the 

catalyst surface. More importantly, the H2 molecule doesn’t undergo dissociative adsorption on 

the edge sites as in the case of (111) facet, thus rendering the possibility of undergoing the 

reaction through the typical Langmuir-Hinshelwood mechanism. 
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In addition, to check the effect of compositional change towards reactivity, we have modelled a 

NC with 9 Au and 10 Co atoms (Au9Co10@Pt60) as core atoms. The adsorption energy of all the 

reaction intermediates have been studied on the Au9Co10@Pt60 NC’s surface and the values have 

been provided in the Supporting Information (Table S2). Our results show that only *O adsorb 

weakly on the Au9Co10@Pt60 NC’s facet, whereas the effect is negligible on the other reaction 

intermediates and products (*O2, *OH, *OOH, *H2O and *H2O2). Therefore, different 

composition of 1:1 ratio does not change the adsorption energy. 

 

3.2 ORR Mechanism 

O2 hydrogenation vs. dissociation: 

There are two competing pathways (Scheme 1) for the adsorbed *O2 for the ORR. Either the 

adsorbed O2 will dissociate into atomic oxygen (*O) or it will be hydrogenated to *OOH. For 

H2O2 formation, O2 hydrogenation is important over O2 dissociation. Previous studies on the bulk 

metal surfaces10,61, NCs45 and nanocage10 show that *O2 molecule orients itself from the 

superoxo to tilted conformer before its activation. Therefore, we have calculated activation 

barriers for *O2 dissociation (step 1) and *O2 hydrogenation (step 2) while *O2 adsorbed in the 

tilted pattern. The direct *O2 bond dissociation is an exergonic process irrespective of the 

catalyst. However, the calculated barriers are low over the Co19@Pt60 (0.07 eV) and 

Au10Co9@Pt60 (0.06 eV) NCs, whereas it is high (0.76 eV) on the Au19@Pt60 NC.  

Page 10 of 32Nanoscale

N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

is
he

d 
on

 1
6 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
R

oc
he

st
er

 o
n 

16
/0

6/
20

17
 1

4:
18

:3
2.

 

View Article Online

DOI: 10.1039/C7NR03002A



11 

 

 

Scheme 1: Reaction free energies (eV) and activation barriers (eV, in parenthesis) are presented 

for all the possible elementary steps for H2O2 and H2O formation over the NCs surface. Here, Pt, 

Au, Co and AuCo in the superscripts represent the Pt79, Au19@Pt60, Co19@Pt60 and 

Au10Co9@Pt60 NCs, respectively.  

 

On the other hand, O2 hydrogenation (step 2) shows a little different pattern on the NCs. The 

calculated activation barriers for O2 hydrogenation are very low on the pure Pt79 (0.04 eV) and 

Au19@Pt60 (barrierless) NCs, whereas the barrier is little high (0.12 eV) on the Au10Co9@Pt NC. 

O2 hydrogenation has an activation barrier of 1.27 eV when catalysed by Co19@Pt60 NC. This is 

interesting that Au core based NC favours O2 hydrogenation, whereas Co core NC does not 

favour hydrogenation. Previous studies on the periodic Pd(111) and Pd(111) with Au-Pd mixed 

sub-surface alloy also reported that the presence of Au metal lowers the activation barrier for O2 
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hydrogenation, whereas increases the O2 dissociation barrier.14  However, Co-based platinum 

catalysts show enhanced ORR activity due to favourable *O2 dissociation over *OOH 

formation.62 It is interesting to find out that the O-O dissociation barriers are very close on 

Co19@Pt60 and Au10Co9@Pt60 NCs, whereas O2 hydrogenation barriers are very close on 

Au19@Pt60 and Au10Co9@Pt60 NCs. Therefore, the dissociation process is much influenced due 

to the presence of core Co atoms, whereas hydrogenation process is affected due to the presence 

of core Au atoms. It has been reported that strong interaction between Pt and O2 molecule lowers 

the O2-dissociation barrier.63 But this is contradictory to our results (Scheme 1; Table S3), as 

Au19@Pt60 NC binds O2 molecule strongly. However, Au core NC favours *O2 hydrogenation 

over dissociation. Though the adsorption energy is far from the optimal adsorption values as 

proposed by Nørskov and co-workers32 and it is very less compared to that on the periodic 

Pt(111) however, it will be interesting to find out the underlying reason behind the favourable 

O2-dissociation on Co19@Pt60 NC despite its weak interaction with oxygen molecule. For this, 

we have carefully investigated Bader atomic charges, vibrational frequencies, and structural 

parameters of *O2 adsorbed NCs. Our calculated average Bader atomic charges on Pt(111) facet 

atoms are -0.12 |e|, -0.04 |e|, and -0.01 |e| on Co19@Pt60, Au10Co9@Pt60 and Au19Pt60 NCs, 

respectively. It shows that the surface Pt atoms are more electronegative in the case of 

Co19@Pt60.  This could be due to the fact that platinum is more electronegative than cobalt, 

whereas Au has a similar electronegativity as in Pt.64 On the other hand, the negative charges on 

adsorbed O-atom of *O2 are -0.172 |e,| -0.148 |e| and -0.150 |e| on Co19@Pt60, Au19Pt60 and 

Au10Co9@Pt60 NCs, respectively. Therefore a considerable amount of charge is transferred to π*-

orbital of *O2, which subsequently facilitates the O-O bond dissociation. This can be further 

confirmed from *O-O bond distances. The *O-O bond distances are 1.28, 1.27 and 1.27 Å in 
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Co19Pt60, Au19Pt60 and Au10Co9@Pt60, respectively. Besides, the calculated *O-O vibrational 

(stretching) frequencies of *O2 are 1239, 1254 cm-1, 1285 cm-1 on Co19Pt60, Au19Pt60 and 

Au10Co9@Pt60 NCs, respectively. Our density of states analysis (Figure 2) shows that the Fermi 

level is highly populated while *O2 adsorbed on Co19@Pt60 than on Au10Co9@Pt60 and 

Au19@Pt60 respectively. Therefore, the population in antibonding states of oxygen, instead of its 

adsorption behaviour, controls the dissociation kinetics. This behaviour is very much different 

from the previous ORR studies on the alloy-based Pt(111) surface, where the Pt-O bonding 

nature has been attributed for O-O bond dissociation process. Therefore, we propose that 

electropositive core metals can induce more negative charge on surface Pt atoms, which in turn 

favour O2-dissociation. Similarly, electronegative core metals will induce positive charge on 

surface Pt atoms, which may slow down O2-dissociation process and can improve product 

(H2O2) selectivity. 

 

Figure 2: Projected density of states (PDOS) of *O2 adsorbed (a) Co19@Pt60, (b) Au10Co9@Pt60, 

and (c) Au19@Pt60, respectively. The inset pictures show the closer view in a smaller energy 

region. 
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Xu et al.65 has reported that Au content Pd-Au catalyst increases the selectivity towards H2O2 

formation. In fact, it has been experimentally demonstrated that Au nanocluster favours two-

electron reduction (H2O2 formation) over four-electron reduction (H2O formation).66 Therefore, 

it is expected that Au favours O2 hydrogenation over dissociation. Moreover, it has been 

experimentally reported that Au prevents the formation of Pt–OH species on Pt-Au alloy 

structure and thus allows Pt to act efficiently in the electrocatalytic process.67 Therefore, Au 

atoms inhibit the hydrogenation of O-atom (OH formation). Furthermore, it has been 

experimentally demonstrated that Co helps towards weakening the O-O bond of oxygen 

molecule, which subsequently helps the ORR to proceed through 4e- reduction.68 In another 

study on Co-Pt binary nanoparticles, it has been reported that Co atoms helps toward the 

cleavage of O-O bond in O2 molecule.62 Therefore, our findings agree well with the experimental 

findings. The previously reported activation barriers for O2-hydrogenation on the periodic 

Pd(111)  (0.8914, 0.80 eV15), Au(111)  (0.20 eV69) and Pd-Au(111)  (0.53 eV14) are very much 

higher than that on Au10Co9@Pt60 NC (0.12 eV). Therefore, Au10Co9@Pt60 NC could be a 

selective catalyst for H2O2 formation. 

H2 activation: 

The direct synthesis of H2O2 is believed to be processing via the Langmuir-Hinshelwood 

mechanism.14,25,65,70 Thus, two successive hydrogenation reactions are important.  Thus the 

reaction intermediate and hydrogen should be in close proximity.  Now, the ease of available 

atomic *H determines the feasibility of the hydrogenation reaction. In fact, previous 

experimental studies71-72 reported the indispensable role H2 dissociation over the catalyst surface 

for H2O2 synthesis. We find that hydrogen molecule adsorbs very weakly on the Co19@Pt60 NC, 

whereas it dissociates into atomic hydrogen on the Au19@Pt60 and Au10Co9@Pt60 NCs. Therefore 
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the hydrogenation of O2 molecule is easier on Au19@Pt60 and Au10Co9@Pt60 NCs compared to 

that on Co19@Pt60 NC. The ease of H2 dissociation is high due to the strong adsorption behaviour 

of *H on the Au19@Pt60 (-2.98 eV) NC. However, *H adsorption energy on Au10Co9@Pt60 (-2.81 

eV) is neither strong nor weak as on Co19@Pt60 (-2.47 eV). Thus Au10Co9@Pt60 NC binds *H in 

the ideal energy range and therefore, Au10Co9@Pt60 NC is found to be a very potential candidate 

for O2 hydrogenation as well as H2 activation.  

*OOH hydrogenation vs. dissociation: 

The adsorbed *OOH may further undergo hydrogenation or dissociation. This may lead toward 

formation of H2O2 (two-electron reduction) or H2O (four-electron reduction), respectively. 

Therefore, this is a very important step in terms of product selectivity. Our calculated activation 

barriers for *OOH hydrogenation (step 5) are 1.14, 0.95, 1.21 and 0.46 eV over the Pt79, 

Co19@Pt60, Au19@Pt60 and Au10Co9@Pt60 NCs surface, respectively. On the other hand, *OOH 

dissociation is a barrierless process on Pt79 NC, whereas the dissociation barriers are 0.11, 0.66 

and 0.61 eV on the Co19@Pt60, Au19@Pt60 and Au10Co9@Pt60 NCs, respectively. Thus, the 

inclusion of Au as a core metal suppresses the dissociation tendency of *OOH (*OOH → *O + 

*OH) and thus favours H2O2 formation. In a study on the Pd-Au alloy, Ham et al. also showed 

that the presence of Au atoms in the surroundings of Pd has a significant effect towards lowering 

the O2-hydrogenation barrier.16 Moreover, *OOH dissociation is more favored than *OOH 

hydrogenation (Scheme 1) on Pt79, Co19@Pt60 and Au19@Pt60 NCs, whereas *OOH 

hydrogenation is favoured over *OOH dissociation on Au10Co9@Pt60 NC. In fact, our calculated 

rate constant values (Table S4) on Au10Co9@Pt60 NC also suggest that ratio of OOH 

hydrogenation (k5) is ~103 times higher that OOH dissociation (k4). Therefore, a mixed Au+Co 
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alloy core favours two-electron reduction for the formation of H2O2 than the respective mono 

metallic cores.  

On Co19@Pt60 NC, the *OOH formation (1.27 eV) as well as *OOH hydrogenation (0.95 eV) are 

not favoured as both these steps require a high activation barrier. Therefore, H2O2 formation is 

very much unlikely on the (111) facet of Co19@Pt60 NC. Moreover, it is noteworthy that first 

hydrogenation step (OOH formation) is a barrierless process on the Au19@Pt60 NC, whereas the 

subsequent hydrogenation step (H2O2 formation) requires a high activation barrier (1.21 eV). 

Therefore, despite the barrierless OOH formation step, Au19@Pt60 NC can’t promote H2O2 

formation. In contrast, the mixed alloy core requires a low activation barrier for *OOH (0.12 eV) 

and H2O2 (0.46 eV) formation. Moreover, both the reactions are thermodynamically favourable.  

*H2O2 dissociation vs. desorption 

Apart from the possibility of H2O2 formation, its subsequent dissociation and desorption are 

important to understand the complete reduction process. In the dissociation process, *H2O2 

dissociates into *OH, which can further undergoes hydrogenation for the formation of H2O. 

Therefore, the desorption of H2O2 prior to its dissociation will improve product selectivity. The 

*H2O2 dissociation barriers (step 6) are low on the Pt79 (0.06 eV) and Co19@Pt60 (0.08 eV) NCs; 

showing a similar trend as with O2 and *OOH dissociation. Besides, our calculated rate constant 

values (Table S4) suggest that H2O2 dissociation is very much favourable on Co19@Pt60 NC 

compared to that on Au19@Pt60 and Au10Co9@Pt60 NCs. Interestingly, *H2O2 dissociation is not 

affected due to the presence of mixed core in Au10Co9@Pt60 NC than that on Au19@Pt60. It 

suggests that Au plays a significant role toward suppressing the dissociation process. A similar 

trend has been also found for OOH dissociation (step 4). Therefore, Pt79 and Co19@Pt60 NCs 
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can’t promote H2O2 production. Interestingly, H2O2 dissociation barriers are higher over 

Au19@Pt60 (0.21 eV) and Au10Co9@Pt60 (0.20 eV) NCs than that on pure Pt79 (0.06 eV) and 

Co19@Pt60 (0.08 eV) NCs. Although the dissociation barrier of H2O2 (0.20 eV) is lower than the 

H2O2 formation (0.46 eV) on Au10Co9@Pt60 NC, the activation barrier (0.46 eV) is sufficient 

enough to promote the desorption process of weakly bind H2O2 rather than favouring its 

dissociation.  

*OH formation: 

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

3). The *OH formation is a rate determining step for ORR. Besides, it can be an important factor 

to understand product selectivity as it may favour H2O formation over H2O2 reduction. The *OH 

formation (step 3) is an endergonic process over Au19@Pt60 (0.49 eV) and Au10Co9@Pt60 (0.30 

eV) NCs, whereas it is an exergonic process (-0.46 eV) over Co19@Pt60 NC surface. The 

activation barriers for *OH formation are 0.38, 1.02 and 0.50 eV over Co19@Pt60, Au19@Pt60 and 

Au10Co9@Pt60 NCs, respectively. Therefore, Au can be used as a core metal to reduce the 

possibility of OH formation. To understand this, we have calculated d-band center position of the 

(111) facet atoms of the NCs. The calculated d-band center energies are -2.50, -2.16, -2.70 and -

2.53 eV for Pt79, Au19@Pt60, Co19@Pt60 and Au10Co9@Pt60, respectively. In general, an upward 

shift in the d- band center with respect to the Fermi energy results in an upward shift in their 

anti-bonding states. This leads to less occupancy in the anti-bonding states, which in turn 

strengthens the bond strength. In this way, Nørskov and co-workers developed a linear 

relationship between electronic structure, adsorption energies and reaction free energies. 

Therefore, the strong binding of *O doesn’t lead to its easy desorption/migration for the 

formation of *OH. As a result, the OH formation step becomes less favourable over the core-
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shell NCs, where the core metal binds O-atom strongly. This phenomenon is in good agreement 

with the ‘ligand effect’ proposed by Nørskov and co-workers.73
 Previously, Henkelmann and co-

workers concluded that O-binding affinity and OH formation can be tuned by changing the core 

composition of the core-shell (M@Pd where M=Pd, Cu) nanoparticles.74 Previous study reported 

activation barriers of *OH formation are 0.78 and 0.93 eV on the periodic Pt(111) and 

Au@Pt(111) surface, respectively.75  It indicates that alloying with Au increases the activation 

barrier for *OH formation. Therefore, our core-shell NCs models report a similar trend as 

reported using slab models. 

On the other hand, Co atoms of Au10Co9@Pt60 have less influence on hydrogenation process 

(step 3) than that due to the presence Au. So, water formation is difficult on Au10Co9@Pt60 NC 

as OH formation is slow over Au10Co9@Pt60 NC. More importantly, the OH formation barrier on 

Au10Co9@Pt60 NC is 0.50 eV, which is higher than the highest barrier (0.46 eV) for 2e- reduction 

(H2O2 formation). Furthermore, H2O2 formation is an exergonic (-0.21 eV) reaction, whereas OH 

formation is an endergonic reaction (0.30 eV) over Au10Co9@Pt60 NC. This further suggests that 

Au10Co9@Pt60 NC is a selective catalyst for H2O2 formation.   

*H2O formation: 

*OH can undergo hydrogenation (step 7) towards the formation of *H2O. The calculated 

activation barriers for this step are 0.20, 0.39 and 0.12 eV on the Co19@Pt60, Au19@Pt60 and 

Au10Co9@Pt60 NCs, respectively. Our results show that the *H2O formation is more favourable 

on pure NC than that on core-shell NCs. Among core-shell NCs, Au10Co9@Pt60 requires lowest 

activation barrier (0.12 eV) for H2O formation. However, *OH formation (step 3/4/6) requires 
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high activation barrier on Au10Co9@Pt60 NC. Therefore, H2O formation will not be a favourable 

process on Au10Co9@Pt60 NC.  

It is very interesting to find out the trend in reaction free energy for *H2O formation (step 7). The 

elementary step is a highly exergonic when Co is used as a core metal and it is slight exergonic 

when Au is used. In case of mixed core, the reaction free energy value lies in between. The trend 

is very much in agreement as proposed by Nørskov et al.32, where the binding energy of *O and 

*OH has been used as a descriptor for catalyst activity. Interestingly, our NCs model show 

similar trend as found in the periodic alloy surface based models. 

Therefore, after careful investigation on all the possible elementary steps (Scheme 1), we find 

that *OOH hydrogenation step is the rate determining step on the Au10Co9@Pt60 NC with an 

activation barrier of 0.46 eV, which is far lower than the previously reported activation barriers 

on the periodic Pd(111), Au(111) and Pd-Au(111) surfaces. Hence, Au10Co9@Pt60 NC could be a 

potential candidate for direct H2O2 synthesis. Furthermore, it is noteworthy to mention that 

reaction free energy and activation doesn’t run in parallel way (Scheme 1) in four cases such as: 

*O2 dissociation (*O2 → *O + *O), *OOH dissociation (*OOH → *O + *OH), *H2O2 

dissociation (*H2O2 → *OH + *OH) on Au19@Pt60 NC and *H2O2 formation (*OOH + *H → 

*H2O2) on Au10Co9@Pt60 NC. It is very interesting to find the trend that all the O-O dissociation 

process dissociation process is not favoured on Au19@Pt60. This is due to the less charge transfer 

to π*-orbital of adsorbed oxygenated species, which renders the O-O bond dissociation on 

Au19@Pt60 NC. Another key point is that *H2O2 formation requires a high activation barrier 

though the reaction is exergonic and the underlying reason is as following. For OH formation 

(*O + *H → *OH), we find that the transition state has a product like structure, whereas for 

*H2O2 formation (*H + *OOH → *H2O2), TS has a reactant like structure. In the TS of *H2O2 
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formation, *H prefers to occupy at the bridge site of NC’s facet, which is not a stable site for *H 

adsorption. This is the reason for high-energy barrier for *H2O2 formation though the reaction is 

thermodynamically favourable. 

Moreover, we have studied the four important steps of H2O2 formation (*O2 dissociation, *OOH 

formation, *OOH dissociation and *H2O2 formation steps) at the low-coordinated edge site to 

compare the two-electron reduction activity with respect to (111) facet. The calculated activation 

barriers for these have been given in Table S5. Our results show that direct *O2 dissociation step 

(*O2 → *O + *O) is very much favourable on the (111) facet and edge sites of the NC. However, 

the *OOH formation (*O2 + *H → *OOH) requires a very high barrier (0.44 eV) at the edge site 

and therefore decreases the possibility of H2O2 formation. Moreover, unlike at the facet site, the 

OOH dissociation (*OOH → *O + *OH) is very much favourable at the edge sites. In fact, we 

could not locate the transition state and might be undergoing via a barrierless pathway. We have 

carefully examined the structural parameters of the intermediates to find out the underlying 

reason behind this. We find that the O-O bond distance in *OOH is very high (1.50 Å) while 

adsorbed at the edge site than while adsorbed on the (111) facet (1.44 Å). The longer O-O bond 

distance at the edge is due to the higher unsaturation at the edge site, where the two O-atoms of 

OOH bonds directly bonded to two Pt atoms. Therefore, the elongated O-O bond distance is the 

underlying reason for facile *OOH dissociation.  However, H2O2 formation (*OOH + *H → 

*H2O2) requires a low barrier (0.24 eV) at the edge site compared to that on the (111) facet (0.46 

eV). Lower barrier of *H2O2 formation can be understood from the strong binding energy of 

*H2O2 at the edge sites (-0.38 eV) compared to facet sites (-0.28 eV). Therefore, the reaction 

kinetics is very much dependent on the reaction sites. However, low coordinates sites of 

Au10Co9@Pt60 NC are not active for H2O2 formation. 
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In addition, we have calculated reaction free energies and activation barriers for two important 

H2O2 formation steps on the Au9Co9Pt1@Au1Pt59 (Au-segregated NC), as there is a possibility of 

inter-conversion from Au10Co9@Pt60 to Au9Co9Pt1@Au1Pt59 NC (Figure S4). Our results (Table 

S6) show that reaction free energies and activation barriers for H2O2 formation on the 

Au9Co9Pt1@Au1Pt59 NC is very much comparable with the Au10Co9@Pt60 and thus we can say 

that Au10Co9@Pt60 NC is an excellent candidate for direct H2O2 synthesis. 

3.3 Reaction mechanism on periodic surface: 

We have compared the adsorption energies (Table S7) of the intermediate species on the periodic 

AuCo@Pt(111) surface and on the Au10Co9@Pt60 NC. We have found that the preferred binding 

sites are the same for all of the adsorbates on both the surfaces (Table S7). It is interesting to find 

out that most of the intermediates are adsorbed weakly on the periodic AuCo@Pt(111) surface 

compared to that for a Au10Co9@Pt60 NC. Therefore, periodic AuCo@Pt(111) surface shows 

interesting behaviour compared to the nanocluster model (Au10Co9@Pt60 NC). 

We have calculated reaction free energies and activation barriers (Table 2) for four important 

steps of H2O2 formation (*O2 dissociation, *OOH formation, *OOH dissociation and *H2O2 

formation) on the periodic AuCo@Pt(111) surface also. Our calculated reaction free energies and 

activation barriers show that *O2 dissociation (*O2 → *O + *O) and *OOH formation (*O2 + *H 

→ *OOH) steps are very much comparable with that of cluster model. Interestingly, *OOH 

dissociation step (*OOH → *O + *OH) is very favourable (0.26 eV) on the periodic surface than 

that on the cluster model (0.61 eV). Moreover, the barrier for H2O2 is very high (0.90 eV) on the 

slab model than that on the cluster model (0.46 eV). This suggests that core-shell based 

Au10Co9@Pt60 NC is very much efficient and selective catalyst for H2O2 formation compared to 

slab model. 
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Table 2: Reaction free energies (in eV) and activation barriers (in eV, parenthesis) on periodic 

AuCo@Pt(111) surface and Au10Co9@Pt60 NC. 

Elementary steps Periodic AuCo@Pt(111) 

surface 

Au10Co9@Pt60 

*O2 → *O + *O -1.25 (0.11) -2.27 (0.06) 
*O2 + *H → *OOH -0.41 (0.15) -0.21 (0.12) 
*OOH → *O + *OH -1.01 (0.26) -1.79 (0.61) 

*OOH + *H → *H2O2 -0.45 (0.90) -0.21 (0.46) 
 

3.4 Effect of applied potential: 

Our calculated activation barriers and reaction free energies for 4e- and 2e- reduction pathways 

suggest that 2e- reduction is very much preferred over Au10Co9@Pt60 NC. However, the role of 

electrode potential is very much important as ORR happens under an applied potential. Thus, 

these catalysts are exposed to electrical potential during the course of the electrochemical 

reaction. Therefore, the effects of electrode potential on reaction free energy and reduction 

mechanisms have been investigated as proposed by Nørskov and co-workers.76 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 (SHE).  
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Figure 3: Free energy diagrams for ORR mechanism at different potentials. Here, blue and red 

lines represent the 2e- and 4e- reduction pathways, respectively. 

Figure 3 shows that all the elementary steps are downhill process at U = 0 V irrespective of NCs. 

However, proton transfer steps are thermodynamically not favourable as we increase the applied 

potential. Figure 3 shows that all 2e- reduction steps (*OOH and H2O2 formation) are exergonic 

under highest electrode potential of 0.06, 0.35 and 0.43 V on Co19@Pt60, Au19@Pt60 and 

Au10Co9@Pt60, respectively. Therefore, Au10Co9@Pt60 NC is a better catalyst than Co19@Pt60 

and Au19@Pt60 NC for H2O2 production. Therefore, the working potential (0.43 V) is very much 

close to the equilibrium potential (0.69 V) of 2e- reduction on Au10Co9@Pt60. So such 
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Au10Co9@Pt60NC substantially lowers the overpotential. Furthermore, *OH formation becomes 

endergonic at 0.43 V when catalyzed by Au10Co9@Pt60 NC, which indicates the absence of any 

competitive 4e- reduction pathway. Therefore, H2O formation is not favourable on the 

Au10Co9@Pt60 NC and thus very selective towards H2O2 formation. Furthermore, the free energy 

profile of Co19@Pt60 NC clearly shows that it does not favour H2O2 formation. The *OH 

formation step is a downhill process even at 1.23 V on Co19@Pt60, which suggests that they 

catalyst may favour H2O formation over H2O2 formation. Therefore, despite a high working 

potential (0.35 V) for H2O2 production, Co19@Pt60 NC suffers low selectivity towards H2O2 

formation. On the other hand, the O2 hydrogenation step becomes endergonic above 0.06 V on 

Au19Pt60 NC and thus it does not favour H2O2 formation. Therefore, our free energy diagrams 

support our conclusion drawn from activation barrier values that Au10Co9@Pt60 NC is very much 

efficient and selective towards H2O2 formation.  

4. Conclusion: 

First-principles calculations are performed to understand the role of core metal in core-shell NCs 

towards 2e- ORR over 4e- ORR. This is very important to understand the product selectivity 

(H2O vs. H2O2). The cuboctahedral Pt79, Au19@Pt60, Co19@Pt60 and Au10Co9@Pt60 NCs enclosed 

by well-defined facets have been chosen for our study. Reaction free energies and activation 

barriers are calculated for all the possible elementary steps of 4e- and 2e- reduction process on 

the (111) facet of the NCs. Our calculated activation barriers show that Au10Co9@Pt60 NC is very 

much efficient and selective towards H2O2 formation. Our comparisons with previous studies on 

periodic surface [Pd(111), Au(111)] and alloy-based Pd-Au(111)] based catalysts show that rate 

determining steps of H2O2 formation are significantly improved over the NCs than that on any 

other catalyst reported so far. The preference of O2 hydrogenation over O2 dissociation can be 
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explained based on the charge transfer than the adsorption behaviour of O2. This is very much 

different from the previous ORR studies on alloy-based Pt(111) surface, where the Pt-O bonding 

nature has been attributed for O-O bond dissociation mechanism. Moreover, Au10Co9@Pt60 NC 

is found to be a promising catalyst for H2O2 formation via the much desired Langmuir-

Hinshelwood mechanism due to the very feasible dissociative adsorption behaviour of H2 

molecule on the catalyst surface. Furthermore, the potential dependent free energy study suggests 

that the H2O2 formation is thermodynamically favourable up to 0.43 V on Au10Co9@Pt60 NC and 

thus significantly lowers the overpotential for 2e- ORR process.  In fact, the *OH formation step 

becomes non-spontaneous at 0.43 V potential, thus indicating the absence of any competitive 4e- 

reduction pathway. Therefore, the Au10Co9@Pt60 NC is very much selective towards H2O2 

formation over H2O formation.  

Supporting Information: 

The followings have been provided in the Supporting Information. Model of periodic 

AuCo@Pt(111) surface, optimized geometry and segregation energy of the NCs, computational 

details, adsorption behaviours of the intermediates on Au10Co9@Pt60 NC, adsorption energies of 

the reaction intermediates and reaction free energies on Au10Co9@Pt60 NC at edge and facet 

sites, rate constants values for the elementary reactions at 300 K on different NCs, adsorption 

behaviours and reaction energetics of the H2O2 synthesis and adsorption energies (in eV) of the 

reaction intermediates on periodic AuCo@Pt(111) surface and Au10Co9@Pt60 NC. 
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