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Abstract 

A series of core-shell alloy structures have been investigated for their catalytic performance towards the 

oxygen reduction reaction using periodic, self-consistent density functional theory calculations. All the 

alloys studied include at least one monolayer of Pt as a skin that is deposited on a substrate material. A 

Sabatier analysis of catalytic activity leads to a volcano relation between the catalysts’ activity and the 

binding energy of O. Several promising catalyst formulations are identified which are predicted to have 

improved activity, energy efficiency and lower costs than pure Pt. Some of these formulations have been 

experimentally tested, verifying the theoretical predictions. This work demonstrates a general systematic 

approach for the design of improved catalysts. 
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Catalysts provide alternative lower-energy pathways 

for converting chemical species, when compared to non-

catalytic processes. Unfortunately, finding an active, 

selective, stable, and cheap catalyst for a specific process 

is not trivial because the reactivity of a catalyst is based on 

a number of factors, including elemental composition, 

atomic-scale architecture, particle size, reaction conditions, 

etc. Therefore, catalysts have historically been chosen 

based on trial-and-error screening, which is both time-

consuming and costly (Banaresalcantara et al. 1987; 

Neurock, 2010).  

Advances in theoretical methods (i.e. density 

functional theory (DFT)) have allowed researchers to 

obtain quantitative, fundamental insight (i.e. reaction 

energies and activation energy barriers) into the surface-

mediated elementary transformations that occur on a 

catalyst’s surface. From systematic analysis of these 

elementary transformations, for a specific reaction of 

interest, across a range of different surfaces (elemental 

composition, surface architecture), one can identify 

reactivity descriptors that allow for rapid, computational 

screening of catalysts (Bligaard et al., 2004). Importantly, 

based on fundamental studies on the factors which 

modulate surface reactivity, ligand and strain effects, the 

library of materials for computational screening can be 

judiciously selected.  

The oxygen reduction reaction (O2 + 4(H+ + e-)  

2H2O) is the essential electrochemical reaction occurring 

on cathodes of low-temperature, polymer electrolyte 

membrane (PEM) fuel cells. The reaction kinetics are 



  
 

slow, requiring a suitable electrocatalyst in order to 

achieve sufficient reaction rate with minimal loss of energy 

(Nørskov et al., 2004). Pt is the best monometallic catalyst, 

though its high cost is prohibitive towards 

commercialization of fuel cells. Therefore, lower cost 

alternative catalysts must be identified (Xin et al., 2012; 

Zhang et al., 2005). To address this challenge, we employ 

DFT calculations to elucidate the reaction mechanism and 

screen for alloy catalysts with improved performance. This 

work has led to the design of a series of “onion-structured” 

alloy catalysts for oxygen reduction. Experimental 

validation of these theoretical predictions demonstrates the 

utility of this catalyst design approach. 

Conclusions 

The reaction energetics for oxygen reduction were 

calculated on a series of Pt-terminated skin alloys. The 

choice of these materials was based on fundamental 

understanding of surface reactivity, leveraging the strain 

imposed by lattice mismatch between the overlayer Pt and 

the underlying substrate to weaken the binding energy of 

oxygen with respect to pure Pt. Based on these reaction 

energetics, linear energy correlations were derived based 

on the binding energy of oxygen as a reactivity descriptor 

(Bligaard et al., 2004). Using a Sabatier analysis (Nørskov 

et al., 2004), a volcano curve was derived for oxygen 

reduction and the activity of these alloys were predicted 

(see Figure 1).  

 

Figure 1.   Correlation between the maximum 
ORR activities of all model catalysts studied at 

0.80 V and the binding energy of O. 
Theoretical volcano shown in purple, Pt(111) 

activity shown with red horizontal line. 

The efficacy of these predictions was demonstrated 

through inorganic synthesis and experimental testing of 

some of these predicted materials, including PtRu and PtPd 

and PtNi alloys.  
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