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Abstract 

Descriptor based models for catalyst screening typically make a priori assumptions about the active site 

and assume a uniform catalyst surface. These assumptions breakdown for structure sensitive chemistries 

and complex surfaces such as bimetallics. We develop a structure optimization procedure which utilizes 

structural descriptors to find the most active surface structure for a given material. An example is 

demonstrated for the optimization of a NiPt surface for ammonia decomposition. A cluster expansion 

Hamiltonian is used to compute nitrogen binding energies at each binding site, which in turn can be 

used to estimate site-wise activity. Molecular dynamics simulations are used to assess the dynamics of 

these catalysts. It is found that an incomplete monolayer of Ni on Pt provides sites with strong nitrogen 

binding energies capable of enhancing performance.  

Keywords 

Catalyst design, Optimization, Active site 

Introduction

                                                           

* To whom all correspondence should be addressed 

Recent advancements in computational hardware and ab 

initio calculations have facilitated the increased role of 

first principles modeling in the rational design of catalysts. 

A common application is the use of volcano plots, which 

relate activity to an easily computable descriptor, such as 

the binding energy (Vojvodic et al., 2014). Although such 

models are useful, they rely on the assumption of a 

uniform catalyst surface with an active site assumed a 

priori. These assumptions breakdown for complex systems 

and importantly miss structures whose properties can be 

superior to ideal structures, e.g., of perfect crystal 

surfaces.    

A notable case entails bimetallic systems, where the 

geometric arrangements of dopants can tune site binding 

energies and electronic properties to make previously inert 

sites extremely active. Examples are demonstrated by 

Huang et al. (2015) and Lu et al. (2015). The work of 

Hansgen et al. (2010) predicted that Ni on Pt would be 

active for NH3 decomposition and demonstrated the 

emergent behavior of bimetallics whereby the surface or 

subsurface Ni on a Pt core is superior to either of the two 

parent metals. Wei and Vlachos (2015) later found that an 

incomplete monolayer of Ni surface on Pt was even 

superior to easily desorb product N2 by creating edge sites 

that enable N2 to easy desorb from. 

In order to take into account this structural 

dependence, we seek to optimize catalyst structure to tune 

individual site properties such that the activity of the 

catalyst is maximized. We introduce the first-of-its kind 

optimization framework that can predict rather than 

assume the active site. NH3 decomposition on NiPt is used 

as a case study because of its structure sensitivity and the 

accumulated knowledge on first principles information, 

microkinetics, and volcano curves.    



  
 

Methods  

We introduce a microscopic structural optimization 

framework that relates catalyst microstructure to catalyst 

performance. A genetic algorithm is used to search the 

high dimensional space of possible structures for the most 

active one, as determined by an appropriate objective 

function.  The predicted catalyst structures may consist of 

Pt or Ni atoms or an empty site. 

The objective function predicts the activity of 

arbitrary structures. It employs the Hamiltonian cluster 

expansion developed by Wei and Vlachos (2013) to 

compute the binding energy of nitrogen at each site on the 

surface. Subsequently, it employs these binding energies 

to predict site-wise activities, which are then averaged 

over the surface. We will discuss Bayesian statistics and 

information theory on how to develop efficiently and 

accurately such Hamiltonians from first principles. 

Molecular dynamics simulations with embedded atom 

potentials are used to assess the dynamics of the predicted 

structures. 

 

Figure 1.   Histogram of site N binding energies for 
the predicted optimal structure. The volcano curve is 
superimposed with ideal structures marked in circles 
for reference: Ni(111), Pt(111), Pt-Ni-Pt (from left to 
right: Pt on top, Ni in the second layer, and Pt core), 
and Ni-Pt-Pt (Ni on top, Pt in the second layer and 

core). Right axis: Turnover frequency corresponding 
to the volcano curve in red. Left axis: frequency 

(green bars) of these sites in the optimal structure. 

Results and Conclusions 

The optimization routine produced an optimal 

structure, out of thousands, with a highly ordered 

incomplete monolayer of Ni on Pt. A bimodal distribution 

of binding energies resulted, as shown in Figure 1. The 

strongly binding sites are the actives ones. The structures 

of the two site types are shown in Figure 2. N binds 

strongly on top of Ni on Pt, but vacancies in the Ni layer 

cause this binding to be even stronger, as shown in Figure 

2a. This is a rather counterintuitive example because in 

previous work, it has been tacitly assumed that the Ni 

termination on Pt provides the strongest sites for nitrogen 

adsorption. Density functional theory (DFT) we performed 

confirmed that these microstructures are indeed ideal. 

With this microstructure, the performance is increased 

over that of the ideal crystal, as shown in the volcano 

curve (Figure 1, red curve). 

In conclusion, we introduced a framework for 

prediction of active sites. We showed that the local 

microstructure is a versatile design parameter which can 

finely tune the properties of individual active sites and 

maximize their abundance per unit area.  

 

Figure 2.   Picture of (a) strong binding sites and (b) 
weak binding sites. Red: N, blue Pt, and yellow Ni. 
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