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Hybrid Combination of Quantum Mechanics with Quantum-based Polarizable 
Reactive Force Field for Large Scale Full Solvent Simulations of Electrocatalysis

Yalu Chen, Soonho Kwon, Hai Xiao, and William A. Goddard III

To develop new generations of electrocatalysts required for energy and environmental sustainability, we need the accuracy of full solvent QM (free energy barriers to 
0.05 eV, onset potentials to 0.05 V) but for practical sized nanoparticles and catalysts (1000’s to millions of atoms). We report here a solution to this problem. We start 
with the RexPoN reactive force field that provides higher accuracy than DFT and combine it with QM to accurately include long-range interactions and polarization 
effects to enable reactive simulations with QM accuracy in the presence of solvent including 1000’s to millions of waters. Here we apply this RexPoN embedded QM 
(ReQM) to reactive simulations of electrocatalysis demonstrating that ReQM accurately replaces DFT water for computing the Raman frequencies of reaction 
intermediates during CO2 reduction to ethylene, with comparisons to operando electrocatalysis experiments and to full solvent QM calculations. 
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Development of a polarizable 
reactive force field (RexPoN) for 
CO reduction on Cu surface. 
Development of RexPON

embedded QM (ReQM) package 
Computing the Raman 

frequencies of reaction 
intermediates during CO2RR.
Combination of ReQM and 

machine learning for 
nanoparticles of catalyst 

The first detailed reaction 
mechanisms for CO reduction on 
Cu surface have been predicted 
from QM (Cheng et al.). We now 
want to extend such calculations 
from the QM scale of ~300 atoms 
and ~5 ps to more realistic models 
of the electrochemical cell with 
~10x10 nm2 electrodes and 100 
nm of solvent between the 
electrodes for time scales of 
milliseconds. We report a hybrid 
computation framework (ReQM) 
that efficiently includes accurate 
long-range interactions and 
polarization effects at the 
electrode-electrolyte interface to 
predict complex reactions in the 
presence of a realistic description 
of solvent while retaining the 
accuracy of full solvent QM. In 
addition, we combine ReQM with 
machine learning techniques and 
use it to identify active sites of 
disordered Au surfaces including 
Au nanoparticles and dealloyed Au 
surfaces. This enables in silico 
design toward dramatically 
improved electrocatalysts and 
many other applications. 
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• Lowest-energy pathways for the electro-reduction of CO to methane on 
Cu(100) at pH0 (CH4, in black) and methanol (CH3OH, in red)1. 

Quantum Mechanics (QM)

RexPoN: QM-based Polarizable Reactive Force Field 
• RexPoN provides the most accurate predictions of water properties 

(better than DFT) compare to any other QM-based or empirical models2. 

Moving from Surfaces to Nanoparticles with AI

Results
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• RexPoN can correctly explain the structure in the first coordination shell.

• Liquid Water is a Dynamic Branched Polymer
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• Identifying reaction intermediates during CO2RR

• Identifying Active Sites of disordered Au surfaces: Au nanoparticles 
and dealloyed Au surfaces using combination of ReQM and Artificial 
Intelligence (AI)

RexPoN Embedded QM (ReQM)

• a-Value Mapping and Catalytic Activity Visualization.
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