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Abstract 

The electrocatalytic reduction of CO2 to CO has been shown to proceed with high Faradaic efficiencies 
over cheap post-transition metal surfaces when carried out in ionic liquids. First-principle density 
functional theoretical calculations were used herein to examine the mechanism for the electrochemical 
reduction of CO2 to CO over model Bi surfaces in 1-ethyl-3-methylimidazolium tetrafluoroborate 
(EMIM[BF4]) ionic liquid - acetonitrile solvent systems. Density functional calculations at 
experimentally relevant electrochemical potentials reveal that ioninc liquid separates to form a double 
layer at Bi electrode surface.  The imidazolium cations bind to the metal and act to stabilize the 
formation of the charged M-COO- intermediate in the rate-controlling step. The imidazolium cations 
subsequently act as proton sources, which are able to preferentially protonate and reduce CO2(-) to form 
CO and water which subsequently desorb from the metal surface. The stabilization of the highest energy 
intermediate and regioselective protonation of CO2 help explain the low over-potentials and high 
Faradiac efficiencies experimentally exhibited by post-transition metal surfaces in the presence of 
imidazolium based ionic liquids. 
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Introduction

Fixation of carbon dioxide to useable forms of carbon 
dioxide remains of fundamental importance for both the 
fields of energy storage and pollutant sequestration.  
Recent experimental work has demonstrated very high 
Faradiac current efficiencies and low overpotentials for the 
electrocatalytic reduction of CO2 to CO over group 11 
metals including Au (Kenis and Masel, Science) and Ag 
(Rosen et. al. 2011) and earth abundant post transition 
metals such as bismuth (Dimeglio and Rosethal, 2013; 
Medina-Ramos et. al., 2014)  in imidazolium based ionic 
liquids.   Despite the important advances, little is known 
about the mechanism by which the reaction proceeds or 
the nature of interactions between the ionic liquid, organic 
solvents, the CO2 and the metal surface We have used  first 
principle density functional theory carried out at a 
constant potential to understand the influence of the metal, 

ionic liquid and solvent and applied potential on the 
binding of CO2 and its reduced intermediates and establish 
a viable mechanism for the electrocatalytic reduction of 
CO2 to CO.  

Results 

The electrocatalytic activity of CO2 reduction on post-
transition metal surfaces was examined for 
thermodynamically stable Bi(111) surface in 
experimentally relevant mixtures of 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIM[BF4]) and 
CO2 in acetonitrile.   The catalytic behavior of these 
surfaces was examined using density functional theory 
with particular attention placed on the chemical structure 
and activity of adsorbates at experimentally relevant 



  
 
potentials.  These low external potentials were modeled 
using the double-reference method of Taylor et. al. (2006), 
which allowed us to simulate the changes in the reaction 
energies and activation barriers with changes in the 
electrode potential.   

Potential dependent density functional theoretical 
calculations were used to follow the adsorption and 
electrocatalytic reduction of CO2 to to form CO and water 
as a function of potential and to ultimately construct the 
mechanism shown in Figure 1.  Our results indicate that 
under experimental conditions, the resting state of these 
systems exists with an ionic liquid double-layer near the 
catalytic surface with CO2 in the acetonitrile solvent of 
within the IL double layer.  As the potential is reduced 
down to -1.95 V SCE, the free CO2 molecule can begin to 
interact and bind to the metal surface via electron transfer 
from the metal surface to form a charged M-COO- species 
in what appears to be the rate-determining step.  The M-
COO- intermediate is stabilized by the positively charge 
imidazolium cations, resulting in low over-potentials for 
this catalytic system.  
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Figure 1.   Mechanism for the electrocatalytic 
reduction of CO2 by post-transition metal surfaces. 

The charged M-COO- species is subsequently readily 
protonated to form the hydrocarbonyl intermediate (M-
COOH) intermediate which readily undergoes a second 
proton coupled electron transfer step to preferentially 
release CO, H2O and deprotonated EMIM into solution.  
These species can then be replaced by fresh CO2 to 
complete the catalytic cycle. 

Conclusions 

This proposed mechanism is in agreement with 
experimental findings and lends insight into the role of 
imidazolium based ionic liquids in CO2 reduction.  The 
metal, ionic liquid, solvent and applied potential play key 
roles in stabilizing the formation of the CO2(-) 
intermediate that forms at the low potentials at which the 

reaction proceeds. The unique properties and interactions 
between the post-metal electrode surface and the ionic 
liquid and solvent may help explain the low over-
potentials and high selectivity demonstrated by the 
experimental system and provides targets for the design of 
new catalytic surface interfaces. 
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