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A tutorial on the modeling of the heterogenous captured CO, electroreduction reaction and
first principles electrochemical modeling

Robert Michael Kowalski, Dongfang Cheng, and Philippe Sautet*

Five Learning Objectives

1. Motivation behind captured CO, reduction reaction(c-CO,RR) as compared to CO,
reduction reaction(CO,RR)

2. Reaction mechanism of the electroreduction of the captured CO,

3. Accounting for the potential and pH in the modelling of c-CO,RR and other
electrochemical reactions

4. Modeling techniques typically used in modeling the c-CO,RR and electrochemical
reactions as a whole

5. Techniques used to modeling the reactivity of the c-CO,RR, CO,RR, and HER

Abstract

As the energy demands of the world continues to grow, the electroreduction of captured
CO; (c-CO;RR) is an appealing alternative to the traditional CO, reduction reaction (CO,RR) as
it does not include the energetically unfavorable release of CO, from the capture agent. In this
tutorial we cover the motivation behind the c-CO,RR and CO,RR, their respective mechanisms,
and computational tools that have been used to model these reactions and to compare their
reactivities. Emphasis is given to methods that have already been used to model the c-CO,RR but
a comparison to the methods used to explore the more understood CO,RR are covered as well.

1. Motivation behind captured CO, reduction reaction(c-CO,RR) as compared to CO,
reduction reaction (CO,RR)

1.1 Motivation for Converting CO,

Over the past 100 years the concentration of atmospheric CO, has drastically increased.!
This has caused various issues such as rising average surface temperatures and changes in ocean
pH, both of which wreak havoc on the natural ecosystem.?3

This large increase in CO, concentration mainly comes from our society’s dependence on
burning fossil fuels for energy. CO, is the majority byproduct of the consumption of fossil fuels,
and in 2017 it was estimated that more than 30 Gtonnes of CO; enter the atmosphere annually.*
More recently, in 2023 the yearly CO, emission we about 35 Gtonnes per year and the atmospheric
concentration of CO, was 420 ppm.> Therefore, significant work has been conducted on exploring
mitigation methods. A leading approach is carbon capture and utilization (CCU).® In this method,
the carbon is converted into higher values products such as fuels, chemicals, and concrete, leading
to a more sustainable cycle.”!! This tutorial begins with an explanation on the CO, reduction
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reaction and challenges it presents. We present an alternative, the captured CO, reduction reaction
(c-CO,RR). We then explore the various reaction pathways that have been studied for the CO,RR
and the ¢c-CO,RR. We include a brief overview of various solvation methods and of calculations
including the effect of potential. We finish this tutorial by explaining some of the current methods
to measure the activity of the c-CO,RR as well as challenges that have been identified. We hope
this tutorial will give the reader insight into how to run calculations on the CO,RR and c-CO,RR
and what are the current gaps in the literature. We also hope that this tutorial will provide
information on solvation methods and calculations under the influence of potential that can be used
for calculations beyond CO, conversion.

1.2 CO; Reduction Reaction (CO,RR) background

One of the proposed solutions under CCU is the CO, reduction reaction (CO,RR). This
process can be done electrochemically or thermochemically, but this review will focus on the
electrochemical reduction of CO, and captured CO,.'>"'® In the CO,RR, the CO, is directly
reduced into a variety of products depending on the catalyst used. For example, literature has
shown that metals such as Ag and Au have a high selectivity for CO,!7-!® while metals such as Sn
and In show high selectivity for formic acid.!*?? Of the metals, Cu is the only know catalyst to be
able to directly reduce CO, into methane and multi-carbon products, like ethylene and ethanol.?!

1.2.1 Implementation

However, implementing the CO,RR industrially is challenging. To produce reasonable
currents, it is first necessary to capture and concentrate the CO,.2? Traditionally, amines have been
used as CO, sorbents, with the most common amine being monoethanol amine (MEA).? Figure 1
plots the thermodynamic profile for the capture of CO, using MEA.
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Figure 1: Reaction pathway of the capture of CO, by monoethanol amine (MEA). The + refers to
a positively charge molecule and the — referes to a negatively charge molecule. The functional was
B3LYP using an implict water solvent using Gaussian 09. Adapted from: 24

It is to be observed that two MEA are required to capture one CO,. A first MEA moleucle
interacts with a CO, molecule to form a zwitterion in an thermodynamically neutral process.
However, this zwitterion quickly reacts with another MEA to form a ammonium carbamate. This
process is exergonic and the overall change in free energy is -0.52 eV.?

Therefore, as a capture agent, MEA performs well. However, in the context of reducing
the CO; this is only half of the battle. After the carbamate has been formed it is then concentrated.
Then energy is used to release the CO, from the carbamate complex, reforming the MEA and
leaving concentraed free CO,. However, this process is highly energy intensive.

It is to be noted that the adsorption of CO, is known to be pressure dependent. Previous
work by Arstad et al. showed that by increaseing the partial pressure of CO, from 1 atm to 25 atm,
the adsorption of CO, onto amine functionalized metal organic frameworks (MOFs) could be
improved from 14 wt% to 60 wt%.2> Another study by Afkhamipour et al. explored the equiibrium
constants for CO, adsoprtion using amines in adsorption towers.?® They found that the flux of CO,
is dependent on the difference in CO, partial pressure between the bulk and the interface.
Additionally, they found that the equilibrium constant for CO, adsorption is dependent on the
system pressure.2°

Therefore, it has been propsed to reduce the captured CO, (c-CO,RR) instead of having to
first capture and release the CO,. Since CO, is stabilisized in the complex with the capture agent,
the electroreduction of captured CO, (c-CO,RR) is more difficult than the electroreduuction of
free CO,. Therefore, challenges present in the CO,RR will be bigger challenges in the c-CO,RR
as well as other challenges that occur from introducing the negavtively charged captured CO, near
the cathode. Therefore, a key question is to determine what sorbent should be used to provide the
best chance for c-CO,RR.

Although not explicititly about the c-CO,RR, Appel et al. proposed that weaker bond
require lower overpotential to break.?” Zhang et al. explored three types of CO, sorbents: amines,
alkoxides, and phenoxides. In their work they used the term pKco, which was based on the CO,
binding free energy from an anionic capture agent to form the anioic captured CO,. Figure 2
displays the typical range of CO, binding free energies that they determined as well as a cartoon
of the reaction they considered.?®
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Figure 2: The typical range of CO, binding energies to the deprotonated capture agent (in an
anionic form). Various amines, alcohols, and phenols were screened. The picture at the bottom
shows a cartoon of the reaction considered when methanol is the capture agent. Calculations were

conducted in Gaussian 16, using the B3LYP-D3 functional and an implicit solvent. Adapted from:
28

From Figure 2 it becomes clear that for pure CO, capture, amines are the best of the three
proposed families of capture agents, as they bind CO, the strongest. Likewise, phenoxides are the
worst as pure capture agents, as they provide the weakest binding. However, this also means that
breaking the bond between the CO, and the amine will be the most endergonic, while breaking the
bond between the CO, and the phenoxide will be the least endergonic. Given that the goal of the
capture agent is to concentrate the CO, so that the CO,RR can have reasonable currents, using
amines will incur the largest energy penalty, of the three capture agent families, when the CO, is
released from the capture agent.

However, as stated it is proposed to bypass this decomposition by directly reducing the
capture agent. Using Appel ef al.’s conclusion it can be predicted that the overpotentials required
for the direct reduction of alkoxide captured CO, should be smaller than that for amine captured
CO,, and the overpotentials for the direct reduction of phenoxide captured CO, should be even
smaller.

To our knowledge most of the literature has focused on the direct reduction of amine
captured CO, and of bicarbonate (H,O captured CO,).?*-33 These are common starting points as
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amines are the most common industrial capture agent, and (bi)carbonate ions are present in any
CO,RR reaction network through the various equilibriums between CO, and H,0.3* However,
there is very little research on alkoxide c-CO,RR3! and to our knowledge no published literature
on phenoxide c-CO,RR. Thus, more work must be completed on exploring the effect of the capture
agent on the c-CO,RR.

It is important to note the large differences between the CO, binding energies reported by
Darvan-Candan et al. and Zhang et al., as these discrepancies stem from their distinct
methodological approaches. Darvan-Candan et al. presented a detailed reaction pathway which
considers the overall neutrality of the reactants and products, ensuring a balanced charge state
throughout the reaction process.?* However, Zhang et al. conducted a broad screening study,
aiming to evaluate trends between the different types of capture agents. For simplicity, they
evaluated the capture agent in its anionic form.?® Notably, what Zhang et al. provides is a
motivation to search for other capture agents past the typical amines.

Although, the capture and concentration processes are typically not considered in works
exploring the CO,RR, the goal of this section was to motivate the reader to consider that aspect of
the CO,RR as well. Figure 3 provides a cartoon of the full CO,RR process as well as the alternative
c-CO,RR pathway.
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Figure 3: Cartoon depicting the thermodynamic question to be answered by researching the c-
CO;RR. Is it possible to find a c-CO,RR system such that the effective barrier of the c-CO,RR is
smaller than the CO,RR?

Typically, papers that explore the CO,RR start with concentrated free CO, and reduce that
to various products. Therefore, the effective barriers typically shown in these works is labeled as
“CO,RR Barrier Usually Considered” in Figure 3. However, what is not considered is the energy
to concentrate this CO,. Starting from dilute CO, the overall thermodynamics between dilute CO,
and the product CO is identical regardless of if the CO, is captured and released before the
reduction or of the captured CO, complex is directly reduced. Given that the capture process is
exergonic, it is clear decomposing the complex will be endergonic. When this decomposition is
added to the CO,RR a significant thermodynamic barrier appears in the CO,RR pathway. In Figure
3 this is labeled as “Effective CO,RR Barrier”. However, once passed the CO,RR can conduct as
it is typically presented. Concentrating the CO, decreases the entropy, this leads to a less stable
concentrated free CO, than dilute free CO,. From this point the traditional CO,RR occurs. From
this point we refer to the full CO,RR as the mechanism including the CO, capture and release as
part of the CO,RR mechanism (Figure 3).

What is less understood is the relationship between the effective CO,RR barrier of the full
CO;RR and the effective c-CO,RR barrier Previous work has shown that with a strong enough
proton source, the intrinsic thermodynamics of the ¢c-CO,RR is more favorable than the CO,RR.3!
Therefore, it has been proposed to directly reduce the captured CO, as compared to having to first
release the CO, from the capture agent. However, the success of c-CO,RR will critically depend
on the potential dependent energy profile and kinetic barriers.

2. Reaction mechanism of the electroreduction of the captured CO,

In the c-CO,RR reaction network, there are three reactions possible: the c-CO,RR, the typical
CO,RR (from any free CO, dissolved in the solvent), and the competing hydrogen evolution
reaction (HER).3!

2.1 Various CO,RR mechanisms

It is to be noted that for all of the mechanisms and products considered CO, will need to
adsorb to the surface at some point. Various literatures have shown the importance of the presence
of cations to improve the CO, binding.3>-3¢ Cations also provide some charge to the electrode as
seen by the electrolyte effect on the potential of zero charge.?”-*® In the gas phase CO, is a linear
molecule. However, when CO, bind to an electrocatalyst surface, it is predicted that it binds in a
bent conformation. The binding of CO, has been shown to be stabilized by the presence of cations
and hydrogen bonding from the surface3#! It should be noted that not all cations improve the
CO;,RR reactivity in the same way. It has been found that increasing the size of the cation can lead
to better reactivity for CO,RR.3%42 For the ¢c-CO,RR most current literature has proposed K as the
cation,?!-33 but further work remains on determining the cation effect in the c-CO,RR.
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2.1.1 CO and Formic Acid Production

In the context of c-CO,RR, the only products that have been extensively studied are CO
formic acid, and methane. Thus, this review will mainly focus on their production. Equations 1
and 2 show the overall balanced reaction to convert CO, into CO and formic acid, respectively.*3

CO, + 2(H* + ™) > CO + H,0 (1)
CO, + 2(H* + ™) > HCOOH (2)

Free CO, first binds to the surface through a partial decoupled electron transfer and then
is protonated to form COOH*,* although the nature of this adsorption and protonation as well as
the amount of charge transferred in each step has been debated.*>*¢ This effect is observed by a
potential dependence on the CO, adsorption.?! It has been shown that the presence of cations assists
the adsorption of CO, by providing lateral electrons to stabilize the bent CO,.35 Additionally, the
cation will be present near the surface as it is part of the electric double layer. Therefore, to properly
model the active site it is advisable to include an explicit cation in calculation.

However, most density function theory (DFT) calculations on the CO, do not include an
explicit cation.*”*8 Typically, properly solvating the cation involves expensive ab-initio molecular
dynamics (AIMD),*>° which is unreasonable to conduct for each reaction intermediate.
Additionally, many papers use the computational hydrogen electrode model (Section 3.1) because
it allows for simple analysis of the electrochemical steps.’!'™* A drawback, however, is that it
cannot decouple proton and electron transfers, and as such the decoupled proton-electron transfer
between the gas-phase CO, and the COOH* cannot be properly modelled. Note that COOH* will
undergo one PCET process to form *CO and H,0, in a surface-assisted bond cleavage. Finally,
CO desorbs to complete the cycle.>>

It has been found that formic acid is typically the major product on some post transition
metals such as In, Sn, Pb, and Bi, and materials derived from these elements.’®7! Similar to the
CO,RR, the formic acid pathway contains two PCETs. However, unlike the CO production
pathway where the COOH* is the product of CO, undergoing a PCET, OCHO* is produced. This
OCHO* will undergo a final PCET to produce formic acid. Some works include a specific formic
acid desorption step while others assume that the desorption is coupled with the final PCET.>8-6¢
Previous work has used COOH* binding as a descriptor for CO production and OCHO* binding
as a descriptor for formic acid production.®?

It has also been proposed that on catalysts that have an affinity for H adsorption, the surface
H could be the proton source for the formate generation in an uncoupled proton electron transfer.
Importantly, this mechanism has even been shown to occur on Ag,*® a metal that under the right
conditions has achieved high faradaic efficiencies for CO and poor affinity for H adsorption.!”-7>
741t has been shown that the presence of the formate greatly weakens the H binding energy, while
only slightly weaking the COOH* binding energy. Thus, it has been proposed that the presence of
formate improves the selectivity to CO by hindering the HER pathway.*® However, what is less
understood is relationship between the selectivity for formic acid and CO on Ag.
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It is important to understand how these metals conduct the ¢c-CO,RR. There is not an
intrinsic reason that metals that produce certain products during the CO,RR must produce the same
products during the c-CO,RR, as the c-CO,RR mechanism is different than the CO,RR (Section
2.2). However, these pathways remain poorly understood. Cu is the only known metal that forms
products other than CO and formic acid.'? Therefore, much literature has been focused on the
CO,RR on Cu and Cu-based catalysts.!?75-77 However, challenges remain with using Cu in the c-
CO,RR. In the case of carbamate reduction, the carbamate is an anion. Thus, to bring the carbamate
to the cathode, it is accompanied by a cation. Figure 1 showed that the production of carbamate
always leads to an ammonium cation which are in equilibrium with amines. However, it has been
shown that amines can corrode copper electrodes,’® and therefore, no significant results have been
reported using Cu to reduce amine-captured CO,.” However, as Cu is the only known metal to be
able to produce reduction products other than CO and formic acid, further work is needed to
explore Cu as a catalyst for the c-CO,RR. For completeness a brief explanation of the CO,RR
mechanism on Cu follows.

2.1.2 Cy, Cy, and C,* products

Several decades ago, Hori et al. systematically studied various metal catalysts for CO,
electroreduction and categorized them into four distinct groups based on their primary products:
Au, Ag, Zn, Pd, and Ga predominantly produce CO; Pb, Hg, In, Sn, and Bi generate formate; Ni,
Fe, Pt, and Ti mainly catalyze hydrogen evolution (H;); while Cu uniquely yields substantial
amounts of multi-carbon (C,+) products.3%-8! Bagger et al. further attributed this unique capability
of Cu to its distinctive adsorption characteristics—Cu being the only metal exhibiting a negative
adsorption energy for *CO coupled with positive adsorption energy for *H.%? To date, Cu remains
the most effective electrocatalyst among transition metals for selectively converting CO, into
valuable multi-carbon products, such as ethylene and ethanol. This exceptional selectivity arises
from Cu's moderate and balanced adsorption strengths toward critical intermediates (*CO and *H),
enabling efficient protonation and carbon-carbon coupling reactions, rather than producing single-
carbon or hydrogen products.

However, caution must be exercised when extrapolating insights from conventional
CO2RR to c-CO;RR, as the reaction environments and pathways differ significantly. Although Cu
is highly effective at converting CO to multi-carbon products in traditional electrochemical
settings, its capability to catalyze captured CO, directly to CO remains uncertain. Indeed, the
underlying mechanism for CO,-to-CO differs substantially in c-CO,RR compared to standard
aqueous-phase CO,RR, and no studies to date conclusively demonstrate efficient CO,-to-CO
conversion by pure Cu under c-CO,RR conditions. Consequently, it remains doubtful that a pure
Cu catalyst can drive c-CO,RR to multi-carbon products. A promising alternative could be the
design of tandem catalysts combining Cu with Ag, where Ag effectively converts captured CO,
to CO, which then spills over to Cu sites for subsequent protonation and C—C coupling.

2.1.2.1 Methane production
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The other main C; product besides CO and formic acid is methane. The overall reaction is
shown as equation 3.

COZ + 8(H+ + 8_)—>CH4 + 2H20 (3)

Following the two PCETs to convert CO, into CO, six other PCETs are necessary to
produce methane. The first is to protonate the CO into HCO* through a third PCET. Three more
PCETs occur to remove a H,O and leave CH,* onto the surface. The cycle is completed by 2 final
PCETs to produce methane which desorbs from the surface.®3 Traditionally, methane is produced
on Cu, 35 but Cu is typically known for its C, products.®6-38

2.1.2.2 C-C coupling

C-C Coupling is known as the crucial elementary step on Cu since this step is the key for
generating multi-carbon products. While there are various proposed mechanisms for this process,
strong evidence points to C-C coupling as a rate-determining step (RDS) that does not involve
proton transfer, which behaves as pH-independent.!? Vibrational spectra and kinetic models have
identified CO as the primary intermediate on Cu under reduction conditions, making the
dimerization of 2 CO to form the *COCO intermediate the most widely accepted mechanism for
C-C coupling on the surface.?® Following C-C coupling, *COCO can be further transformed into
the *COCOH intermediate, as directly observed by in situ Fourier-transform infrared spectroscopy
(FTIR).? Initially, Hori and colleagues suggested that dimerization of two *CH, groups or the
insertion of *CO to form *CH,CHO were the main pathways for C-C coupling.’! These processes
were considered favorable from a thermodynamic and kinetic standpoint.”> However, the
energetics of CO protonation to *COH or *CHO present substantial barriers,”> which contradicts
experimental findings that the activity for C,* products depend on the absolute potential.

Challenging this view, Xu et al. demonstrated that the reaction orders of adsorbed CO
change from first to zero order as the partial pressure of CO shifts from less than 0.4 atm to more
than 0.6 atm, suggesting that C-C coupling might not be the RDS in the formation of C," products
in CO; reduction.”* They proposed that instead, the hydrogenation of CO with adsorbed water
could be the RDS. However, recent contributions by Seger and Gong et al. have critiqued this
interpretation.® By applying an interval linear fit to kinetic data, they argue that this analysis could
lead to incorrect conclusions about the CO reaction order varying between 1 and 0 with CO
pressure changes. Their reevaluation supports the idea that the coupling of two adsorbed *CO
molecules remains the RDS for creating multi-carbon products.

Initial calculations performed in vacuum conditions suggested that the energy barriers for
CO-CO coupling on copper surfaces, including terrace (111), (100), and step (211) facets, were
prohibitively high.> These early studies, however, did not fully account for the complexities of
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the electrochemical interface, notably omitting factors like the solvent environment and the
electrical field, both of which can significantly influence reaction energies by stabilizing C,
intermediates that have large dipole moments. Nerskov et al. demonstrated a pivotal shift in
understanding C-C coupling by incorporating the effects of a charged electrolyte into their models
via one layer of charged water with either hydronium ion or explicit cation.”® Their findings
revealed that, under electrochemical conditions, the barriers for CO dimerization on the (111) and
(100) facets of copper could be dramatically reduced to 0.68 eV and 0.33 eV, respectively. This
reduction, particularly a 0.3 eV decrease over the (100) facet, implies an increase in the turnover
frequency (TOF) by at least five orders of magnitude. This aligns with experimental evidence
showing that C-C coupling occurs preferentially on the Cu (100) facet. With the C-C coupling
barrier now deemed surmountable, attention has turned to subsequent steps, such as the surface
hydrogenation of the *COCO intermediate, as potential rate-determining factors. Liu et al.
explored this further by conducting microkinetic modelling, they found that at low overpotentials,
the pathway involving *COCOH dominates, with the formation of C," products being limited by
the protonation of *COCO. They reported a Tafel slope of 119 mV/dec for reactions following
this pathway, closely matching experimental observations, which show a slope of 116 mV/dec.®
Peng and co-authors emphasized the role of surface atom *C. Their studies suggest that while the
OCCOH pathway may be prevalent in the early stages of reduction, at more negative potentials
(below —0.5 V vs. RHE), the coupling of surface *C with CO emerges as the dominant route for
generating C, products.®’

Bell and Head-Gordon et al. discovered that the form of C-C coupling during the
electrochemical reduction of CO, on copper surfaces varies with the applied electrical potential
via grand canonical DFT calculations.”® At lower overpotentials, the dimerization of two surface-
bound *CO molecules is favored, presenting a reaction barrier of 0.53 eV at OV versus the
reversible hydrogen electrode (RHE). However, at higher overpotentials, the coupling of *CO with
an adsorbed *CHO becomes the more favorable route. Goddard ef al. employed ab initio molecular
meta-dynamics simulations (AIMuD) alongside a model incorporating five layers of explicit water
molecules.”®!% Their findings suggest that the free energy barrier for CO-CO coupling on Cu
(100) is 0.69 eV when the applied potential is less negative than -0.6V versus RHE. Following this
coupling step, *COCO is rapidly protonated to *COCOH and then to *COHCOH, with each step
involving relatively low reaction barriers. Notably, these steps proceed via the Eley-Rideal (ER)
mechanism, where the proton source is H,O, rather than adsorbed hydrogen (*H) on the surface.
These insights underscore the significant impact of the solution environment and the electric field
at the electrochemical interface on the behavior of C, intermediates. The variability in outcomes
from different theoretical approaches to modeling this interface highlights the need for further
methodological development in ab initio simulations of the electrochemical interface. By refining

10
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these methods and establishing more accurate kinetic models, researchers can gain a deeper
understanding of the trends in CO, reduction to C," products.

C-C coupling is not only a process influenced by the applied potential and the
electrochemical environment but is also significantly dependent on the structural characteristics of
the catalyst surface. Historically, Hori ef al. demonstrated that Cu(111) tends to favor CH,
production, while Cu(100) produces more C,+ products, such as C,H,.3%19! Further refining this
notion, introducing step edges on Cu(100) facets, for instance, on Cu(711) or Cu(510),
substantially increases the formation of C, species, whereas Cu(110) and Cu(210) still
predominantly yield CHy. Jaramillo et al. synthesized a Cu(751) surface rich in undercoordinated
sites and observed an increased yield of oxygenated products, further work attribute this to the
ability of low-coordination sites to stabilize intermediates like *CH,CHO.!>193 These results
highlight the critical role of step edges and kinks in facilitating multi-carbon and oxygenated
product formation.”®% In addition, the presence of square motifs on these surfaces has been
highlighted as critical for facilitating this process.!*!%* Despite these insights, the structural
sensitivity of Cu remains a matter of debate. Single-crystal electrodes are often prepared by
electropolishing or mechanical polishing, which introduces numerous defects and means the
“single crystal” surfaces tested in electrochemical cells are not truly pristine. Roldan ef al. revisited
facet-dependent activity on ultraclean single-crystal Cu electrodes prepared in ultrahigh vacuum
(UHV). They found that genuinely clean Cu(111) and Cu(100) are, in fact, nearly inactive for
CO3RR, and hydrocarbon products appear only when defects are introduced.!®> Our recent work
explains this phenomenon and reshapes the structure—activity relationship: the sluggish CO,
activation and unfavorable CO binding on pristine Cu(111) and Cu(100) make these planar surface
inert in CO,RR, and strong CO adsorption on step and kink sites drives surface restructuring under
reaction conditions. As defects proliferate, hydrocarbon formation becomes feasible. Moreover,
while CH, tends to dominate when defects form on Cu(111) planar, Cu(100)-like terraces yield

more C,H,, indicating that square motifs near step edges are key for C—C coupling.'%

2.1.2.3 Bifurcation pathway for C,H, and C;HsOH

The selectivity towards ethylene (C,H,4) and ethanol (C,HsOH) during the electrochemical
reduction of CO, on copper surfaces is a critical area of research due to its implications for the
production of specific valuable chemicals. Understanding the pathways that lead to these products
is essential for optimizing catalyst performance. Koper and colleagues have made significant
strides in identifying the bifurcation pathways that determine the selectivity for these two products.
Their thermodynamic analyses suggest that *CH,CHO is a critical intermediate that determines
the selectivity between C,H, and C,HsOH.!97 The fate of *CH,CHO can diverge in two directions:

11
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if the C-O bond breaks, C,H, is produced along with the release of an oxygen atom on the surface;
alternatively, continuous protonation of *CH,CHO leads to the formation of C,HsOH. This
proposed pathway has been successful in explaining various experimental observations, such as
the higher selectivity towards C,H4 over C,HsOH on Cu(100) surfaces, ! the increased production
of alcohols on surfaces with copper vacancies,'” and the identification of active sites on OD-Cu
catalysts.!%® Very recent work by Wu, Senftle, and colleagues proved that *O binding energy could
be an efficient descriptor for determining whether breaking the C-O bond or not.!'° Gong et al .
used the same descriptor and above mentioned pathway to screen the catalyst with high selectivity
for ethylene and ethanol, and successfully explains the high performance seen on CuAl catalyst.!!!
Based on those combined theory and experiments works, this pathway is widely regarded as the
most likely mechanism for the differentiation between C,H4 and C,HsOH production.

Hori and colleagues have shown that acetaldehyde can be easily reduced to C,HsOH,
highlighting the role of aldehydes as intermediates in the pathway to alcohols.”! Their findings
reveal that aldehyde formation occurs at lower overpotentials compared to alcohols; however, as
the overpotential increases, alcohol production becomes more dominant. This observation was
further supported by direct evidence from Chorkendorff and his team,''> who observed
acetaldehyde as an intermediate during the CO, electroreduction to C;HsOH on OD-Cu catalysts.

The intriguing observation that C,HsOH produced during CO, reduction in HO'® solution
predominantly contains O'® molecules led researchers to speculate about the role of water in the
CO,RR. This finding implies that water might be directly involved in the formation of certain
products. In response to these experimental results, Goddard ef al. explored an alternative
mechanism for the pathways leading to C,;H4 and alcohols. Utilizing quantum mechanics (QM)-
based meta-dynamic calculations, they discovered a pathway wherein a chain of six water
molecules react with a *C-CH intermediate to form *CH-CHOH, which then undergoes further
protonation to become C,HsOH. According to this model, ethylene is produced through the
continuous hydrogenation of *C-CH, making *CCH the selectivity-determining intermediate
instead of *CH,CHO.!'3 However, A. T. Bell et al. have proposed a different interpretation. They
suggested that the integration of O'® into C,HsOH may result from isotopic scrambling between a
carbonyl-containing intermediate and solvent water, a hypothesis supported by both experimental
and theoretical studies. This interpretation advises caution in concluding that water is the direct
source of oxygen in C,H;OH. Moreover, Bell and Head-Gordon have introduced another
perspective on the bifurcation pathway for C,Hy4 and C,HsOH formation, based on an implicit
electrolyte model with a fixed electrode potential. They identified *COCHO as a pivotal
intermediate, with its protonation to *COCHOH at low overpotentials leading to C,H, production.
At higher overpotentials, they suggest that glyoxal (OCHCHO) formation followed by its
reduction to acetaldehyde and subsequently to C;HsOH is the preferred pathway.!'!4

12
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There is currently no consensus on the definitive bifurcation pathway for C,H, and
C,HsOH production. The field necessitates further research, focusing on the kinetics of each step
in the C, pathway within an accurate electrochemical interface model, rather than solely on
thermodynamic considerations. Crucially, the ongoing refinement of density functional theory
(DFT) models should be informed by experimental feedback to enhance the accuracy and
predictive power of these theoretical frameworks.!!® This iterative process between experimental
observations and theoretical modeling is essential for advancing our understanding of CO,RR

mechanisms and improving the selectivity and efficiency of catalysts for desired products.

2.2 Currently Explored Generalized c-CO;RR Mechanisms

Most of the work on the c-CO,RR to this point has focused on the formation of CO. As
this process combines the reduction of CO, (requiring 2 protonations) and the release of the CO,
from the capture agent (1 protonation) there are 3 required protonations per c-CO,RR cycle.
However, as equation 4 shows there are only 2 available electrons per reaction cycle.?!

KRCO, + 3XH + 2e~—> COH,0 + 2X~ + RH + KX (4)

In equation 4, RH refers to a generalized capture agent, XH is a generalized proton source,
and KX is the resultant salt. Figure 4 provides a cartoon that explains the overall c-CO,RR reaction
via a worked example using potassium carbamate reduction and water as the proton source, while
Figure 5 shows a cartoon of the elementary mechanism. In Figure 4, the capture agent RH is NH;
(shown in red), the proton source XH is H,O (shown in blue), and the resultant salt KX is KOH
(shown in green).

KNH,CO0 + 3H,0 + 2e~ = CO + H,0 + 20H™ + NH; + KOH

Reactants Products
H
H\I H
K* ~c N/H H H N H—O" K*
N C=0
o _H 2 H-O
""""""""""""""""""""""""""  Diffuse Layer

K+
2e

Figure 4: A worked example of the overall carbamate reduction using a water proton source. Color
coding is provided to aid the reader in determining how the atoms rearrange. The capture agent
RH (NHj;) is shown in red, the proton source XH (H,0) is shown in blue and the resultant salt KX
(KOH) is shown in green. The O of the carbamate are coded orange and black to shown that the
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two O end up on different products (CO and H,O) in the final product. In this case R is NH,, and
X is OH.

x 4 X

Initial R-C cleavage .
X
M . +)€3' adid . XH + e ﬂ . ‘
—~»® v A
*\ ?g.me é g.

Final R-C cleavage

/&

N

Figure 5: Most thermodynamically favorable pathways determined for the c-CO,RR. In this case
the capture agent RH is NH;. XH refers to a generalized proton source. The corresponding
structures are shown in Table 1. Adapted from: 3!

Table 1: Structures used in previous work that corresponds to the cartoon pathway in Figure 5.
For the salt we assume the proton source was H,O, so the salt is KOH. This can be changed for
whichever proton source was used.

Cartoon Part on Surface Part in Solution

@
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As stated, the captured CO, is an anion. Thus, to bring the negatively charged anion to the
cathode it is accompanied by a cation. It has also been shown that for MEA captured CO, the
presence of the cation assists in the electron transfer to the captured CO, anion.?® At this point two
processes can occur: the capture agent can be initially removed by C-N bond cleavage, and CO, is
reduced (initial R-C cleavage, top branch in Figure 5) or the complex can be directly protonated
while the C-N bond is cleaved at the end to generate CO (final R-C cleavage, bottom branch in
Figure 5).

For the initial R-C cleavage, the captured CO, is first adsorbed to the catalyst and
electrochemical decomposed to reform the capture agent and adsorbed CO,. A second PCET
occurs to form COOH*. At this point both free electrons have been used, so the final protonation
to convert COOH* into CO must be done thermally. To complete the cycle CO desorbs. For the
final R-C cleavage, the complex is first electrochemically protonated. A second PCET occurs to
cleave the C-O bond forming H,O. However, similar to the initial R-C cleavage, at this point both
electrons have been used, and the final protonation is done thermally to complete the cycle.3!

It is necessary to consider two protonation steps as electrochemical and one protonation
step as chemical. However, it is not trivial to determine what step in the mechanism corresponds
to the chemical protonation. Equation 4 and Figures 4 and 5 summarize why the c-CO,RR is highly
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proton source dependent. As compared to the HER and CO,RR, one more protonation is necessary
which cannot be assisted electrochemically.

Previous work explored the carbonate reduction to formic acid on oxide-derived Cu. They
also found that two of the protonation processes were done electrochemically, while the third was
done thermally. However, they found that the first PCET was to place a surface hydride onto the
surface. They then conducted a thermal protonation of the adsorbed carbonate to form adsorbed
bicarbonate. This bicarbonate and the surface hydride then reacted to form bound formate and
H,0. A final PCET occurred to form formic acid.?? Their proposed mechanism offered a different
approach to the c-CO,RR as to our knowledge no work has proposed a surface hydride in the c-
CO,RR mechanism.

Another recent work explored the production of methane from the direct reduction of
carbamic acid into methane on Ni supported on Au.!'® From the low coverage of Ni (~5%), the
authors assumed that Ni is in the form of single atom alloy of Ni in Au. Sykes et al. previously
showed the formation of single atom Ni alloys in Au.!'” Their reaction pathway using a Ni atom
substituted at the Au(211) surface is shown as Figure 6.

%5‘ 3'{3. @ W A <
ks ok Sk, Yl Sadk .l adl ik

8 e ¥ =
Figure 6: Cartoon of the proposed mechanism of carbamic acid reduction to methane on Ni

single atoms supported on Au. A similar mechanism was determined on pure Ni. The yellow slab

represents the Au(211) surface, the green atom is Ni, red atom is O, blue is N, grey is C, and
white is H. Adapted from:!!6

Table 2: Structures used in previous work that corresponds to the cartoon pathway in Figure 6

Cartoon Part on Surface Part in Solution

o
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They argue that the carbamate undergoes an outer shell proton transfer to form carbamic
acid which adsorbs to the surface, and thus they do not model an explicit cation as well. After this
proton transfer the carbamic acid adsorbs to the surface and undergoes 8 PCETs, similar to the
CO; reduction to methane as discussed in Section 2.1.2.1. As shown in Figure 6, the capture agent
(in this case -NH;) does not participate in the reaction until the final protonation to reform the
capture agent in the final step. Similar to the CO pathway an additional protonation is needed to
convert the carbamate into methane as compared to the CO,RR. However, they consider the
thermal protonation to be the outer shell proton transfer, the first protonation. Thus, for the three
mechanistic studies on CO, formic acid, and methane production, different protonations were done
thermally, meaning further studies are needed to explore this thermal protonation and the
governing factors that affect its location.

2.2.3 Comparison and Further Work Needed

As the c-CO,RR is a far more complex reaction than the CO,RR further work needs to be
conducted on completely elucidating its reaction pathway depending on the desired product. For
pathways leading to CO, aspects to understand the nature of the surface in reaction conditions,
including for example the effect of co-adsorbed hydrogen atoms is lacking. For pathways leading
to formic acid, further elucidation of the overall pathways would be required. For pathways leading
to methane, further evaluation of potential dependence on the reaction pathway is needed. With all
pathways reported a true kinetic analysis is lacking. Importantly, however, both the CO and formic
acid reaction studies show that only two electrons can be transferred per cycle, necessitating a
chemical protonation, and thus providing further evidence for the validity of equation 3. In the
case of methane, nine protonations and eight electrons were available as compared to the eight
PCETs were the methane directly produced from CO,. Additionally, while current research
primarily addresses the thermodynamics of identifying which steps are chemical versus
electrochemical, further kinetic modeling would be invaluable for a comprehensive understanding
of the pathway. However, this modeling requires a reasonable interfacial model to accurately
describe the reaction environment, a topic which will be discussed further in Section 4.

2.3 Hydrogen Evolution Reaction (HER)

The HER is a common undesirable side reaction that occurs in reductive conditions. The
HER has two different mechanisms: Volmer-Heyrovsky and Volmer-Tafel. Equations 5-7 show
these various steps while equation 8 shows the overall reaction.'!8

(Ht + e7) + * > H= (Volmer Step) (5)
(H" + e7) + Hx - H, + * (Heyrovsky Step) (6)
H*x + Hx - H, + 2 (Tafel Step) (7)
2(HF + e) + *» > Hy (8)
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The Volmer-Heyrovsky mechanism is a 2-step process where first equation 5 occurs and
then equation 6, while the Volmer-Tafel mechanism is a 3-step process where equation 5 occurs
twice. Then equation 7 occurs to finish the process and desorb Hy.

2.4 Accounting for Various Proton Sources

The hydrogen electrode method can be used to model the chemical potential of the coupled
proton and electron (i(y+4e—)) and is shown as Equation 9.''*!120 In this method the chemical

potential of a coupled proton and electron (referenced to SHE) is taken as a function of potential,
temperature, solution pH, and the free energy of H, at 1 bar (Equation 9).%!

1
WH* +e) = 3 * Uy —exU — In(10) xkp + T x pH (9)

However, in the c-CO,RR, CO,RR, and HER various proton sources are present. It is not
fair to assume that each proton source provides a coupled proton and electron with identical
chemical potentials. Additionally, it is known that the pH near the electrode is different from the
bulk, 2122 and thus, choosing the pH to plug into equation 9 becomes an issue.

To account for this, it has been determined that for a coupled proton and electron the
chemical potential can be defined by the proton source’s pK,.3! This accounts for different proton
sources with smaller pK, values being more active toward donating their protons.

To explain this, point a worked example follows. Consider the protonation of CO, by H,O.
Equation 10 shows the overall reaction.

H,0 + e~ + CO,* - COOH* + OH™ (10)
An equilibrium will exist based on the proton source’s pK, In this case pH = pK, = 14.123
H,0 & Ht + OH— (11)
Thus, combining equations 10 and 11 yield equation 12.
H* + e~ + CO,* + OH- -»COOH* +O0OH~ (12)

Thus, Ht + e~ = H,0 — OH™ + e~ at with respect to the pK, of H,O. Therefore,

equation 9 becomes equation 13. Conveniently, this method can be extended to all proton sources.
U+ ey = 3% Hary —e* U — (10) kg + T pK, (13)

Figure 7 plots the computationally determined equilibrium potentials of the HER, CO,RR
to CO and ¢c-CO,RR to CO as a function proton source pK, the equilibrium potential is defined as
the potential at which the overall reaction free energy goes to 0. The equilibrium potentials are
defined by solving equations 14-16 for a given proton source pK,. R and X are defined in section
2.2. Equation 13 is substituted for piy+.—) in equations 14-16 for a given proton source.

BH, — 2UH++e) = 0 (14)
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Uco + UH,0 — Hco, — 2HH++e— = 0 (15)

tco + Um0 + Hkx + HrH — BKRCO, — 2HH*++ey —Mxn = 0 (16)
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Figure 7: Computationally reported equilibrium potentials for the HER (blue), CO,RR (orange),
and NH3 c-CO,RR (green) as a function of proton source pK,. The various shapes for the c-CO,RR
represent the different proton sources reported (star = NH4ClO,, triangle = KHCOs, and circle =
H,0). Adapted from: 3!

Figure 7 shows that thermodynamically, the HER is the most favorable reaction and
typically the c-CO,RR is the most difficult reaction thermodynamically. It is noted that when
NH4CIO, is used as a proton source the c-CO,RR becomes thermodynamically more favorable
than the CO,RR. From equations 1, 2, and 8 the CO,RR and HER dependence on the proton source
appears only in determining the chemical potential of the proton and electron. However, having
both electrochemical and chemical steps present in the c-CO,RR leads to the proton source
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dependence appearing in both the chemical potential of the proton and electron as well as in the
products via the resultant salt. Therefore, it is likely that the nature of the resultant salt generated
by the NH4ClO, proton source differs from the resultant salts generated from the KHCO; and H,O
sources. This leads to a non-linear relationship between the proton source pK, and equilibrium
potential. Therefore, further work is needed to fully understand the role the proton source has on
the thermodynamics and kinetics of the c-CO,RR. However, even with the benefits that the
NH4CIO4 proton source provides, the HER is still thermodynamically more favorable than the c-
CO,RR. Therefore, it is imperative to choose a catalyst the severely hinders the HER kinetically,
while provides reasonable kinetics for the c-CO,RR and the CO,RR.

3. Accounting for the potential and pH in the modelling of ¢c-CO,RR and other
electrochemical reactions

In all electrochemical reactions it is important to correctly model the potential. Currently
there are two main methods of accounting for the potential.

3.1 Computational Hydrogen Electrode (CHE) Model

The CHE Model developed by Nerskov et al. considers potential dependence in only the
coupled proton electron transfers, and no potential dependence in non-electrochemical steps such
as adsorption and desorption.'!® Thus, the internal energy of the various intermediates are not
considered as a function of potential.

Thus, this method provides a simple way to calculate the reaction pathway of an
electrochemical process. However, it does not take into account the potential dependence of the
surface adsorbed intermediates. Another drawback of using the hydrogen electrode model is that
it forces the proton and electron to be coupled. Thus, it cannot accurately be used to explain the
energy difference of a decoupled proton-electron transfer, such as if a charge transfer occurs during
CO; as proposed by Shen et al.*! Some literatures have proposed that the CO, adsorption is indeed
an electrochemical step, which the CHE model cannot properly model.*>!2* Thus, it has been
proposed to use grand-canonical methods.4’

3.2 Surface Charging

For a better description of potential influence in the modelling, it is necessary to consider
how the Gibbs free energies of intermediates and transition states are influenced by the potential.
In this method, the proton and electron transfer do not need to be coupled, allowing for a more
accurate description for complex charge transfers, such as CO, adsorption.

Additionally, during the c-CO,RR, the role of the cation is important and dynamic.
Originally, the cation interacts with the negatively charged captured CO,. However, depending on
the charge of the intermediate the role of the cation changes. For example, if the more common
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final R-C cleavage pathway (Figure 5) if taken then the original negatively charged captured CO,
(RCOy) will be protonated to form a neutral RCOOH. This leads to a weaker interaction between
the complex and the cation and a stronger interaction between the cation and the surface.
Chemically it was observed that there was a large shift in the PZC between these intermediates. It
was further hypothesized that this shift in PZC, coupled with the PCET leads to an electrochemical
step with little potential dependence. Additionally, the cation is involved with the overall reaction
and is active in the chemical step (Figure 5). Thus, a similar coupled process occurs on the
chemical step. Therefore, it is imperative that Gibbs free energy is a function of potential.3!

In the surface charging method, the entire system is modeled as a capacitor, the electron is
decoupled from the proton, and the reference potential is vacuum.!> Therefore, the energy of an
electron in vacuum is set to 0. The work function is defined in equation 17.12

O = elUyge — Efermi (17)

® is the work function, Uy, is reference potential in vacuum, e is the charge of an electron,
and Eg.y,; 1s the energy at the Fermi level.

However, experimentally, the standard reference potential is the standard hydrogen
electrode (SHE). To convert between the vacuum potential and the SHE potential, one needs to

subtract 4.44 + 0.02 V from the vacuum potential to obtain the SHE potential as shown in equation
18.127.128

D+ Efermi

USHE = — 444 (18)

To find the free energy as a function of electrode potential, the free energy is first expanded
as a Taylor Series about the free energy at the potential of zero charge (PZC). It is typically
assumed that a second order approximation is accurate enough. The work function can also be
defined as the derivate of the free energy as a function of charge. Assuming that a constant
capacitance then the second derivative of the electronic energy can be taken as the inverse of the
capacitance. Thus, the free energy can be written in terms of capacitance (Equation 19)!2° where
E is the free energy at the electrode potential at interest, Eq is the free energy at PZC, C is the
capacitance, @ is the work function at the potential of interest, and @ is the work function at
PZC.!»

C(P —2CI>0)2 (19)

By applying equation 18 the free energy can be written as a function of potential (Equation

E = EO + C(q)—q)o)q)o +

20).

Cx(AUgypxe)?

E:E0+C*AUSHE*€*(DO+ >

(20)

Where AUgyg is Usyg — Usgro Where Ugyg and Ugyg are the electrode potentials at the
desired potential and PZC, respectively. @, is defined by the equation 21.

®y = (Usppo +444) e — Efermi (21)
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This is important as it allows for a description of the free energy as a function of potential.
It is important to note that an assumption in this equation is that the capacitance of the modeled
capacitor is constant. This is typically valid but breaks down as the charge becomes far from the
PZC.1%

Using this method is simple. A set of optimizations is done at different injected charges to
change the work function. This allows a parabola to be fit to the equations above. This does mean
that the geometry is now important, as identical adsorbates with different binding modes will lead
to different difference capacitances. Thus, multiple parabolas can be drawn for the same
intermediate. Therefore, when using this method, it is imperative that a thorough configuration
search is conducted to ensure that the global minimum energy is found.

As an example, the SC method has also been used to explore the oxidation of formic acid
into CO, (effectively the reverse CO,RR to formic acid).!?* They found that the CHE and SC
provide the same trend in free energy along the reaction pathway. They found that the free energy
values of each of the intermediates and transitions states were within 0.1 eV for most of the states.
However, for some of the states, the SC and CHE method differed more than 0.1 eV, with the
largest difference being the transition state to rotate the adsorbed formate. The SC method was
determined to produce a value about 0.3 eV more stable than the CHE method.!?

The authors also noted that the reorientation of the adsorbed formate, as well as the
desorption of CO, were potentially dependent.!?® Although the reorientation of formate was not
considered in any of the c-CO,RR literatures at this point, the adsorption of CO, was found to be
potentially dependent in previous work.31-130:131 Thus, this agreement further highlights the need
for more advanced treatment of the potential beyond the CHE model for the c-CO,RR.

It is further interesting to consider the differences in charge injection. For the CHE model
the charge injection occurs in unit intervals and only changes when a PCET occurs. However, in
the SC method, the injected charge can change for each intermediate. They find that the charge
injection can differ between the SC and CHE methods by over 0.5 charge, and that the states with
the largest differences in injected charge were typically states associated with formate rotation or
CO, adsorption. Thus, these processes have some charge dependence which the SC method
captures, but the CHE method misses.

3.3 Cell Extrapolation

The surface charging method uses a grand canonical ensemble which means that there is
an external reservoir of electrons that the systems can exchange with which leads to a constant
potential. However, another method for calculating the potential is called cell extrapolation. In this
method a series of calculations using different sized unit cells of the same intermediate is
performed.'3? In experimental conditions, the reaction is conducted at constant potential. However,
until recently, simulations occurred at constant charge (some codes such as VASPSol++ and
JDFTx are able to conduct simulations at constant potential).!33134 Chan and Norskov showed that
the change in charge from an initial state (IS) to a final state (FS) for a surface reaction can lead to
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potential differences of over 2V. However, they showed that as the super cell of the simulation
increased, this potential difference between the IS and FS decreased, and in the limit of infinite
cell size the difference in potential would be 0.3 Given that the computational cost of a DFT
calculations scales close to the cube of the system size, the major drawback of this method is that
it can be computationally slow given that multiple calculations with different unit cell sizes need
to be conducted for the same intermediate.'3?

3.4 Charge Extrapolation

Unlike the cell extrapolation method, which requires multiple calculations of various unit
cell sizes, the charge extrapolation method involves calculating the change in charge between
states since the change in charge is proportional to the change in potential. However, deciding
which charge to use is challenging.!3? Previous work considered the sum of the Bader charge of
the slab and the adsorbates. They define adsorbates as any atom interacting with the surface. For
example, on the Heyrovsky step, in the IS, the Bader charge includes the H adsorbed which will
undergo the Heyrovsky step to form H,. However, on the TS and the FS, the charge on this H is
not included as it has become H,. Chan ef al. showed that the charge extrapolation and cell
extrapolation method provide similar results.!3>

4. Modeling techniques typically used in modeling the c-CO,RR and other electrochemical
reactions

4.1 Implicit Solvent
4.1.1 Polarizable Continuum Model (PCM)

A simple method to model the effects of solvation is to implicitly model the solvent as a
Polarizable Continuum Model (PCM) defined by its dielectric constant. In this model, the solvent
molecules are modeled in a continuum rather than explicitly. In this method, the solvation free
energy is treated as the sum of the electrostatic free energy, dispersion-repulsion free energy, and
the cavitation free energy.'’® By treating the solvent as a continuum rather than individual
molecules the computational cost is significantly reduced.

When an electrochemical reaction occurs in solution, there must be an electrolyte present.
To model the electrolyte the linearized Poisson-Boltzmann equation (LPBE) is commonly used.
This equation relates the electrostatic potential to ions in the electrolyte’s charge density the via
the Debye Screening length, a parameter dependent on the solution dielectric constant,
temperature, and concentration of electrolyte.!3’

There are many approximations in this method, the most glaring being that it ignores any
local chemical interactions between the solvent and the adsorbates. For example, cations typically
form solvation shells in aqueous environments, and the structure of these shells can vary
significantly depending on the cation.!3%13° This solvation chemistry can also affect the
interactions with adsorbates. It has been proposed that larger cations such as K* and Cs* can
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interacted with CO; in a different configuration than Li"and Na™, thus leading to increased CO,RR
activity with the larger cations.’> However, a pure implicit solvent cannot explicitly capture the
solvent’s interaction with the explicitly modeled cations nor the solvent’s interactions with the
adsorbates, and therefore, it is important to benchmark if implicit solvation is appropriate for the
particular system. As shown in Figure 8, Steinmann et al. used various solvation models to explore
the change of pyridine binding mode on Au(111).140
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Figure 8: Computationally and experimentally observed potential at which the binding mode of
pyridine switches on Au. At more positive potentials, the pyridine is known to bind perpendicular
to the Au surface, while at more negative potentials, the pyridine binds parallel to the Au surface.
The grey region represents the potential region in which the shift is experimentally known to occur.
The points represent four different modeling cases, that build upon the complexity. Orange is the
same set up used in VASPSol, assuming the user inputs a realistic concentration of ions.

Previous work by Steinmann et al. explored the electrochemical change in pyridine binding
mode on Au using the surface charging method and various counter charge distribution models
and compared the results to experiment.'*° Figure 8 shows the performance of the various models
they used. Experimentally, it is known that pyridine will adsorb perpendicular to the Au surface at
more positive potential. When the potential is about 0.3 V to 0.5 V vs. SHE a shift in binding mode
is known to occur where the pyridine will adsorb parallel to the Au surface (grey bar). Initially,
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the authors used the surface charging method and applied a uniform counter charge. They were
able to observe this qualitative binding mode shift, but they found the shift occurred at about -0.5
V vs. SHE (blue point), at least 0.8V more negative than the experimental value. They then applied
an electrolyte distribution modelled via the Poisson Boltzmann equation. Qualitatively the shift
correctly occurs again, but at a far more positive potential of 0.1 V vs. SHE (red point), in much
better agreement with experiment.

However, to properly account for the concentration of electrolyte, they use the LPBE. They
show that with a default value of 1M of electrolyte, the shift occurs at about 0.05 V vs. SHE (green
point). However, by applying the correct concentration of the electrolyte of 0.1M, they were able
to observe the shift at about 0.2 V vs. SHE (orange point), close to the experimental range of 0.3
to 0.5 V vs. SHE.!%? In VASPSol the electrolyte distribution is treated by the LPBE.!37 Therefore,
assuming that the user uses a realistic concentration of electrolyte, this test case shows a good
agreement between the theoretical calculations and the experimental observations.

As most c-CO,RR work has been done using the Vienna ab-initio Simulation Package
(VASP)!4L142 in  this review, we will focus the methods used in VASPSol and
VASPSol++,133:136.137 an add-on to VASP that allow for implicit solvation calculations.

4.1.2 VASPSol and VASPSol++

As stated, one of the most common implicit solvation packages are add-ons for VASP
named VASPSol,!136137 and a newer version named VASPSol++.133 In this package the solvent is
modeled as a continuum dielectric medium defined by the dielectric constant of the solvent. The
program assumes that the dielectric constant is truly a constant.!3¢ Realistically, the dielectric
constant is a function of position.!+

In VASPSol all explicit atoms are treated at solute in the continuum. Thus, a cavity must
be created to place the solute in the medium. Typically, three main parameters define the cavity:
the surface tension, the electron density at the edge of the cavity, and the cavity’s width.

Typically, the electron density at the edge of the cavity and the width of the cavity can be
taken as the default values of 0.0025 A-! and 0.6, respectively.!3¢ Careful examination needs to be
taken to ensure that the implicit solvent is not populating an area it should not. The final parameter
is the surface tension of the cavity. It is difficult to define this value as it is not a physical value,
but an implicit one in the solvation model. Therefore, there is typically no experimental bench
marking to assist in choosing a surface tension. Fortunately, previous work has shown that
changing the surface tension has small effects on electrochemical results. Therefore, a value of
zero is typically taken.!4*

In the case of an electrochemical system, there will be some electrolyte that needs to be
modeled. In VASPSol, this is taken as a density of counter change applied in the solvent
continuum.'® The linearized Poisson-Boltzmann equation (LPBE) models the counter charge via
the electrolyte’s Debye screening length. The Debye screening length is a function of temperature,
electrolyte concentration, and solvent dielectric constant.
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In the VASPSol package there are three additional main assumptions. Firstly, it is assumed
that the Poisson-Boltzmann equation can be perfectly linearized. This is mainly true, but at highly
negative potential this assumption could break down. The other assumption is that the distribution
of electrolyte is uniform. Similarly, to the dielectric constant this is a function of space and time.
The final assumption is that neither the solvent nor the electrolyte occupies any volume.'43 What
is done is to decay the solution of the PCM and the LPBE to zero in the regions outside the solute
and to have them go to one in the regions assumed to be bulk electrolyte.!33 Therefore, careful
consideration needs to be made in choosing the electron density at the edge of the cavity. In certain
systems it is possible for the implicit solvent and electrolyte to “leak™ into cavities that are not
physically accessible in a realistic solution.!33

It is to be noted that there is an update version of VASPSol named VASPSol++ that offers
some improvements.!3 In VASPSol++, several parameters can be defined to more accurately
defining the solvent and electrolyte. In this method the solute is defined by a van der Waals volume
where no solvent is allowed to enter. The solvent is also defined by a van der Waals volume which
is defined by the radii of the solvent. In this case solvent will occupy all regions of space in which
the van der Waals volumes of the solute and solvent do not overlap. To properly account for the
charge distribution of the solvent, an additional parameter the dielectric radius is defined to account
for the dielectric response the solvent has on the solute past the boundaries the solvent can occupy.
To model the electrolyte, the radius of the electrolyte is taken to define the region of space where
the electrolyte can occupy.'®3 The final difference is the value for the surface tension for the
formation of the cavity. As stated in VASPSol, there is very little benchmarking for the surface
tension. In VASPSol++, the surface tension is taken to be a function of solvent molecule and
dielectric radii. However, for all these parameters, careful benchmarking needs to be conducted to
accurately model the solvent and electrolyte. To determine the van der Waals radii of the various
components it is recommended to take the isosurface where the cavity function has a value of 0.5.
The most difficult parameters to parameterize is the dielectric radius. They find that in some certain
cases the dielectric radii necessary to match computational results to experiments is unphysical.
Therefore, they recommend a value of 1 A as there is little benchmarking at this point, similar to
how the surface tension is set in VASPSol.!33 However, unlike VASPSol where it has been shown
the value chosen for the surface tension has little effect on the results,'# there is no benchmarking
yet on the effects on the dielectric radius on the results. As VASPSol++ is a new program, not a
lot of literature exists using it. Therefore, further work needs to be done to systematically define
all the necessary parameters needed to accurately describe the solvent and electrolyte.

However, even though there is not a lot of literature using VASPSol++ yet it does provide
significant benefits over VASPSol. In addition to more accurately accounting for the solvent and
electrolyte’s volumes, another feature is the ability to run constant potential calculations.!3* Within
the current VASPSol framework several grand canonical DFT (GC-DFT) calculations are
conducted to fit equation 20 so that the free energy can be represented as a function of potential.
However, if the desired potential is known then time can be saved. This has the potential to
improve calculations such as activation barrier calculations.!33 Therefore, in our estimation, both
VAPSSol and VASPSol++ serve distinct purposes. However, currently, literature involving
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solvation models in VASP used VASPSol, and thus this work mainly covers VASPSol. However,
further work is needed on using and benchmarking VASPSol++.

4.1.3 JDFTx

Another code that does grand-canonical DFT (GCDFT) is JDFTx."3* In VASPSol and
VASPSol++,130:134 the implicit solvent is treated as a polarizable continuum model (PCM).!33:137
However, in JDFTx there are various solvation method available such as the charge-asymmetric
nonlocally determined local-electric (CANDLE) method,'#® the spherically average liquid
susceptibility ansatz (SaLSA), as well as classical DFT.!4

Bossche ef al. explored the activation barriers for the HER using both VASPSol and
JDFTx. They found that the difference in barriers is typically less than 5%. However, the largest
percent difference in barriers is around 25%.'4® To our knowledge no works have explored using
JDFTx for the c-CO,RR.

4.2 Explicit Solvent

Although implicit solvation is nice since it is relatively computationally inexpensive, the
lack of explicit consideration of the solvent can have limitations. As stated, it is known that cations
will form hydration spheres.!3%13% Solvation models with implicit solvation is approximate. Using
the surface charging method with an implicit model of the solvent and of the electrolyte provides
a simple model of the electric double layer (EDL). In the VASPSol code, the solvent is modeled
as a polarizable continuum model (PCM) based on the dielectric constant and the electrolyte is
modeled as solutions to the LPBE using the Debye Screening Length as the main variable.!36:137
VASPSol++ improves the cavity definitions for the solutes, but the solvent is still modeled as a
PCM and electrolyte is still modeled as a solution to the LPBE.!3? This type of model has been
shown to be effective when the focus of the modeling is on the adsorbate. However, if the goal is
to explore the chemistry of the EDL, then it is necessary to use explicit solvation.

Experimentally, a region termed the EDL is known to form around the electrode surface.
This occurs because the charged electrode will attract ions of the opposite charge. These ions in
turn will attract ions of the opposite charge.!#® As the c-CO,RR is still in its infancy, most research
has focused on exploring the feasibility of different catalysts and capture agents through the use
of implicit solvent and electrolyte. This combined with the large computational cost associated
with explicitly modeling the EDL has led to no known works to be published on explicitly
modeling the EDL during the c-CO,RR. However, in the c-CO,RR, it is known that some of the
cations present can also act as proton sources.?!"1>° Therefore, further study into the nature of the
EDL is necessary. For the purposes of this tutorial, we will briefly explore how the EDL has been
previously explicitly modelled.

Since proper modeling of the EDL requires explicit modeling of the solvent-electrode
interface, molecular dynamics (MD) approaches have appeared as a potential method to sample
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the configurations. Given the large size of the simulation supercell, force fields are typically
employed in this modeling. Previous works have used Lennard-Jones parameters, AMBER
forcefield!> 152 and GAL17!53154 (with a newer version GAL 21 being available currently).!5
These methods have been used to model the energy penalty to move solvent molecule aside so that
an adsorbate can be placed onto the surface.!>?

Recently, Guan et al. used ab-initio MD to explore the nature of EDL in the presence of
acetone and methylamine. They were able to show that the capacitance and polarizability was
dependent on the molecule present in the double layer.!

In the context of the c-CO,RR this is important as a cation is present. Previous works have
used the implicit solvation model,3!-33 but it would be interesting to compare the effects of an
explicit solvent model on the reactivity determined by implicit solvent. The other issue is that the
adsorbates in the c-CO,RR react with molecules in solution, which are proton sources. Therefore,
any barriers calculations must include some degree of explicit solvent.

Several computational techniques are employed to incorporate explicit solvents in catalysis
modeling, like static water layer modeling, molecular dynamics simulations, Quantum
Mechanics/Molecular Mechanics (QM/MM) Methods, each with its strengths and challenges.

4.2.1 Static water layer modeling

Static water layer modeling, where water molecules are arranged in pre-defined
configurations around reactive sites, serves as a foundational approach to understand solvent
effects in catalysis. The configuration of the water layer in static models typically relies on global
optimization techniques or the deliberate organization of water molecules into well-defined
structures, such as hexatomic rings.>* These configurations aim to mimic the structured nature of
water at interfaces or in confined spaces.!’” However, this structure has been reported to be a
function of potential, as it was found that at more negative potentials the water became more
disordered.!>® Interestingly, recent work has shown a break in the hydrogen binding network can
improve the CO,RR but hinder the HER.'>® Therefore, further work investigating the solvent’s
structural effects on the CO,RR and ¢c-CO,RR is needed.

What has typically, been done to create an explicit solvent is to arrange one or two layers
of water molecules around the reactive sites. Thus, researchers can investigate how the presence
and specific arrangement of water molecules influence proton mobility and reaction pathways.
This approach has provided valuable insights into the role of solvent structuring and hydrogen
bonding networks in facilitating proton transfer. Norskov and Chan et al. utilized one layer ice-
like water along with H-down structure to model the electrochemical interface,'®® focusing on the
proton transfer processes. The charge extrapolation method was used to achieve constant potential
simulations.!3> This approach enabled them to elucidate the mechanisms underlying CO
protonation, C-C coupling, the oxygen evolution reaction, and the hydrogen evolution reaction in
detail. Similarly, Abild-Pedersen et al. applied this methodology to uncover the
oxygenate/hydrocarbon selectivity for CO,RR to C, products. ¢!
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To capture the characteristics of interfaces and simulate catalytic processes more
accurately, a combination of a static water layer with a continuous solvent model was also adopted.
Suntivich and Mavrikakis employed such hybrid method to quantify the potential of zero charge
at the Pt-H20 electrochemical interface.'6> Wang et al. integrated two layers of water and implicit
solvent model to predict the polarization curves for hydrogen evolution reaction.'®* However, the
mixture of explicit water layer and implicit solvent will lead to unphysical invasion of continuum
charges, a challenge highlighted in previous work.!#*

Moreover, the configuration of water molecules in static models significantly influences
the identification and characterization of transition states in catalytic reactions. The presence and
arrangement of water can stabilize or destabilize transition states, affecting the calculated
activation energies. In addition, a fundamental critique of static water layer modeling is its inability
to reflect the dynamics of water at the catalytic interface. Water molecules exhibit a high degree
of mobility and can undergo rapid reorganization in response to changes in the reaction
environment. This dynamic behavior plays a crucial role in solvent-mediated reactions, influencing
the distribution of intermediates and transition states. Static models, by their nature, are unable to
capture these dynamic processes, leading to a potential oversimplification of solvent effects in
catalysis.

4.2.2 Molecular dynamics simulations

The limitations of static water layer modeling underscore the importance of incorporating
more dynamic and flexible approaches, such as Molecular Dynamics (MD) simulations, to
simulate solvent behavior more accurately. MD simulations can capture the constant motion and
reorganization of water molecules, offering insights into the interfacial water structure. The
structure of interfacial water molecules can significantly influence the adsorption, reaction
kinetics, and overall efficiency of catalytic reactions. Through MD simulations, one can observe
how water molecules orient themselves around catalysts and reactants, forming structured layers
or disordered arrangements depending on the nature of the interface. This detailed view into the
interfacial water structure helps in elucidating the role of hydration layers in affecting reaction
barriers and mechanisms. Moreover, MD simulations allow for the explicit modeling of solvent
molecules around adsorbates, capturing the dynamic solvent-adsorbate interactions that are often
critical for understanding catalytic processes. For instance, solvent molecules can stabilize or
destabilize certain reaction intermediates. Chan et al. employed MD simulations to evaluate the
solvent energy of various intermediates in CO, reduction and oxygen redox reaction, like *CO,
*CHO, *COH, *OCCHO, *OH, and *OOH on Cu, Au and Pt surfaces.!®* They concluded that
the widely used continuum solvation models fall short in accurately representing solvent
properties.

Enhanced sampling methods such as metadynamics and slow-growth techniques have been
often integrated with MD simulations to explore the potential energy surface and to obtain the
activation barrier of elementary steps. Wang et al. employed free energy integration method to
explore the free energy surface of CO,RR on FeN, single atom catalyst, where the electrode
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potential was tuned by changing the ratio of Na+ and CI-.19 Hansen et al. utilized slow-growth
sampling (SG-AIMD) method to explore the CO, reduction to CO on Au-water interfaces and they
emphasized the crucial role of cation in facilitating CO, adsorption.'®® Goddard et al. applied the
metadynamics technique to map out the free energy barriers for the elementary steps in CO,RR on
Cu(100) surfaces.!? They discovered that under neutral conditions, CO, adsorption is the rate-
limiting step in converting CO, to CO, with chemisorbed hydroxyl-methylene (CH-OH) emerging
as the crucial intermediate that influences the selectivity towards methane production over
methanol.

4.2.3 Quantum Mechanics/Molecular Mechanics (QM/MM) Methods

This hybrid computational technique effectively bridges the gap between the accurate, yet
computationally intensive quantum mechanics (QM) methods and the less accurate, but more
computationally efficient molecular mechanics (MM) methods. By doing so, QM/MM has
emerged as a powerful tool for analyzing catalytic reactions in explicit solvent environments,
offering a balanced compromise between computational feasibility and accuracy. It treats the
catalytically active site and the immediate reaction environment using quantum mechanics, which
provides a detailed and accurate description of electronic structures, bonding, and reactions.
Concurrently, the bulk solvent and distant environment are modeled using molecular mechanics,
which adequately captures the overall physical shape and properties of the system without the need
for intensive computational resources. Explicit solvent modeling within the QM/MM framework
allows for a detailed representation of solvent effects on catalytic reactions. By explicitly
simulating solvent molecules around the reaction site using MM, researchers can investigate how
solvent molecules influence reaction mechanisms, activation energies, and transition states. This
approach is particularly useful for understanding solvation effects, solvent reorganization energy,
and the dynamic interaction between the solvent and the reactants or catalysts. Steinmann et al.
successfully developed a hybrid QM/MM method to model the adsorption behavior at metal/water
interfaces.!>3 They integrated the gas-phase adsorption free energies calculated at the DFT level
with changes in solvation from the bulk phase to the interface, assessed through a MM-based
alchemical transformation known as MMsolv. They evaluated the adsorption of a water molecule
at the Pt/water interface, revealing our QM/MM hybrid scheme's intrinsic error is capped at 6 kcal
mol—1 via a correction term, and demonstrate that the MMsolv solvation free energy of Pt closely
aligns with experimental estimates. In addition, they calculated the adsorption energy of benzene
and phenol at the Pt(111)/water interface, showing strong agreement with experiments that these
aromatic molecules' adsorption is significantly less exothermic compared to a standard implicit
solvent model, primarily due to competition with the solvent for adsorption sites on the metal
surface, thus validating the hybrid QM/MM approach.

4.3 Functional Validation

It is important to discuss the accuracy benchmarking done for various functionals.
Typically, in the c-CO,RR, CO,RR, and HER the common functionals used are PBE, RPBE, and
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BEEF-vdW and for PBE and RPBE van der Waal corrections are introduced with Grimme’s
method3!:33:54116,142,167-170 Wellendorff et al. explored the adsorption energy of various molecules
(CO, H,, CH;0H, etc.) on various metals (Cu, Pt, Ni, etc.) The benchmarking was conducted
against experimental results. In this work they compare LDA, PBE, PBESol, RPBE, PW91, and
BEEF-vdW. They find that for systems that involve strong chemisorption, but little van der Waals
contribution, RPBE and BEEF-vdW have mean absolute errors (MAE) less than 20 kJ/mol, PBE
and PWO91are slightly worse with MAE of about 25 kJ/mol, while PBESol and LDA perform much
worse with MAEs of about 50 and 80 kJ/mol, respectively.!”!

To explore the effect of adding van der Waals corrections to the functional, Yuan ef al.
compared the adsorption of HCOOH and HCOO on Pt(111) experimentally against 14 different
functionals. PBE and RPBE were found to perform terribly for HCOOH adsorption with
adsorption energy differences of about 0.3 and 0.6 eV, respectively, from the experimental value.
Surprisingly, BEEF-vdW, does not perform well on HCOOH (difference of about 0.2 eV),
although given its large error of +£ 0.222 eV, the edge of the error bar reaches near the experimental
value.!”?

However, when adding van der Waals corrections we find that PBE does well. PBE-D3 is
found to almost perfect match the experimental binding energy for HCOO and performs
reasonably well for HCOOH. PBE-dDsC performs close to as well as PBE-D3. optPBE-vdW also
performs very well for both binding energies. Given that HCOOH and HCOQO adsorption on
Pt(111) are chemically similar to the reactions that occur on the c-CO,RR on metal surfaces we
believe that PBE-D3, PBE-dDsC, and optPBE-vdW can perform well for c-CO,RR systems.

5. Techniques used to model the reactivity of the c-CO,RR, CO,RR, and HER

In the context of electrochemical reactions, the onset potential is defined as the potential
necessary for the reaction to start occurring. The overpotential is defined as the different between
the onset potential and the equilibrium potential. In the case of the c-CO,RR, there are three
competing reactions (HER, CO,RR, and c-CO,RR). Thus, it is desirable to consider the onset
potential of the various reactions as opposed to their overpotentials to allow for fair comparison.

It is noted that typically, the equilibrium potentials of the CO,RR are less negative than the
c-CO,RR. However, it has been found that if proton source with a lower pK,, such as NH,*, then
the equilibrium potential of the c-CO,RR becomes less negative than the CO,RR.3! However,
regardless of proton source, the HER always has a less negative equilibrium potential than either
the CO,RR or the c-CO,RR.

When examining reaction kinetics, another common tactic is to determine if a single
elementary step is significantly kinetically slower than all the other steps. If this occurs, then it is
possible to define the reactivity by this step. At this point no work has reported calculated
activation barriers for the c-CO,RR, and thus further work is needed in this area.
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5.1 Reaction Pathway Analysis

Without kinetic data it can be challenging to determine a reaction pathway’s reactivity.
However, as these barriers are conducted under potential obtaining these barriers accurately is also
difficult. Previous work assumed the kinetics were linked to the thermodynamics and that the
potential limiting step was the most thermodynamically unfavorable step.33 This is a
computationally cheap method as it requires no explicit kinetic information, but it relies on the
assumption that the thermodynamics are sufficient enough to provide the reactivity data. Previous
work has shown that this does not necessarily hold for the CO,RR.'%%173 Since no kinetics barriers
for the c-CO,RR have been published to this point it is unknown if the kinetics would be
sufficiently described to the thermodynamics.

To compare the CO,RR and the c-CO,RR, Shen et al. compared the least exergonic step
of the c-CO,RR to the least exergonic step of the CO,RR (CO, adsorption). They determine the
potential limiting step of the c-CO,RR to be the cleavage of the capture agent from the carbamate
to form COOH*. Using this method, they determined that at weakly negative potentials the CO,RR
is more active than the NH; c-CO,RR. However, they find a crossing at moderately negative
potentials, and at highly negative potentials they predict that the c-CO,RR is more active than the
CO,RR.33

Neves-Garcia et al. performed a similar analysis for the production of methane on both
single atom alloy Ni on Au support (Ni@Au) as well as on pure Ni. They found that the free energy
change to convert NH,CO* to CO* on Ni@Au was 1.45 eV at 0 V vs. RHE or -0.47 V vs. SHE
(pH = 8).!16 Although a direct comparison is difficult, as this value was not reported as a function
of potential nor proton source, Shen et al. reported this value at -1.3 V vs. SHE and found on
Ag(111) this free energy change to be about -0.6 eV.33 Kowalski et al. reported that this reaction
on Ag(111) was highly potential and proton source dependent. They found that when a H,O proton
source the free energy changes from about 1.5 eV to 0.4 eV as the potential changes from -1.0 V
to -2.0 V vs. SHE. This range of reaction energies shifted to about 0.4 to -0.8 eV when an NH4*
proton source was used.’! However, Neves-Garcia et al. finds that directly protonating the
adsorbed NH,CO* to form NH,CHO* has a free energy change of -0.2 eV at 0 V vs. RHE (-0.47
V vs. SHE). Thus, they conclude because of the large thermodynamic barrier to produce CO and
exergonic PCET to produce NH,CHO¥*, the Ni@Au catalyst will be selective for CH4.!'¢ Although
not explicitly reported, as this step is a PCET, it is also likely highly potential and proton source
dependent. Thus, it is likely that even at more reductive potentials, the PCET to convert NH,CO*
to NH,CHO* is favored. They also compare their work on Ni@Au to a pure Ni surface at -0.83 V
vs. SHE (-1.3 V vs. SHE). They find that each elementary pathway on Ni@Au is exergonic, while
on Ni the final PCET to release the convert the NH,* to NH; was slightly endergonic and thus, Ni
requires a larger overpotential than Ni@Au.!'' However, the reaction in question is only uphill by
about 0.2 eV, and thus for a more accurate comparison a more explicit kinetic analysis would be
interesting to consider.

5.2 Energetic Span (ES)
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As it was determined that there were multiple reasonable c-CO,RR reaction pathways,
using only the least favorable elementary step to describe the reactivity is risky as this decouples
the different c-CO,RR pathways. However, realistically, these pathways are not decoupled, but
interact. Therefore, the energetic span (ES) theory provides a simple method to compare the
reactivity of different pathways.

The ES method reported by Kozuch et al. defines the ES from Equation 22-23:174175
ES = TS-1 (if TSisafterI) (22)
ES =TS — I + AG,,, (fTSisbeforel) (23)

In this method the ES of a pathway is defined as the largest energy difference between a
transition state (TS) on the interesting pathway, and an intermediate (I) on any pathway. AGy,
refers to the free energy of the overall reaction. To determine the ES, it is necessary to consider all
possible spans from the all the TS along a given pathway against every intermediate. The largest
of these spans is the ES. Figure 9 shows the ES on a cartoon reaction pathway.

>

First Cycle TSpie Second Cycle

\ ngreen,l

Free Energy (eV)

Ir'ed,l
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Figure 9: Cartoon pathway depicting the energetic span (ES) for two possible reaction pathways
for various activation free energy values. These pathways assume that the barriers not shown are
not rate determining. The arrow of a particular color represents the ES of that given pathway. Two
complete cycles are shown. The red and green barriers are the kinetic barrier for the same reaction,
but different values are used to show the effect of the magnitude of the barriers on the ES. The
subscript shows the pathway and the cycle. The ES is not affected by which cycle it is computed
on.

Some previous literatures have considered various c-CO,RR reaction pathways.3!116
Typically, if a pathway has a step that is too endergonic, it is considered to be inactive and not
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considered in further kinetic simulations for simplicity. However, some work has shown that for
the c-CO,RR to CO various mechanisms are possible depending on the catalyst surface. Therefore,
the reaction mechanism of the c-CO,RR takes a similar shape to the cartoon shown in Figure 9.
Both pathways start with identical intermediates, branch in the middle of the mechanism, and come
together again to form the final product.

Figure 9 shows how to calculate the ES for the blue, red, and green pathways depending
on the activation free energy barriers calculated. For the blue pathway shown the ES is simple.
The most stable intermediate among any of the pathways is I..q. Then of the transition states on the
blue pathway the one that would produce the largest ES with Lieq 1 1S TSpiye1- TSbe,1 Occurs after
Lrea so the ES is defined by urs,,.., — #1,,,, (using Equation 22). For the red pathway the same

logic can be applied. The most stable state is I,.q; and the transition state along the red pathway
that produces the largest ES is TS,.q; so the ES is defined as purg — MU, (using Equation

red,1
22). However, if the free energy of TS,.q; was not given by the red curve, but instead by the green

curve, then the ES would be defined by BTSpacrz — Blrear = BTSpaerr — Mlyegs T Alyeaction

(using Equation 23). Thus, the green curve highlights the necessity to consider two consecutive
cycles when using the ES method. If only one cycle was observed, it may appear that the ES for
the green pathway was defined similar to the red pathways by urs - W1,,,,- However, by

green,1

including the second cycle it becomes clear that the kinetic barrier in the second cycle is relevant.

To this point, it was visually clear if a transition state occurred before or after an
intermediate. However, it is imperative to define the terminology of before and after in the context
of the c-CO,RR. In the case of the c-CO,RR, for a specific product all the pathways have the same
generalized pathway. In the case of the production of CO, first the complex adsorbs. This is
followed by three protonations and finished by the desorption of CO. Therefore, what was done in
previous work was to assume intermediate that undergone the same number of each type of step
were at the same point along the reaction pathway. For example, in the initial R-C cleavage
pathway to reach the KCOOH* intermediate, one must adsorb KRCO,, then undergo two
protonations. For the final R-C cleavage pathway, if the adsorption and two protonations occur
then the KRCO* intermediate is formed. Therefore, it is taken that KCOOH* and KRCO* are
taken as being at the same point along their reaction pathways. As TS always occur in between
intermediates this guarantees that a TS can be defined as before or after an intermediate of interest.
However, when there are pathways that have different number of steps, then caution must be taken
in using the ES and one must define what before and after mean between the reaction pathways
with different number of steps.

Two important notes on the ES theory. It need not be necessary for the spans of all the
different pathways to have the same most stable intermediate because of the definition of before
and after. Also, the energetic span method is a simple approximation of the kinetics. It is far more
desirable to conduct a full microkinetic model (MKM) as many works have done for the
CO,RR.'76:177T However, to our knowledge, a full MKM has yet to be developed for the c-CO,RR.

From using the ES method, it has been reported that H,O c-CO,RR is thermodynamically
easier than the NH3 ¢-CO,RR, assuming the same proton source is used.’! This is likely because
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of the difference in binding strength between the capture agent and the CO,. From Zhang et al., it
is predicted that NH3 binds CO, stronger than H,O does.?® Therefore, as predicted from Appel et
al. the overpotential for the HO c-CO,RR is smaller than that of the NH3 ¢-CO,RR.?’

It has also been shown that when KHCOj3 (pK, of 10.3)%* is used, the CO,RR has a less
negative onset potential than either c-CO,RR reactions.?! However, when NH;" (pK, 0f 9.25)!78 is
used then the c-CO,RR has a less negative onset potential than the CO,RR. Therefore, further
work needs to be done on exploring this proton source effect. Since the c-CO,RR has one more
protonation required than the CO,RR the strength of the proton source has a larger effect on onset
potential of the c-CO,RR than the CO,RR.

However, it has also been shown that the ammonium cation can have a detrimental effect
on the selectivity. Since ammonium has a lower pK, than KHCO; and H,O (the typical CO,RR
proton sources), this means that the ammonium cation is more willing to release its proton.
Therefore, it has been shown that when ammonium cations are present the HER dominates.!>°
Thus, a balance occurs. The strong proton source is necessary to make the c-CO,RR
thermodynamically feasible, but the strong proton source also improves the HER. Therefore,
further work must be done on finding catalysts and reaction conditions that severely hinder the
HER, so that proton sources with lower pK,s can be used to conduct the c-CO,RR.

5.3 Microkinetic Modeling (MKM)

To our knowledge most of the studies on the c-CO,RR have used a thermodynamic analysis
because of the lack of known kinetic barriers. In specific cases, the ES model has been used to
obtain an effective barrier for a whole reaction pathway, and access the limiting potential, which
is a kinetic related information. To our knowledge, more explicit kinetic simulations, as
microkinetic modeling (MKM), have not been applied to c-CO,RR, However, previous work has
computed MKM for the CO,RR and the HER. In this method, the complete thermodynamics and
kinetics for the reaction are computed. A set of differential equations representing the rates of the
elementary step is defined which must be solved together.!” While solving the differential rate
equations, the coverage of each intermediate is solved for simultaneously with the rates. This leads
to being able to simulate the faradaic efficiency.!”” Therefore, MKM is a more complete
calculations  which  allows for better comparison to  experimental results.

MKM simulations for CO,RR on Ag showed that when the solution is saturated with CO,,
at weakly negative potential the majority intermediate on the surface is COOH*. However, as the
potential is made more negative, the surface get more covered in H* which leads to higher HER
rates.!”

Although out of the scope of this review, the c-CO,RR is also heavily dependent on mass
transport. Some previous works have combined results from MKM with transport base models to
model the electrochemical reaction more effectively. This process involves using transport-based
models to better approximate the concentrations of various molecules at the electrode. These
concentrations are then fed into a MKM simulation. Singh et al. compared MKM of CO,RR and
HER on Ag with and without mass transfer effects. They were able to get similar experimental
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current densities for the HER with and without the mass transfer effects, but mass transport effects
were necessary to achieve similar results for the CO,RR.!76

6. Conclusions and Outlook

The goal of the c-CO,RR is to directly reduce CO; in its captured state, avoiding the need
for separate steps of capturing, compressing, releasing and then reducing the CO,. Therefore, the
capture agent that binds CO, the strongest may not be the best capture agent to conduct the c-
CO,RR. Most current research has focused on reducing amine captured CO, as amines are
commonly used in industry as CO, capture agents. However, some research has started to branch
out to other families of capture agents as well.

In the c-CO,RR, three protonations are required, but there are only two free electrons per
cycle, meaning that one protonation occurs via a chemical reaction. In this work we compared the
reported mechanisms for the ¢c-CO,RR to form CO, formic acid and methane. All three works
found that an additional protonation was necessary to convert the captured CO, into the desired
product (three for CO and formic acid and nine for methane as compared to the two and eight
PCETs needed to convert CO; into CO/formic acid and methane, respectively). As the field is new,
there is limited research on how factors such as the effect capture agent, catalyst, and surface
coverage impact the specific stage at which chemical protonation occurs.

It was shown that overall, with a proton source with a low enough pK,, like NH,ClO,, the
equilibrium potential for the reduction captured CO, into CO can be less negative than the
reduction of free CO, into CO. However, for all proton sources tested, the equilibrium potential of
the competitive HER was less negative than either the CO,RR or the ¢c-CO,RR. Therefore, it is
imperative to find a catalyst that severely hinders the HER either thermodynamically or kinetically
enough so that the catalyst becomes selective for the CO,RR or the c-CO,RR.

To explore these electrochemical systems computationally, a variety of modeling
techniques are available. The CHE method assumes that the only potential dependence is from the
elementary electrochemical steps. However, in certain systems, including the c-CO,RR, it is
necessary to consider the potential dependence on the free energy of each of the intermediates. To
adsorb the CO, onto the catalyst it has been shown that an electron transfer occurs. This is followed
by a proton transfer to convert CO,* into COOH*. This stepwise, decoupled proton-electron
transfer contrasts with the CHE model, which requires all proton electron transfers to be coupled.

The surface charging method offers an alternative to more accurately model these more
complex reactions. In this method the free energy is taken as a function of the potential, allowing
for a more accurate description of the potential dependence of all reaction steps. This method relies
on approximating the free energy as a second order Taylor Series as a function of the work function
and capacitance. The work function can then be converted to electrode potential to get the free
energy as a function of electrode potential.

As the CO,RR and c-CO,RR are typically conducted in solution phase, a method must be
implemented to model the solvent and electrolyte. In this work we detail the methods used in the
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VASPSol program, but the concepts can be extended to other computational frameworks as well.
The solvent is modeled as a Polarizable Continuum Model (PCM) defined by the dielectric
constant of the solvent instead of specific solvent molecules to significantly reduce the
computational cost. The electrolyte is modeled as point charges by solving the linearized Poisson
Boltzmann equation (LPBE) via the Debye Screening Length. The structures to be optimized are
treated as solute and a cavity is formed in the PCM to place the solute. This method is
computationally efficient, but difficulties such as solvent “leaking” into unphysical regions have
been reported when using layers of solvent. Recently an updated framework called VASPSol++
has been released which adds volume to the solvent and electrolyte to prevent solvent leakage.
Additionally, this framework can compute calculations at a given potential, while the traditional
VASPSol method computes calculations at a given charge. Thus, VASPSol++ can significantly
reduce the number of calculations necessary to obtain the free energy at a given potential.
However, as this code is quite new further work needs to be done on benchmarking the
computational cost as compared to VASPSol as well as how to properly define the additional
parameters VASPSol++ requires.

However, there is room for improvement in regard to the modeling methods. As we
reported explicit solvation is more accurate. Further work could explore the c-CO,RR in more
realistic explicit solvation models, which could assist in understanding better the role that the
solvent and electrolyte have on facilitating the adsorption of the negatively charged reactant to the
electrode surface.

As for the reactivity of the c-CO,RR pathway, current work has mainly focused on
approximating the kinetics via the thermodynamics. In some work, it has been assumed that the
most endergonic step is the rate determining step, while other works use the energetic span model.
Therefore, one of the main points that needs to be addressed in future work is to explicitly calculate
kinetic barriers as have been done for the HER and CO,RR in other works.*%:10 This will allow
for more accurate kinetic simulations and more complex kinetic simulations could be conducted.

Unfortunately, at this point most computational results point to catalysts mainly being
active towards the undesirable HER. However, to our knowledge, only metal catalysts have been
explored for the c-CO2RR. There are other families of catalysts, such as metal-nitrogen doped
graphite and molecular catalysts that are known to be selective for the CO,RR.!8" Thus, further
exploration into other catalysts families as well as looking for potential reaction descriptors are
needed to better understand the c-CO2RR. Additionally, previous work has tried using aprotic
solvents to further hinder the HER during the CO,RR."3° There has been some work on exploring
other solvents in the c-CO2RR, namely alcohols. However, alcohols are chemically similar to
water. Thus, future work can explore other types of solvents. It would be important to explore the
solubility of these compound in those solvent since the reactant is a salt and not a neutral molecule
like CO,.

In general, the c-CO,RR is a relatively new and promising reaction but remains
underexplored. In this paper, we reviewed the reported mechanisms of the c-CO,RR as well as
methods employed in the literature to describe its reactivity. This work provides insight into
computationally modeling the c-CO,RR and highlights the complexities involved in these

40

Page 40 of 52



Page 41 of 52 Chemical Society Reviews

calculations and providing guidance on improving these methods to further explore and understand
the c-CO,RR.
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