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ABSTRACT OF THE THESIS
Comparing the reactivity of capture agents and proton source for captured carbon dioxide

reduction reaction. A theoretical assessment.

by

Robert Michael Kowalski
Master of Science in Chemical Engineering
University of California, Los Angeles, 2024
Professor Philippe Sautet, Chair

Since the industrial revolution, the concentration of atmospheric CO; has drastically risen.
Currently, the CO> reduction reaction (CO2RR) has been extensively studied to convert CO: into
higher values products like CO, formic acid, methane, etc. Industrially, the first step of the CO2RR
is to capture the COz using some capture agent, typically an amine. However, as these chemicals
bind CO; quite strongly a large amount of thermal energy is required to liberate the CO,. Thus, it
has been proposed to directly reduce the capture agent in the general captured CO2 reduction
reaction (c-CO2RR). This work is a prospective on Ag that considers different capture agents,
proton source effects, and facets. We show that the proton source chosen has a large effect on the
reactivity, we show that methanol is predicted to be a competitive capture agent compared to NHs,
and we show that steps and kinks sites hinder or do not improve the c-CO2RR. However, overall,
we determine that on Ag the HER dominates and therefore, further catalyst development is

necessary.
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Chapter 1: Introduction

1.1 Motivation

Since the industrial revolution the concentration of atmospheric CO> has been increasing.!
It was shown that from 1959 to 2010 the cumulative emissions of carbon had increased by 350
PgC. It was found that about 45% of that carbon had been released into the atmosphere and the
rest was captured by the land and seas. Additionally, it was determined that during those 5 decades
the rate at which carbon was being released was increasing.?

From an atmospheric perspective, additional CO> causes challenges as it is a greenhouse
gas. The greenhouse effect is defined as the mechanism in which certain chemicals, such as CO>
and H20, in the atmosphere can absorbed thermal infrared (IR) radiation that is emitted by the
Earth’s surface and atmosphere. This causes the temperature of the atmosphere to warm, which in
turn leads it to release some thermal IR radiation. This thermal radiation can be used to warm the
air near the Earth’s surface. In fact, it has been reported that the temperature of the Earth is about
30°C with the greenhouse effect than without.® Thus, the greenhouse effect is required for life to
function on Earth. However, although necessary for life, there is a tipping point. As the
concentration of greenhouse gases in the atmosphere increases, there are more greenhouse gas
molecules that can absorb and release more thermal IR radiation. Thus, as the concentration of
greenhouse gases increases the temperature of the Earth’s surface rises.

However, the CO2 can also be absorbed by the ocean. CO, reacts with water to form
carbonic acid by equation 1:

C0, + H,0 < H,CO4 (Eq 1)

Carbonic acid has 2 acidic Hs and has the pK, values of 3.49,* for the first dissociation,

and 10.3 for the second dissociation,® shown by equations 2 and 3:



H,CO; & H* + HCO3 (Eq 2)
HCO; & H* + C0%” (Eq3)
Thus, as the concentration of CO> increases, the pH of the ocean water decreases. This has been
reported to negatively affect certain marine life’s survival, growth, and reproduction. This effect
was typically worse in organisms that calcify.® Thus, as the concentration of CO; increases certain
marine life suffers from the acidification of the oceans. It is important to note that the solubility of
CO2 in H20 is a function of temperature. As the temperature increases the solubility of CO-
decreases. Thus, as the surface of the Earth is warmed less CO, can be adsorbed by the oceans.’
However, this does not necessarily help, as this means that more CO> will enter the atmosphere
and make the warming effect worse.

It has been reported that manufacturing plants can release up to 15 vol% CO2.8 Therefore,
efforts to mitigate this rise in CO2 concentration have included carbon capture and utilization
(CCU). In this method carbon is taken from a point source and converted into higher value
products.® Classically, this first involves the capture of CO2 using some capture agent, typically an
amine.X Industrially, the COy is typically flowed into an absorber unit that contains an amine-
containing agueous solution.® The captured CO; is then concentrated and released from the capture
agent where the CO> can get converted into higher value products thought the CO> reduction
reaction (CO2RR).} Reports have shown that the captured CO, complex must be raised to
temperatures between 120°C — 150°C to releases the CO,.1! Thus, it has been proposed to directly
electroreduce the captured CO> instead of first thermally releasing the CO> from the capture agent
and then running the CO2RR. This new process, which we have termed the captured CO2 reduction
reaction (c-CO2RR) extends upon the CO2RR. However, to fully motivate the c-CO2RR it is first

necessary to look at the success of CO2RR first, as the c-CO2RR is inherently a more challenging



reaction. Thus, if the pure CO2RR is impossible then it is highly illogical that the c-CO2RR would

be reasonable.

1.2 Success of the CO2RR

Significant work has already been conducted on reducing CO2 both thermochemically and
electrochemically.*>*” A myriad of products are possible from the CO;RR, though the most
common are CO and HCOOH (formic acid).*®?° Equations 4 and 5 show the overall balanced
equation for these reactions when done electrochemically:?

CO, + 2(H* + e™) = CO + H,0 (Eq 4)
€O, + 2(H* + e”) - HCOOH (Eq 5)

Starting from pure COg, two coupled proton electron transfer (PCET) steps occur to either
reduce the CO; into CO and H.0 or formic acid. The mechanism is quite different'®?? and the
identity of the catalyst has been observed to determine the identity of the products produced.®
Typically what is reported that to produce either of these compounds CO2 must first chemisorb to
the catalyst. At this point a PCET occurs to produce either *COOH or *OCHO. Typically, if
*COOH is produced then usually CO will form via a second PCET, and if *OCHO is produced
then usually formic acid will form via the second PCET.82 However, there have been reports of
formic acid being produced when the *COOH intermediate is formed.?? If formic acid is produced
that is typically the end of the reduction process. However, if CO is produced then it is possible
for additional products such as methane, methanol, or even larger C chain molecules like ethanol
and acetone to form.8

A common method to measure activity of a set of catalysts is through the usage of a volcano

plot. To construct a volcano plot a descriptor or set of descriptors are chosen to represent a reaction.



Then the descriptors are plotted against some measure of activity, such as onset potential. In the
CO2RR, the binding strength of *CO and of *OH have been reported as descriptors for some of
the various products possible from the CO2RR.?*% If the chosen descriptor is good at describing
the system, then an optimum will occur. This happens because of the different potential limiting
steps that occur for different catalysts. Thus, when two of these potential limiting steps cross an
optimum occurs. When multiple potential limiting steps occur then the crossing that produces the
least favorable onset potential is taken.?

For the CO2RR, Ag, Au, and Cu all appears within the vicinity of the peak of the volcano.
2425 For Ag and Au, typically the PCET from CO2 = COOH* is found to be the potential limiting
step. However, as Cu is able to produce products beyond CO and formic acid its potential limiting
step is found to be the PCET converting CO* - CHO*.2°> Although they are known to produce
different products this volcano plot provides interesting evidence on the effectiveness of these
catalysts for the CO2RR. Experimentally, faradaic efficiencies (F.E.) of CO of about 99% have

been observed on Ag under optimized conditions,?® thus validating Ag as a good CO2RR catalyst.

1.3 Challenges with the HER

As the captured CO> reduction reaction (c-CO2RR) and the CO2RR are run in solution
under reductive conditions, a possible side reaction occurs with the hydrogen evolution reaction
(HER). This reaction is unwanted because 1) it used an active site that could be occupied by CO>
or the capture CO2 complex and 2) it uses a proton source. In the CO2RR there are 2 required
protonations and in the c-CO2RR there are 3 as shown in equation 6.

KRCO, + 3XH + 2¢~ > CO + H,0 + RH + KX + 2X~ (Eq 6)



In equation 6, RH is the capture agent, XH is the proton source used, and KX is the
corresponding salt formed. The specific capture agents and proton sources used in this work will
be discussed in Chapter 3. However, equations 1-3 show that if the proton is reduced into Hz then
it is essentially wasted. Therefore, it is imperative to choose a catalyst that hinders the HER.

In this work Ag is chosen as that catalyst because it has been observed to not bind hydrogen
strongly.?’ In the HER, the H adsorption is seen as a descriptor of a catalyst’s activity.?” This is
because the HER is essentially 2 PCETs with the H* as the middle intermediate.?® Thus, if the H
does not bind well onto the catalyst at reasonable potentials, then it will require large overpotentials
to force the H to adsorb, allowing the HER to run. Likewise, if the catalyst binds H very strongly
then it will adsorb but getting it to react is very challenging. In those cases, the overpotential must
be made very negative to allow for the second PCET to be reasonable. From HER volcano plots it
is observed the Pt sits near the peak and a H adsorption energy of about -0.4 eV.?” Coinage metals
tend to bind H weakly, while early group transition metal oxides tend to bind H strongly.?® Thus,
there exists two families of catalysts that could potentially supply c-CO2RR catalysts. In this work
Ag is chosen for 4 reasons. One is that Ag has been reported in the literature to provide high faradic
efficiencies (FE) for CO.% Additionally, choosing a catalyst the binds H weakly provides
computational advantages. When a catalyst binds H strongly it is important to properly model that.
This greatly increases computational cost as well as the additional challenges that come from
accurately modeling metal oxides under realistic reaction conditions.3! Third, on a HER volcano
plot Au and Cu are in a similar position, but Ag is significantly below both of those metals.*?
Finally, previous work has shown that Ag may provide some ¢c-CO2RR activity.®! Therefore, as

Ag is known to be a poor catalyst for HER, and the worst for the coinage metals, a known good



CO2RR catalyst, and some promising results for the c-CO2RR, it was chosen as the catalyst for

this study.

1.4 Why Alcohols are Important

Commonly, amines are used to capture CO.*® However, amines bind CO> strongly, so
releasing CO; from them to conduct the CO2RR is energy intensive.3* Moreover, although not
explicitly tested on the N-C bond between amines and COo, it has been reported that strong bonds
that need to be broken leads to larger overpotentials.®® Therefore, alternatives to amines were
considered.

Alcohols were chosen as a possible alternative for multiple reasons. When using amines
for CO; capture 2 amines are required for each CO.. This is because in the capture process, first
the amine and the CO> form a zwitterion. Then another amine is used to remove the positive charge
leaving just the negatively charged carbamate.®* This raises a couple of issues. As the ammonium
cation produced has a relatively low pKa it is a good proton donor.% This in theory should improve
reactivity of the CO2RR and c-CO2RR thermodynamically speaking. However, this will also
improve the reactivity of the HER. Work was published that shows that the presence of these
ammonium cations in the c-CO2RR reaction network improved the HER much greater than the c-
CO:2RR and essentially killed the activity for c-CO,RR.>3" Additionally, amines have a high pKa.*
Typically, the c-COzRR is run in aqueous environments.®!! Therefore, there is a risk of
reprotonating the capture agent and prematurely releasing the CO-.

Therefore, alcohols were a reasonable alternative. Alcohols can bind the CO- in a 1:1 ratio
as an alkoxide.® This also means that the formation of the ammonium cation is no longer an issue.

For the case of methanol as a capture agent, in methanol solvent the only proton source available



is methanol. The pKa of methanol is 15.5,% higher than that of H20, bicarbonate, and NH4* (all of
the proton sources present in an ammonium carbamate c-CO,RR reaction network).53640
Therefore, it theoretically should suppress the HER. However, this means it will also suppress the
c-CO2RR. However, alcohols bind CO weaker than amines do.3 Therefore, this means that there
should be a smaller overpotential associated with reducing a carbonate rather than a carbamate.
This does mean that at equilibrium less CO. will be captured by the alcohol as compared to the
amine. However, because alcohol-based c-CO2RR can be run in an alcohol solvent this means the
risk of reprotonating the capture agent either no longer exists or is much smaller as the alcohols
using in capturing the CO. and used as the solvent will either be identical or have similar pKas.

Therefore, it is of interest to consider alcohol capture agents.

Chapter 2: Computational Methods

2.1 VASP

All calculations used density function theory (DFT) interfaced via the Vienna ab-initio
Simulation Package (VASP).*142 The electron ion interactions were modeled via the projected
augmented wave (PAW). The Perdew-Burke-Ernzerhof (PBE)*? functional with D3* corrections
to account for the van der Waal interactions was taken to model the exchange correlation
interactions. All the energetics in this work are free energies, as we are considering a grand
canonical model. To run VASP, the Atomic Simulation Environment (ASE) was used throughout
this work.**

For the Ag(111) slab a I'-centered k-point mesh of 4 x 4 x 1 was used to integrate the
Brillouin-zone (BZ). The valence electronic states in the plane-wave basis set were set by a

planewave cutoff energy of 400 eV.*® During relaxations an ionic step was considered complete



when the energy difference between consecutive electronic steps was less than 10, and an
optimization was considered completed when the max force was less than 0.02 eV/A. For all
calculations, as the catalyst was Ag, the smearing used a Methfessel-Paxton method of order 2.
The width of this smearing was set to 0.2. The solution algorithm used a combination of the
blocked-Davidson and RMM-DIIS methods. In this work calculations were typically not spin
polarized.*>*? As Ag is non-magnetic it is safe to assume that calculations would not have a
magnetic moment.*® Some spin-polarized calculations were run to test this claim and a magnetic
moment of 0 was always found. Figure Al shows an example of the typical VASP INCAR using
in all optimizations.

For the Ag(211) and the KCO.* a slightly different method was used. For the Ag(211) the
system was quite large as there were 102 Ag atoms per units cell. Therefore, to speed up the
calculations process it was assumed that optimizing the system asymmetrically at potential of zero
charge (PZC) gave a reasonable approximation of the necessary geometry. As explained in the
surface charging section getting the geometry as close to global minimum as possible was crucial
for determining realistic energetics. Therefore, what was tested was to first completely optimized
the Ag(211) symmetrically. This process was quite slow. Then the same intermediate was made
and optimized asymmetrically. Then the results of this asymmetric calculations were symmetrized,
and surface charging methods were used to obtain the energetics as a function of potential. The

results of this test is shown in Figure 1.
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Figure 1: Benchmarking the usage of asymmetrical optimization followed by single point surface
charge (green) against symmetrical optimization followed by single point surface charging (red)
or followed by optimized surface charging (blue). (a) the number of electrons and (b) electronic
energy are plotted as a function of potential.

From Figure 1 it is clear that the complete symmetrical surface charging is not necessary.
When considering the potential as a function of the injected charge in Figure la there is no
noticeable difference between optimizing the system symmetrically for each potential, (blue)
optimizing the geometry symmetrically and then using single point surface charging (red) and
optimizing asymmetrically and using single point symmetrical surface charging (green). From
Figure 1b there is a slight difference between the methods when comparing the energetics as a
function of potential. The fully symmetrical model is slightly more stable than the other 2 methods.
However, the difference in energy is less than 10 meV. Thus, it was safe to assume that these
methods provided similar enough results. Interestingly, optimizing symmetrical seemed to provide
no additional benefit to the energetics. Figure 1b clearly shows the red and green points have

almost identical energetics. However, the red method required a complete optimization using a



symmetrical slab. Therefore, to reduce computational cost, the method of first optimizing the slab
asymmetrically and then running single point surface charging was adopted.

The KCO2* intermediate has a similar method of optimization. However, on the Ag(111)
the unit cell was small enough that a complete symmetrical optimization followed by single point
surface charging was possible. It was necessary to do this as the CO, changes from its stable linear
mode to an unstable bent mode to adsorb. Therefore, quite negative potentials are necessary to
generate this structure. If the potential is not made negative enough the system will optimize into
its physiosorbed mode which is not interesting in this work. Therefore, what is done is to optimize
symmetrically at a negative potential (~+1 e above PZC) and then run single point surface charging
to obtain the energy was a function of potential. This was documented as a legitimate method of
obtaining chemisorbed CO, energetics in previous work.*® For more negative potentials it was
possible to fully relax the KCO.* intermediate without the physiosorbed mode appearing. In these
cases, the system was fully relaxed.

Interestingly, this method was not necessary when the K* was not present. The K* cation
acts to stabilize the CO, which leads to smaller adsorption energies.*’ It accomplishes this by
injecting its charge into the surface, so PZC more negative. However, when this K* cation is not
present this charge injection is also not present. Therefore, the PZC is at a much weaker negative
potential. Therefore, to reach the interesting potentials of CO2RR and ¢c-CO2RR (~ -1 to -2 V vs.
SHE) it is necessary to inject significant charge into the electrode. Therefore, at the interesting
potentials the CO>* can be fully relaxed without the threat of the system optimizing into the
physiosorbed mode.

This does not mean however, that the results predict that the K* cation does not assist in

the CO> adsorption. As Figure 2 shows the opposite trend was observed.
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Figure 2: Adsorption of CO2 with (purple line) and without (red line) the presence of K*.

This is important as it gives confidence and experimental validation to the model.
Therefore, in this work all the CO2 was done in the presence of a K* cation.

For convergence parameters the Ag(211) used identical parameters to the Ag(111) except
that the BZ integration was done with 3 x 4 x 1 I'-centered k-point mesh as the unit cell was

extended in the x direction.

2.2 VASPSol

Solvation and charging in this work were treated implicitly by the VASPSol package.*®4°
In this method the implicit solvent can be modeled with a handful of parameters. The solvent is

modeled as a continuum and the only required parameter needed to differentiate between different
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solvents is the dielectric constant.*® VASPSol assumes that the dielectric constant is truly constant
throughout the entire media. However, the dielectric constant is truly a function of position and
time.>°

All explicit models are treated as solute in the VASPSol framework.*®4° Thus, to place
them inside the model a cavity must be made in the solvent. This cavity is described by 3
parameters: the surface tension (tau)*°, the electron density present when the cavity forms (nc_k),
and the width of the dielectric cavity (sigma_k).*8

Work was done that shows that setting the surface tension to 0 provided similar results to
non-zero surface tension values.® Therefore in this work the surface tension will be set to 0. The
default values of nc_k and sigma_k are 0.0025 A and 0.6, respectively.*® Thus, these are the

values taken in this work.

2.2.1 Surface Charging

In this work, the influence of potential is important, so a charging is applied. To account
for this additional charge the solvent continuum contains a density of counter charge. Physically,
this would be the electrolyte. This counter charge is modeled as a solution to the linearized
Poisson-Boltzmann equation (LPBE) which requires the Debye screening length. The Debye
screening length can be calculated via the dielectric constant of the medium, the temperature, and
the concentration of electrolyte.*®

To calculate the energetics as a function of potential the method of surface charging (SC)
was used. In this method the system can be modeled as a capacitor. Therefore, given the potential

of zero charge (PZC), the energy can be given by equation 7.%2

_ 2
E = Ey + C(® — &g)d, + 08 (Eq7)
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Eo is the electronic energy at PZC, @y is the work function at PZC, C is the capacitance of
the system, and E and ® are the electronic energy and work function at the potential of interest.
This assumes that the capacitance of this capacitor is constant. This is typically, true but as the
charge is brought away from PZC, the capacitor becomes more non-linear. In this work it was
assumed that the capacitance was kept constant and thus, the energy can be modeled parabolically
as a function of work function, which can be converted to potential.>

Classically, electrochemical reactions were treated using the computational hydrogen
electrode (CHE) model developed by Ngrskov et al. In this method the chemical potential of a
coupled proton and electron can be determined by equation 8 when the potential is given in the
Standard Hydrogen Electrode (SHE) reference:®
Gurre- = 3Gny(g) — €U — In(10) x kg + T + pH (Eq 8)

In this U is the potential in SHE, e is the amount of charged transferred in the PCET, Gh2
is the free energy of Hz gas. Thus, it is possible model the reaction energy as a function of potential
following this framework. However, this means that each proton coupled electron transfer (PCET)
will be potential dependent, and all adsorption and chemical steps will be potential independent.>*
As will be explained in this work later, this framework will cause severe errors in the context of c-
CO2RR. However, even before this work it was noted various times that there were deviations
between the CHE model and surface charging model.> This is because the CHE method assumes
that the potential has no effect on the internal energy, while the SC method explicitly changes the
internal energy as a function of potential.>* Therefore, to avoid this issue the SC method was used.

To use the surface charging method the electronic energy is calculated via VASPSol.#84°
This calculation is done at multiple number of injected charges to get a range of potential.

However, as the work function is changed this slightly alters the geometry of the adsorbates.
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Typically, for a narrow range of potential the geometry is closer enough that a parabola can be fit
to equation 4 to get the energy as a function of potential. However, if the geometry is made
different enough then the capacitance term will change, and this leads to completely different

parabolas. Figure 5 shows an example of method happening with 2 KCH3OCO2* binding modes.
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Figure 3: Different binding modes of KCH3sOCO2* on Ag(111). (a) is chemosorbed and (b) is
physiosorbed. (c) Plot of the number of electrons and (d) electronic energy as a function of
potential. Blue line is chemosorbed (structure in (a)) and red line is physiosorbed (structure in (b)).

In Figure 3 there are clearly the modes of adsorption, the chemosorbed (Figure 3a and the
blue line in Figures 3c and 3d) and the physiosorbed (Figure 3b and the red line in Figures 3c and

3d). Clearly from Figures 3c and 3d the surface charging parabolas are quite different. Thus, it is
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important to consider both methods of adsorption in the work, but to only include the most stable
mode of adsorption at a given potential.

When using the surface charging method there are 2 additional assumptions. The first is
that the Poisson Boltzmann equation can be perfectly linearized. This assumption breaks down in
the limit of highly negative potentials. The other assumption is that there is a constant distribution
of electrolyte. Similar to the dielectric constant, the distribution of electrolyte is a function of
position and time.>

In this work, 2 solvents were used, a mixture of 30/70 wt% MEA/water and methanol. The
dielectric constant of methanol was taken as 32.42 from literature.>® These conditions were used
to match experimental conditions. This work is based off the previous works of Sargent et al. and
Shen et al. These works used a 30/70 wt% MEA/water solvent, so this was done here as well 8
The dielectric constant of the MEA/water solvent was taken as a molar weighted average of the
dielectric constants of the pure components. The pure dielectric constant of water is 78.4,%" and for
MEA is about 32.58 Therefore, when the molar average is applied this leaves a dielectric constant
of 73.4 for the system.

In Sargent’s paper they used a 2M KCl electrolyte.* Therefore, this concentration was also
taken for our electrolyte. Therefore, for the MEA/water solvent it had a Debye screening length of

2.09 A, and the methanol solvent has a Debye screening length of 1.382 A.

2.3 Atomic Model

In this work all models are symmetric. This is to eliminate the known dipole that would

occur in asymmetric models.>*5>% Figures 4 and A2-A17 show the models used in this work:
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Figure 4: Top down view of the KCH3OCO,* intermediate on the (a) Ag(111) and (b) Ag(211).

For the (111) a 1/9 ML coverage of both the K* cation and the captured CO> complex was
used. We tested 2/9 ML coverage of the K* to allow for the surface to always contain the cation
double layer and allow for the complex to be in its neutral form as it adsorbs to the surface.
However, it was determined that the adsorption energy of the complex with and without this
additional K* was similar. In literature a coverage of about 1/9 ML or smaller is common.®°-62
Thus, it was decided to say with the 1/9ML coverage of K*.

The (111) slab had 5 layers total when symmetrized with only the middle layer constrained.
A unit cell of 3 x 3 Ag atoms was taken. With a lattice constant of 4.09 A, this led to an overall
unit cell dimensions of 8.65 A x 8.65 A x 60 A. 60 A of vacuum was taken so that there was at
least 30 A of space along the z-axis between the top of the slab and the bottom of the slab in the
adjacent unit cell (Figure A18). This model was chosen as it reduced computational cost and to
match our previous work.®

For the Ag(211) slab a 1/18 ML coverage of the K* and 1/18 ML coverage of all adsorbates
was taken. This was done for 2 reasons. First when a 1/9 ML coverage was used, the size of the

unit cell was too small to allow for ample space between adsorbates in adjacent unit cells.
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Additionally, the most interesting part of the (211) is the step as this differentiates it from the (111).
Therefore, it is ideal to place the step in the middle of the unit cell to accurately probe it without
the possibility of adjacent unit cells altering its reactivity. Therefore, the (211) unit cell was 6x3
Ag atoms. With a lattice constant of 4.09 A, this led to overall cell dimensions of 14.17 A x 8.68
A x 60 A. Again, a vacuum of at least 30 A vertically was established to allow for no interactions
between adjacent vertical unit cells. As this surface has a slanted shape it is not trivial to describe

its symmetric geometry. Figure 5 shows a symmetrized (211) slab.

Figure 5: Example of a symmetrized Ag(211) with KCH30CO2* adsorbate. The X refers to a
constrained atom.
There are either 5 or 6 layers depending on what column described. Although strange, this

model is able to eliminate the dipole moment and allow for reasonable calculations.
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Chapter 3: Mechanism

Figure 6 shows the overall mechanism used in this work.
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Figure 6: Overall reaction mechanism considered in this work for the (a) c-CO2RR, (b) CO2RR

in the presence of K* cation, and (c) HER.

In the case of this work KRCO: is potassium methyl carbonate, potassium bicarbonate or

potassium carbamate. Potassium is chosen as the counterion to the captured CO; anion because of

its previous effectiveness.!%3%* |t has been shown that larger alkali cations improve the activity

of the CO,RR.%*%4 The cation is important because the negatively charged carbonate or carbamate
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must approach the negatively charged electrode to be reduced. Clearly this is not favorable so, the
potassium cation assists in this process. In the CO2RR, the potassium plays a similar role. When
CO- adsorbs to Ag, it changes from a linear mode to a bent mode. The bent shape is desirable as
this has a lower lowest unoccupied molecular orbital (LUMO) which assists in the electron transfer
necessary to reduce CO,.%° This cation assists in the process by injecting some charge into the
surface which helps to stabilize the CO.%® Additionally, some possible carbamate reduction on Ag
has been reported that when KCI electrolyte was used.* Therefore, in this work K is used as the
cation. In this work K is assumed to be in its cationic state K* as the potentials are not made
negative enough to reduce K*to metallic K.

Starting from the bare surface 3 possible compounds can adsorb: H, CO2 or KRCO,. H
adsorbed electrochemically thought a PCET, and if this adsorption occurs, then the HER is
assumed to undergo. After the H adsorbs, either the second PCET can occur to directly form Hzg)
(Volmer-Heyrovsky Mechanism) or the second PCET can adsorb another H onto the surface.
These two adsorbed Hs then combine to form Hz) (Volmer-Tafel Mechanism).?

As this work if on Ag, if CO2 adsorbs then it must undergo 2 PCETs to form CO. The
adsorption is markedly endergonic and is typically taken as the potential limiting step (PLS). Once
this adsorption occurs, a PCET follows to form COOH*. This COOH* is then reduced into CO*
and H20. Finally, the CO* desorbed. In this work the K* is present in all steps of the CO2RR.

For the c-CO2RR the general form of the reaction was given in equation 6 (reprinted again
for ease).

KRCO, + 3XH + 2e~ - CO + H,0 + RH + KX + 2X~ (Eq 6)
However, the R™ and X are placeholder compounds as the energetics will change depending on

the capture agent and proton source combination used. In the case of CH3OH, KRCO:; is
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KCH3OCO, in the case of H>O capture agent KRCO- is KHOCO3, and in the case of NH3 capture
agent, KRCOz is KNH2CO». XH is the proton sources considered while KX is the corresponding
potassium salt. The pairs considered are given in the format XH & KX: CH3OH & KOCHj3, H.0O
& KOH, KHCO3 & K2COgz, and NH4ClO4 & NHz + KCIO4. Overall, 2 PCETSs occur per cycle, but
3 protonation are required. This additional protonation, as compared to the CO2RR, comes from
releasing the capture agent. Therefore, 1 of these protonations is taken as chemical. From our
calculations it is determined that the pathways that do the final protonation chemically are the most
thermodynamically favorable. In this work 4 proton sources are considered: CH3OH which has a
pKa of 15.5,34 H,0O which has a pKa of 14, KHCO3 which has a pKa of 10.3,° and NH4CIlO4
(formally noted as NH4") which has a pK, of 9.25.3

If KRCO: adsorbed, then there are four possibilities that can be broken in 2 groups: initial
cleavage or direct reduction. Both these processes can have their first protonation and their last
protonation as electrochemical or chemical. It was determined that the most thermodynamically
stable pathways involve the final protonation done chemically. Therefore, these two pathways will
be taken as initial R-C cleavage (blue highlight) and final R-C cleavage (red highlight).

If the initial R-C cleavage pathway is taken, then a PCET occurs to release the captured
CO; from the capture agent. The CO: is taken to bind to the surface with the K* still present and
the capture agent is removed into the solvent. Then a second PCET occurs to form KCOOH* and
X. At this point both PCETSs have been used. Therefore, a chemical protonation occurs to form
CO*, H20 and a potassium salt. This CO* then desorbs from the surface.

If the final R-C cleavage pathway is taken, then a PCET will occur that forms KRCOOH*

and X". A second PCET will occur to form KRCO*, H20 and X". As with the initial R-C cleavage
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at this point both PCETs have been used so the final step is done chemically. This forms an
adsorbed CO¥*, the capture agent, and KX. The cycle is completed by desorbing CO.

To start our analysis the overall reactions energies was considered.
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Figure 7: Overall reaction energetics for the (a) HER, (b) methanol c-CO2RR (solid line) and
CO2RR (dotted line) in methanol solvent, (c) H20 c-CO2RR (solid line) and CO2RR (dotted line)
in H20 solvent, and (c) NHz c-CO2RR (solid line) and CO2RR (dotted line) in H20 solvent.

From Figure 7, it is clear that overall, the HER is much more thermodynamically favorable
than the CO> or c-CO2RR. In our model the chemical potential of a coupled proton and electron is

approximated by the computational hydrogen electrode (CHE) model (equation 5):
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In the CHE, the chemical potential of a couple proton and electron are a function of the
potential, the temperature, the pH, and the charge.>® In our case the charge is always 1. The
potential is determined by the SC method. The temperature is taken as room temperature
(298.15K) and the pH is given by the pKa of the proton source. It was determined that the pKa of
a buffer solution had the same effect on the equilibrium potential of the HER as changing the pH
of the solution. In this work, we assume that all proton sources XH is in equilibrium with X~ + H",
Therefore, this allows us to rewrite equation 4 as equation 9:

Gtpe- = %GHZ(g) — eU — In(10) x kg = T = pK, (Eq9)

Given that Hz is taken in gas phase it is reasonable to assume that the solvent has little
effects on its energetics. Therefore, the HER should be solvent insensitive and only dependent on
the pKa of the proton source. Therefore, Figure 7a shows that as the pKa is decreased the reaction
energy was made more exergonic, with CH3OH proton source leading to the least exergonic
reaction and NH4* proton source leading to the most.

For all capture agents involved the only proton source that leads to the c-CO2RR being
more exergonic than the CO2RR is the NH4*. This comes from the final protonation. When
CH30H, H20, and KHCO3 are used in the chemical proton source, the H* is exchanged with the
K*. However, for NH4CIlO4 the NH4" is exchanged with K*. The ionization potential is defined as
the energy required to ionize a neutral atom to produce a cation and an electron. The ionization
potential of H is 13.6 eV, while the ionization potential of K and NHa are 4.34 eV and 3.7
eV respectively.”® As the ionization potentials of K and NHy are close, when they are exchanged
this leads to a small reaction energy. However, when the H* and K™ are exchanged this leads to a

large reaction energy.
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From Figure 7 the equilibrium potential for each of these reactions can be determined by

finding the potential when the overall reaction energy is 0. This is plotted in Figure 8:
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Figure 8: Equilibrium potentials for (a) methanol c-CO2RR, (b) H20 ¢c-CO2RR, (c) NH3 c-CO2RR,

(d) HER, (e) CO2RR in methanol solvent, and (f) CO2RR in water solvent. The proton source is

given by the x-axis and the compound being reduced and the solvent are given in the top right

corner by the notation compound @ solvent.

From Figure 8 it is proton source has a much larger effect on the equilibrium potentials

than the capture agent. In all cases a proton source with a lower pKa leads to a less negative

equilibrium potential. From Figure 8 only the c-CO2RR using NH4* proton source is more

exergonic than the CO2RR. Thus, this leads to the c-CO2RR to have more negative equilibrium

potential than the CO;RR. However, for the NHs" case the c-CO2RR has a less negative

equilibrium potential than the CO2RR by about 0.25 V vs. SHE.
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From Figure 8 we see that the HER is overall thermodynamically easier than the CO2RR
and c-CO2RR. Thus, it is imperative to choose a catalyst that has a very endergonic elementary
step for the HER. It is important to consider the full reaction pathway. An example using methanol

capture agent in methanol solvent using methanol proton source is shown in Figures 9-11.
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Figure 9: Part of the overall reaction pathway for methanol c-CO2RR on Ag(111) as a function of
potential. This path includes the initial R-C cleavage pathway if the first (light blue) and the final
(dark blue) protonations are taken as the chemical step. (a) -1.0 V, (b) -1.3 V, (c¢) -1.6 V, and (d) -

1.8 V all vs. SHE.
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Figure 10: Part of the overall reaction pathway for methanol c-CO2RR on Ag(111) as a function
of potential. This path includes the intermediate R-C cleavage if the second protonation (light
green) and the final (dark green) protonations are taken as the chemical step. The final R-C
cleavage pathway when the final protonation is chemical is also shown (red) (a) -1.0 V, (b) -1.3

V, (c)-1.6 V, and (d) -1.8 V all vs. SHE.

25



20| pesetess (a) - LOV { T pmecse (p) 13V
> COOH*—
L 15 __\CO COOH*
RCO*  cO+*

o>fa 1.0¢ — 1 RCO* CO*
= * ¥ T e—e—
T sl RCOOH RCOOH o
L KRCO, + * KRCO, + *
Q 0.0 — - =
v

-0.5¢ | :
e

. KRCO,*

1ol KRCO,
20| pamecese () A6V e cese (d) 18V
>
QL 15

*
@ 1.0t RCOOH*_COOH RCOOH*
I *
Q RCO* COOH
- 0.5t ] co* RCO*
L . \ .
KRCO, + */ KRCO, + *,
Q00— co+*1— co*
Q
us: -0.5¢ — CO + *
KRCO,* .
-1.04 KRCO,

Figure 11: Part of the overall reaction pathway for methanol c-CO2RR on Ag(111) as a function
of potential. This path includes the intermediate (green line) and final (red) R-C cleavage if the

first protonation is taken as the chemical step. (a) -1.0 V, (b) -1.3 V, (c) -1.6 V, and (d) -1.8 V all

vs. SHE.

From Figures 9-11 it is clear that the overall reaction mechanism is complex and for
reasonable analysis must be simplified. However, as seen in the Figures 9-11 is that 2 distinct
pathways appear as the most thermodynamically favorable pathways. This trend holds true for all
capture agents and proton sources tested. From Figure 9, it is clear that for the initial R-C cleavage,

the first protonation must be electrochemical. However, it is interesting to note that at weakly
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negative potential, these pathways have relatively similar energetics. However, as the potential is
made more negative the energetics of the first step electrochemical pathway (dark blue) becomes
much more favorable than the first step chemical (light blue). This is because of the nature of the
chemical step. Typically, chemical steps are not potential dependent. From the SC method each
intermediate is potential dependent,> but this trend of typical chemical steps having little potential
dependence typically continues to appear when using the SC method.> Thus, the first chemical
step stays very endergonic for the entire potential leading to an unusable pathway at all potentials.
It is noted that the if the final step is chemical then there is a strange potential dependence. This
will be elaborated further later in this work, but the reason is because of a shift in the PZC between
the reactants and the products. From Figure 10, it is clear the if the second step is done chemically
(light green), then the same potential independence is observed and thus, that pathway is not
accessible at the window of interesting potential. Additionally, the final R-C cleavage (red) and
the intermediate R-C cleavage (dark green) have similar reaction profiles. However, as will be
explained in the section on energetic span, they would have the same energetic span, which means
that the reactivity will be predicted to be the same. Thus, the red pathway is chosen since the
reaction energy between KRCOOH* - KRCO* (red) is more exergonic than KRCOOH* >
KCOOH* (dark green) at all potentials.

Finally, Figure 11 shows some interesting competition between doing the final R-C
cleavage doing the last step chemically (Figure 10, red) and doing the first step chemically (Figure
11, red). However, it is important to remember that all these pathways are competing with each
other. Between these two pathways, when the final step is done chemically, the most stable state
(typically, KRCO*) is much most stable than any of the states when the first step is done

chemically. Therefore, the final step would be done chemically.
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We then consider the effect of the proton source on the overall reactivity (Figure 12).
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Figure 12: Reaction pathway for the reduction of potassium carbamate on Ag(111). (a-c) is using
H.0 and (d-f) is using NH4" as the proton source. Potentials are as follows: (a,d) -1.1 V, (b,e) -1.3
V, and (c,f) -1.6 V all vs. SHE.

Figure 12 showcases how large the effect the proton source has on the elementary reaction
steps. For Figures 12(a-c) shows using H2O as a proton source leads to a very endergonic reaction
at-1.1 V and barely exergonic at -1.6 V. However, from Figures 12(d-f) using NH4" as the proton
source leads to an exergonic reaction at -1.1 V vs. SHE. However, the largest difference is in the
chemical step, which is taken as the chemical step as this reaction can proceed the easiest without
electrochemical assistance.

To gain a deeper insight into the electrochemical effect on the reaction energy it is

necessary to consider the elementary reaction energies (Figures A19-A22)
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Figure 15: Elementary reaction energies for the c-CO,RR using NH, capture agent in water
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From Figures 13-15 the adsorption of the complex on the (111) terrace is potential
independent. This is logical as this step is non-electrochemical so the potential should have little
effect. For the initial R-C cleavage the next step is a PCET to decompose the KRCO2* into KCO2*.
This step is potential dependent, but not as potentially dependent as the other PCETs. Even more
surprising is in the final R-C cleavage step. The first PCET is between KRCO2* - KRCOOH*.
However, on the (111) this step is seen to have little potential dependence despite being an
electrochemical step. This occurs because of two simultaneous processes. The KRCO>" is an anion
so the K™ interacts with it to stabilize it on the negatively charged cathode. However, CO>* and
KRCOOH* are neutral adsorbates. Therefore, the K* changes from sharing its electron with the
adsorbate to with the surface. Therefore, two processes occur: a PCET and a charge injection that

changes the potential of zero charge (PZC). This is shown in Figure 16.
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Figure 16: Electronic energy as a function of potential for (@) KCH3OCO.* and (b)
KCH3OCOOH?* in methanol solvent.

As shown in Figure 16, the PZC shifts from about -1V vs. SHE to about -1.5 V vs. SHE.
This was observed throughout the work that the KRCO>* PZC would be about 0.5 — 1 V less
negative than the KRCOOH* PZC. Therefore, this process counters the PCET process and leads
to an overall thermal-neutral PCET for the final R-C cleavage.

For the initial R-C cleavage there is minor potential dependence even though there is a
competition between the PCET and the K™ changing where it is donating its electron. However,
this comes from the change in dipole moment created from the adsorption of CO». This dipole
moment is known as there have been reports of a large dipole moment change when CO; desorbs.>®
The CO; takes some charge from the surface which can be observed by an improvement in the
CO: adsorption energy by injecting more charge. Therefore, when the processes are summed
together there is some potential dependence.

After this step in the case of the initial R-C cleavage the KCO2>* undergoes a PCET to form
KCOOH* and the in the case of the final R-C cleavage the KRCOOH* undergoes a PCET to form

KRCO*. On the (111) this PCET shows the typical potential dependence.
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Then the chemical step occurs. KCOOH* - CO* for the initial R-C cleavage and KRCO*
- CO* for the final R-C cleavage. Typically, the chemical step should have limited potential
dependence as no electron is transferred. However, it is observed that both steps have strong
potential dependence on the (111). This is also from the shift in PZC of the KRCO* and the

KCOOH* intermediate and the CO* intermediate as shown in Figure 17:
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Figure 17: Electronic energy of (a) KCOOH*, (b) KRCO*, and (c) CO* as a function of potential
in methanol solvent.

The PZC of the KRCO* and KCOOH™* is at highly negative potential while the PZC of the
CO* intermediate is at weakly negative potential. Therefore, when the reaction occurs there is a
large shift in PZC that leads to a large potential dependence. This shows the importance of
considering the reactions using the SC method as compared to the CHE model. Previous work has
shown the SC method does have deviations from the CHE method, but the c-CO2RR shows a stark
difference between the methods leading to a requirement of using the SC method.

For the (211) there are differences in the reaction energy trends. The final chemical step
has the same trend as the (111) where the chemical step is strongly potentially dependent.
However, unlike the (111) the adsorption of KRCO: is inversely dependent on the potential. This

is from the adsorption modes of the KRCO2 shown in Figure 18.
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Figure 18: Typical carbonate and carbamate binding modes on (a) Ag(111) and (b) Ag(211). This
figure shows KCH3OCO*. All relevant structures can be found in the Figures A2-Al7.

On the (111) the carbonate and carbamate adsorb in the mode shown in Figure 18a.
However, on the (211) the carbonate and carbamate adsorb in the mode shown in Figure 18b. This
occurs because of the undercoordination of the (211) atoms. As the (211) has steps it has
undercoordinated atoms at the edge that are more reactive. This reactivity leads to better CO>
adsorption, and this is why it is reported that steps and kinks improve the activity for CO,RR."
Therefore, these sites want to chemosorb the KRCO- on the (211) as opposed to the physisorption
of the KRCO: on the (111). However, as the surface is injected with more charge this stabilizes
the bare surface, so the chemosorption mode becomes less stable.

This inverse potential dependence leads to a difference trend in the potential dependence
of the first PCET. Unlike on the (111) where there are two coupled processes, on the (211) there
are three: the PCET, the K* changing from donating its proton from the adsorbate to the slab, and
the desorption of the adsorbate as the KRCOOH* is found to be physiosorbed on both the (111)
and the (211). Therefore, this leads to some potential dependence on the (211). For the case of the
KRCO; > KCO2* there are the same two processes as on the (111) but the same methods that
lead to more potential dependence of the KRCO2* - KCO>* than the potential dependence of the

KRCO2* > KRCOOH™* are active on the (211) leading to a relatively normal PCET.
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It is known that the concentration of cations affects the electric field effects near the surface
of an electrode.”? However, in this work the concentrations of cations were different by a factor of
two when comparing the (111) terrace which had a cation coverage of 1/9 ML with the (211) facet
which had a cation coverage of 1/18 ML. However, when the binding mode of the
carbonate/carbamate was similar then the potential dependence of the elementary reactions was
similar. For example, from Figure 18 the binding mode of methyl carbonate is different on the
(111) and (211). As such the KRCO2;* - KRCOOH* has different potential dependence.
However, from Figure A9, the binding mode of methyl carbonate on (111) is identical to the
binding mode of methyl carbonate on (211) at potentials less negative than -1.06 V vs. SHE (ie.
The complex is chemosorbed rather than physiosorbed). From Figure 13 in that small potential
range the same potential dependence trends are seen on the (111) as the (211). Namely, the
complex adsorption has an inverse stability relationship with the potential and the KRCO2* ->
KRCOOH PCET is potential dependent.

This same trend can be observed when the KRCO2* is physiosorbed on the (211). The
bicarbonate does not chemisorb, but physiosorbed to the (211) (Figure A10). From Figure 14, the
same potential dependence that is typically seen on the (111) is observed for bicarbonate on the
(211).

To further confirm the that binding mode of the complex was the larger determining factor
in the strange potential dependence it was necessary to consider the potential dependent KRCO*
->CO* chemical step. From Figures 13-15 this chemical step is always highly potential dependent.
From Figures A15-Al7 the KRCO* and the CO* always binds chemically to the surface,

regardless of the facet. Therefore, overall, it was determined that the larger driving force for this
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interesting potential dependence was not the concentration of cation, but rather the mode at which

the complex binds to the surface.

Chapter 4: Reactivity Analysis

4.1 Energetic Span

Typically, the most robust method of studying kinetics is through a microkinetic model
(MKM), which are commonly seen in thermocatalysis.” " In this method all the transition state
(TS) are calculated alongside the intermediate energies. Then the rates can be solved for typically
using transition state theory.’®

However, in the case of electrochemical systems finding the TS is challenging. This is
because of the additional computational cost associated with the addition of solvation. In the c-
CO:2RR and the CO2RR this gets even more challenging because the intermediates react with the
solvent. For example, to protonated adsorbed CO2* to form COOH*, the proton comes from some
solvated species, typically taken as water. This involves numerous complexities as the surface
charging comes from both explicit and implicit methods.

In the c-CO2RR the potential limiting step is typically seen as KRCO* - CO*, which
involves the chemical removal of the capture agent. Thus, finding this TS is critical to
understanding the activity of a catalyst. However, with capture agents with larger pKa values this
reaction is quite endergonic, on the order of 1 eV for moderately negative potentials. Thus,
calculating this TS with classical methods such as climbing image nudged elastic band (CI-NEB)
is difficult.

Therefore, in this work kinetics are assumed to be related to the thermodynamics. What

has been done is to assume that the TS is at 0.4 eV above the reaction energy. 0.4 eV was chosen
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because it has been observed to be a reasonable barrier for the analogous processes in the
CO2RR.”""® Then the energetic span (ES) theory can be applied. In ES theory the reactivity is
assumed to be linked to the largest difference between any intermediate (ES_I) and any stable TS
(ES_TS). This method was first created by Kozuch et al.®# It is to be noted that the intermediate
and the TS need not to be on the same reaction pathway. The ES can then be calculated using
equation 10 (if the intermediate is before the TS) and equation 11 (if the intermediate is after the
TS).8%8 Figure 19 shows the ES in the context of c-CO2RR.

Grs — Gintermediate (Eq 10)

(Eq 11)

GTS - Gintermeidate + Greaction

0.4— ’ — Initial R-C Cleavage
[ —— Final R-C Cleavage
0.2—
= 0.0— —
%} KRCO +*
;—0.2-—
S
o —0.4— L
o —0.6— KRCO,* | | !
O IR !
- —0.8— KCO* +— 7
—1.07 | keoore—
v 7 co*x —

Figure 19: Energetic span (ES)2°8! for the initial R-C cleavage (blue) and the final R-C cleavage

(red) for potassium carbamate using NH4™ proton source in H20 solvent.
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It is important to remember that the ES of a pathway is determined by the TS. The ES_|I
can be from any pathway. From Figure 19 it is clear that the most stable intermediate is the
KRCO*. Thus, for the red pathway the ES ends up being the difference in energy from the KRCO*
and the TS between KRCO* and CO*. It is noted that this TS occurs after KRCO* on the reaction
pathway. Therefore, it is not necessary to include the reaction energy.

However, the blue pathway is not as clear. To explain the reason for the location of the ES
it is first necessary to define what is meant by the ES_TS being before or after the ES_I. If the
ES TS lies on the same pathway as the ES I, then it is trivial to determine if the ES_TS is before
or after the ES_I. If they do not lie on the same pathway, then complications arise. What was done
in this work was to consider types of reactions. In both the initial R-C cleavage and the final R-C
cleavage pathways start with the adsorption of the complex. Then a 2 PCETs occur followed by a
chemical protonation. This process is finished by a desorption. Therefore, what is assumed that if
intermediates that have completed the same amount of a type of reaction are at the same point
along their respective pathways. For example, to go from free KRCO, to KCOOH* the complex
must first adsorb and undergo 2PCETs. Likewise for free KRCO, to become KRCO* an adsorption
and 2PCETs must occur. Therefore, KCOOH* and KRCO* are consider analogous intermediates.
This means that the TS between KCO2* and KCOOH* would occur before KRCO* as KCO2*
occurs before KRCO*.

Using this knowledge make the calculation of the ES for the blue pathway non-trivial. Yes,
the most stable intermediate globally is the KRCO*. However, when considering the TS that occur
before the KRCO* an accounting the very negative overall reaction energy (~ -1.2 eV), it is

possible to find that the span for the blue pathway is between the KRCOOH* and the KCO2*.
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4.2 Reactivity and Onset

Figure 20: plots the ES for all of the reaction pathways.
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Figure 20: Energetic spans (ES) for all relevant systems. (a,b) is methanol c-CO2RR in methanol
solvent, (c,d) is H20 ¢c-CO2RR in H20 solvent, (e,f) is NHz c-CO2RR in HO solvent. (a,c,e) is on

Ag(111) and (b,d,f) is on Ag(211).
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From Figure 20 the CH3OH, H»0O, and KHCO3 proton sources lead to c-CO2RR ES that
are less than the CO2RR ES. This is reasonable considering the same trend with the overall reaction
energy occurred. However, it is observed that the NH4" proton source leads to ES that are
competitive or smaller than the CO2RR, thus, showing that when NH." is used as the proton source
c-CO2RR could be conducted.

It is noted that for the CH3OH and the NHz capture agent on the (111) the final R-C
cleavage is the most favorable pathway. However, typically the H2O capture agent and the (211)
lead to the initial R-C cleavage as the most favorable pathway. The reason for this comes from the
relative energy between the KCO.* intermediate and the KRCOOH* intermediate. The
KRCOOH* intermediate is methyl carbonic when CH3OH is the capture agent, carbonic acid when
H>0 is the capture agent, and carbamic acid when NHjs is the capture agent. The H>O capture agent
leads to a KRCOOH* intermediate of carbonic acid which is not stable because of its low pKa,,* as
it wants to be deprotonated in its bicarbonate form. It is observed on the (111) that CH3OH and
NH;3 capture agents have a KRCOOH* intermediate is more stable than the KCO2*. However, for
the HO capture agent the KCO2* intermediate is more stable. On the (211) the undercoordinated
sites leads to stronger CO2 adsorption. Thus, the KCO2* intermediate is more stable than the
KRCOOH intermediates. Therefore, the final R-C cleavage step is more favorable for the CH3OH
and NHs capture agents on the (111) as the adsorbed CO>* is unstable enough that the final R-C
cleavage pathways has a smaller ES. However, once the KCO.* is stabilized relative to the
KRCOOH?#*, the initial R-C cleavage pathway dominates.

To truly compare the capture agents, it is necessary to consider the same proton source.
NH4ClOg is soluble in both H2O and CH3OH. Therefore, it is used for comparison. From Figure

20 it can observed that the ES of the CH3OH-captured CO> and the NHs-captured CO> are similar
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and lower than that of the H>O captured CO>. Thus, it is determined that CH3sOH capture agent is
reasonable competitor to amine-based capture agents, provided that the proton source is similar.
To test the validity of 0.4 eV barrier we tested the effects of changing the barrier to 0.1 eV

and 1.0 eV and plotted the ES in Figure 21.
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Figure 21: Testing the ES as a function of added barrier over the reaction energy. If a reaction
energy as exergonic a flat barrier of (a,b) 0.1, (c,d) 0.4, (e,f) 1.0 eV is applied. (a-c) is methanol c-
CO2RR in methanol solvent on Ag(111) and (d-f) is NHs c-CO2RR in H2O solvent on Ag(111).

From Figure 21 it is noted that the different barriers lead to the identical trend between the
reaction systems but leads to different onset potentials. However, as the ES trend is identical the
trend between the onset potentials between the reactions systems will be the same between all of
the barriers. Therefore, absolute value of the onset potential may not be perfectly accurate by
assuming all of the barriers are 0.4 eV, but as the trend will be the same for a wide range of
potentials then it is assumed that choosing an 0.4 eV barrier is a reasonable method.

Importantly, it was necessary to consider the onset potentials of the different competing

reactions to determined what reaction would be observed experimentally and if some CO was
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being produced was it being produced from the CO2RR or the c-COzRR. It can be calculated that
an energetic barrier of 0.75eV leads to a TOF of 1 s™* Therefore, the onset potential was determined
as the potential necessary to make the ES equal to 0.75.

Figure 22 shows that onset and overpotential table of all reactions on the (111) terrace, and

Figure 23 shows the onset potential and overpotential table of all reactions on the (211) facet.
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Figure 22: Onset (blue) and over (brown) potentials for the (a) methanol c-CO2RR in methanol,
(b) H20 capture c-CO2RR in H20, (c) NHs capture c-CO2RR in H20, (d) HER, (e) CO2RR in
methanol, and (f) CO2RR in H20 on Ag(111). Relevant proton sources are shown on the x-axis.

The compound being reduced, and the relevant solvent are given in the right-hand corner with the

notation compound @ solvent.
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methanol, and (f) CO2RR in H2O on Ag(211). A red X means that the onset potential is never
achieved. Relevant proton sources are shown on the x-axis. The compound being reduced, and the
relevant solvent are given in the right-hand corner with the notation compound @ solvent.

From Figures 22 and 23 it is clear that the HER would dominate in these conditions, as the
onset potential of the HER is much more negative than of the CO2RR or the c-CO2RR. Thus, we
predict that experimentally, the F.E. of H> would be much larger than the F.E. for CO. However,
because of the different proton source’s pKa the onset potential of the HER is shifted, with NH4*
having the least negative onset potential, and CH3OH having the most negative onset potential.
Thus, it is possible to suppress the HER intrinsically, by choosing a proton source with a larger
pKa. As Figure 20 showed this will also increase the ES of the CO2RR and the c-CO2RR. However,

as shown from Figures 20 it is possible to use the proton source to change the activity of the

chemical step from the ionization potentials of the cations being exchanged during the protonation.
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Therefore, further optimization is possible to find proton sources with higher pKa values but has a
chemical nature that provides a more thermodynamically favorable chemical step.

Interestingly, the onset potential of the CO2RR was only dependent on the solvent and not
the proton source. This is because the ES span for the CO2RR is defined by the adsorption of CO..
As this step is not a PCET the proton source plays no dependence on the onset potential. It is
interesting to note that the adsorption of CO: is less favorable in methanol solvent over water. This
trend is present on the (111) and the (211), but on the (211) the difference in onset potential
between the solvents is much smaller than on the (111). This because of the undercoordinated sites
on the (211) stabilizing the CO> adsorption. Even though the methanol solvent destabilize the CO>
adsorption, the undercoordinated sites are able to assist in the CO2 adsorption. However, it is to be
noted that the CO2RR has a lower onset potential on the (211) facet than the (111) terrace. This
has been shown in experiment,’® so it gives further validation to our model.

When comparing Figures 22 and 23 the c-CO2RR is typically more favorable on the (111)
surface as compared to the (211). This is interesting as the CO2RR has the opposite trend. Thus,
this is important as trends that existed for the CO2RR may no longer be valid for the c-CO2RR.
Although out of the scope of this work, further investigation must be made on these similarities
and differences. However, what is clear is that the onset potentials for the c-CO2RR on the (111)
are less negative than on the (211). As expected, as the pKa of the proton source decreases then the
onset potential is made more negative regardless of the capture agent. However, on the (211) some
of the c-CO2RR reactions using proton sources with higher pKas never achieve onset. This is
because for these systems as the potential is made negative enough the adsorption of the KRCO>
becomes endergonic. Thus, the span becomes defined by the adsorbed KCO2* and the TS of the

complex adsorption. As the reaction becomes more endergonic with potential, this TS grew larger
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by our definition of how to approximate the TS. For the NH4* proton source the proton source is
strong enough that it can achieve onset at potentials less negative than the potential at which the
adsorption becomes endergonic. However, for the other proton sources this onset potential would
be too negative, and as such onset is never achieved. Interestingly the adsorption of KHOCO:;
never becomes endergonic on the (211). Thus, the process becomes completely exergonic which
is assumed to have achieved onset.

From the (111) interestingly, the capture agent seems to have little effect on the onset
potential, but the proton source seems to have the greater effect. From Figure 20, the mechanism
with which the c-CO2RR is conducted is different for the H,O capture agent as compared to the
CH3OH and the NHs. However, all pathways can become completely exergonic by moderate
potentials when NH4" is used as the proton source. Therefore, for optimization purposes this shows
that the capture agent seems to have a minor effect on the reactivity and can be selected depending
on the necessary catalyst and solvent constraints. However, the only reasonable c-CO2RR onset
potentials were found by using the NH4" proton source, which lead to the HER dominating.
Therefore, this shows that there is interest to explore further proton sources.

The calculations also help to predict the source of any CO. All proton sources except for
NH4* the CO2RR has a less negative onset potential and less negative ES for most of the range of
potentials tested, regardless of c-CO2RR capture agent. Thus, in the case of reaction systems where
these proton sources are the strongest proton donors, it is predicted that the majority of CO
produced will be from the CO2RR. Additionally, most of the CO produced will be from the step
and kink sites as the onset potential for the CO2RR is less negative on the (211). When the potential
is made negative enough then it may be possible that (111) terrace could be used for CO2RR and

if the potentials are made even more negative, then the c-CO2RR could be conducted. However,
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for the case of the c-CO2RR is conducted in the presence of NH4" then the onset potential and ES
for c-CO2RR is less negative than the CO2RR. Thus, it is likely that the majority of CO would be
produced from the c-CO2RR. It is to be noted that the onset potential and ES for the CO2RR using
NH." as a proton source is close to the onset potential and ES for the c-CO2RR on both the facets,
but especially close on the (211) facet. Thus, likely the CO produced will be a mixture of c-CO2RR
and COzRR.

However, unfortunately experimentally what will likely be observed is a complete
dominance by the HER, as the onset potentials for the HER as significantly less negative than that
of the CO2RR and c-CO2RR. The F.E. of H> will likely get larger as the proton source is made less
negative as the HER is able to achieve onset at even less negative potentials. Thus, although this
work proves that there is a chance for c-CO2RR to produce CO and that there are number of c-
CO2RR parameters to optimize that are different than the parameters needed to optimize the
CO2RR, the ultimate winner on Ag catalyst is the HER. However, this means that further work

needs to be done on optimizing the catalyst, proton source, and reaction conditions.

Chapter 5: Conclusions

In this work VASP and VASPSol were used to elucidate the effect of capture agent and
proton sources on the c-CO2RR when Ag is used as the catalyst. Ag was chosen because of its
large binding energy of H. The first goal of this work was to elucidate the reaction mechanism
when the ¢c-CO2RR produces CO. As there are 3 required protonations and only 2 electrons per
cycle it was necessary to figure out the most thermodynamically stable reaction to do thermally.
Overall, it was determined that only 2 pathways were necessary to fully describe the c-CO2RR

reaction network. Both did the final protonation chemically, but the difference was if the first
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protonation was used to cleavage the CO> from the capture agent (initial R-C cleavage) or if this
cleavage was done from the final protonation (final R-C cleavage). Thus, work was done on
elucidating which pathways were the most thermodynamically stable depending on the capture
agent used and catalyst facet. For some capture agent, proton source, catalyst fact combinations
the initial R-C cleavage and the final R-C cleavage had an identical ES. This was typically the case
for proton sources with higher pK, as the chemical step was highly endergonic. As the product of
this chemical step, CO*, was shared by both pathways then the ES was the same for both pathways.
However, for case when differences in the pathways existed, the CH3OH and NH3 capture agents
on Ag(111) it was determined that typically, the final R-C cleavage was the most favorable
pathway, but the H,O capture agent on Ag(111) and all of the processes on the (211) typically the
initial R-C cleavage was the most favorable.

Overall, it was determined that the capture agent had little effect on the onset potential and
ES, but the proton source was more important. Thus, this provides 2 interesting optimization
challenges: the proton source and the relationship between capture agent and catalyst.

It was shown that when the proton source was taken as NH4* then the c-CO2RR had a
reasonable competition with the CO2RR. Unfortunately, it was determined that the onset potentials
required for the c-CO2RR and the CO2RR were negative enough that the HER was spontaneous
throughout the whole process. Therefore, on Ag it is predicted that the HER will dominate, and
little CO will be produced. However, this work provides a proof of concept that the c-CO2RR has

much potential to be optimized.
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Appendix

calc=Vasp(
gga='PE',
wdw=11,
lsol=True,
tau=0.0,
lambda_d_k=1.382,

lreal="'Auto’',
nsw = 500,

gamma=True,
ibrion = 2,

-
1018

lrhoion = False,

lrhob = False,

lcharg = False,

lwave = False,

setups={'base': 'recommended'}

Figure Al: Example ASE script to be interfaced with VASP to automatically generate the INCAR,

KPOINTS, and POTCAR.
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Figure A2: Bare slab configurations (a,b) are the Ag(111) and (c,d) are the Ag(211). A black X
refers to a constrained atom in optimization. The most stable configuration is shown. This is
configurations with the notation * in Figure 6. All Ag(111) slabs had the same number of atoms

and cell parameters as in (a,b) and all Ag(211) slabs had the same number of atoms and cell

parameters as in (c,d).
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Figure A3: K* adsorbed on slab configurations (a,b) are the Ag(111) and (c,d) are the Ag(211).
A black X refers to a constrained atom in optimization. The most stable configuration is shown.
This is configurations with the notation K* in Figure 6. All Ag(111) slabs had the same number
of atoms and cell parameters as in (a,b) and all Ag(211) slabs had the same number of atoms and

cell parameters as in (c,d). All slabs were symmetrized in this same manner.
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Figure A4: H adsorbed configurations (a,b) are the Ag(111) and (c,d) are the Ag(211). The most

stable configuration is shown. This is configurations with the notation H* in Figure 6.

Figure A5: 2H adsorbed configurations (a,b) are the Ag(111) and (c,d) are the Ag(211). The

most stable configuration is shown. This is configurations with the notation H* + H* in Figure 6.
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Figure A6: K* + CO2* adsorbed configurations (a,b) are the Ag(111) and (c,d) are the Ag(211).
The most stable configuration is shown. This is the configuration with the notation KCO2* in

Figures 6 and 12.
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Figure A7: K* + COOH* adsorbed configurations (a,b) are the Ag(111) and (c,d) are the
Ag(211). The most stable configuration is shown. This is the configuration with the notation

KCOOH* in Figures 6 and 12.
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Figure A8: K* + CO* adsorbed configurations (a,b) are the Ag(111) and (c,d) are the Ag(211).
The most stable configuration is shown. This is the configuration with the notation KCO* in

Figures 6 and 12.
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Figure A9: K*RCO2* adsorbed configurations with CH3sOH capture agent (a-d) are the
Ag(111) and (e,f) are the Ag(211). The most stable configuration is shown. (a,b) is the most stable
configuration for potential less negative than -1.06 V vs. SHE, and (c,d) is the most stable
configuration for potentials more negative than -1.06 V vs. SHE. This is the configuration with the

notation KCOy* for the CH3OH in Figure 6.
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Figure A10: K*RCO2* adsorbed configurations with H20 capture agent (a,b) are the Ag(111)
and (c-f) are the Ag(211). The most stable configuration is shown. (c,d) is the most stable
configuration for potential less negative than -1.33 V vs. SHE, and (e,f) is the most stable
configuration for potentials more negative than -1.33 V vs. SHE. This is the configuration with the
notation KRCO2* for the H.O capture agent in Figure 6. The coverage is 1/9 ML on Ag(111) and

1/18 on Ag(211). If duplicate atoms appear they are in adjacent unit cells.
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Figure Al1l: K*RCO2* adsorbed configurations with NH3 capture agent (a,b) are the Ag(111)
and (c,d) are the Ag(211). The most stable configuration is shown. This is the configuration with

the notation KRCO2* for the NH3 capture agent in Figures 6 and 12.
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Figure A12: K* + RCOOH* adsorbed configurations with CH3OH capture agent (a,b) are the
Ag(111) and (c,d) are the Ag(211). The most stable configuration is shown. This is the
configuration with the notation KRCOOH* for the CH30OH capture agent in Figure 6. The coverage

is 1/9 ML on Ag(111) and 1/18 on Ag(211). If duplicate atoms appear they are in adjacent unit

cells.
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Figure Al13: K* + RCOOH* adsorbed configurations with H20O capture agent (a,b) are the
Ag(111) and (c,d) are the Ag(211). The most stable configuration is shown. This is the
configuration with the notation KRCOOH™* for the H>O capture agent in Figure 6. The coverage
is 1/9 ML on Ag(111) and 1/18 on Ag(211). If duplicate atoms appear they are in adjacent unit

cells.
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Figure Al4: K* + RCOOH* adsorbed configurations with NHs capture agent (a,b) are the
Ag(111) and (c,d) are the Ag(211). The most stable configuration is shown. This is the
configuration with the notation KRCOOH* for the NH3 capture agent in Figures 6 and 12. The
coverage is 1/9 ML on Ag(111) and 1/18 on Ag(211). If duplicate atoms appear they are in adjacent

unit cells.



Figure A15: K* + RCO* adsorbed configurations with CH3sOH capture agent (a,b) are the
Ag(111) and (c,d) are the Ag(211). The most stable configuration is shown. This is the

configuration with the notation KRCO* for the CH3OH capture agent in Figure 6.
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Figure A16: K* + RCO* adsorbed configurations with NHs capture agent (a,b) are the
Ag(111) and (c,d) are the Ag(211). The most stable configuration is shown. This is the

configuration with the notation KRCO* for the NH3s capture agent in Figures 6 and 12.
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Figure A17: CO* adsorbed configurations with NHs capture agent (a,b) are the Ag(111) and
(c,d) are the Ag(211). The most stable configuration is shown. This is the configuration with the

notation CO* in Figures 6 and 12.
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Figure A18: Schematic of two units adjacent with respect to the z axis. At least 30 A of space is

between the cells.
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Figure A19: Elementary reaction energies for the HER on Ag(111). The proton source is listed in

the top right corner of each panel. (a) NH.*, (b) KHCO;, (c) H.O, and (d) CH,OH. The solvent does

not affect the reaction energetics.
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Figure A20: Elementary reaction energies for the HER on Ag(211). The proton source is listed in

the top right corner of each panel. (a) NH.*, (b) KHCO;, (c) H.O, and (d) CH,OH. The solvent does

not affect the reaction energetics.
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Figure A21: Elementary reaction energies for the CO2RR in methanol solvent. (a,c) is using NH4*

proton source and (b,d) is using methanol proton source. (a,b) is on Ag(111) while (c,d) is on

Ag(211).
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Figure A22: Elementary reaction energies for the CO2RR in H20 solvent. (a,d) is using NH4"
proton source, (b,e) is using KHCOs3 proton source, and (c,f) is using H2O proton source. (a-C) is

on Ag(111) while (d-f) is on Ag(211).
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