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Abstract

For the electrochemical CO2 reduction reaction, different metal catalysts produce different

products preferentially. However, the differences between the metals’ reaction pathways that

lead to these different products is still not fully understood. In this work, we analyze CO vs.

HCOOH formation from CO2 using statistical analysis and DFT calculations. This is carried

out by considering multiple descriptors, along with the competing reaction pathways, reac-

tion barriers, and high coverage of mixed adsorbates on the surface. This method is capable

of explaining the discrepancy between simulations and experiments regarding Ag and Au se-

lectivity, and of properly classifying elements according to their product distribution. We find

that, when considering water-assisted protonation for the disproportionation to CO, Ag and Au

have a lower barrier for CO production in agreement with experimental results. We also find
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that, when considering high coverage of mixed adsorbates on the Ag/Au surface, the most sta-

ble adsorbate configuration contains adsorbates capable of forming CO preferentially. These

findings help to bridge the gap between simulations and experiments and provide a missing

link for our understanding of the CO2 reduction reaction.

1 Introduction

Due to pollution, climate change, and the need to store and produce renewable energy sustainably

and effectively, there is an acute need for CO2 utilization methods such as electrochemical CO2

reduction (CO2R).1–6 As a result of this, scientific and industrial interest in CO2R has increased

greatly over the last few decades. The CO2 reduction reaction (CO2RR) is complex, in large

part due to the many different products and reaction pathways.1,7,8 To achieve performance good

enough for industrial applications, however, understanding and tuning the CO2RR to give specific

products with high enough selectivity and activity is essential.

(a) (b)

Figure 1: (a) Major product classification of metal catalysts for CO2 electroreduction based on
the experiments of Hori et al.,9 colored according to major product selectivity. (b) Calculated
adsorption energies for ∆E*COOH vs. ∆EHCOO** for different metal catalysts.

One of the main challenges here is finding out why different catalysts give different prod-

ucts.10,11 Previous work by Hori et al.9 grouped the transition metals according to whether they

produce mainly H2 (Ti, Fe, Ni, Pd, Pt, Ga),12 CO (Ag, Au, Zn),13–18 HCOOH (Cd, In, Sn, Hg, Tl,

Pb),19–21 or hydrocarbons and alcohols, here denoted as beyond *CO (Cu).22–27 Fig. 1a shows the
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grouping of the metal catalysts according to their major product, with the assigned color and the

Faradaic efficiency for the major product shown for each metal.23,28 The colors given for the four

groups in Fig. 1 are utilized throughout the work to show the product classification. We previously

found descriptors explaining the selectivity of Cu and H2-producing metal catalysts in the binding

energies of ∆E*H and ∆E*CO.28 However, neither the observed relation of ∆E*H, nor the analysis

of anyone else to our knowledge, fully provides an empirically based explanation of why different

metals give different products.

This discrepancy between experimental and simulational results for the CO2RR has also been

noted by Bohra et al.29 In likely the most egregious example, we know experimentally that Ag and

Au produce CO.23 However, Density Functional Theory (DFT) calculations predicts that the for-

mation of HCOOH has a lower barrier compared to CO, meaning that these elements preferentially

produce HCOOH, in disagreement with experimental knowledge.11,29 As DFT is generally very

good at qualitatively predicting (electro)catalytic trends in agreement with experiments,2 there

must be some factor that has not yet been accounted for in atomic-scale simulations.

A popular assumption in the field of electrochemical CO2 reduction is that the monodentate

intermediate *COOH produces CO, while the bidentate intermediate HCOO** produces HCOOH

(see Fig. 2 for illustration of adsorbates).29,30 The reasoning then goes, if one can show the exis-

tence or stability of the given intermediate, one has proven product formation of its assumed cor-

responding product. Unfortunately, there are problems with this thinking. Fig. 1b shows the DFT

adsorption energies of *COOH vs. HCOO** for several metal catalysts. The diagonal dashed line

indicates the points where the two adsorption energies are equal, while the vertical dashed lines in-

dicate how similarly CO-producing (blue) and HCOOH-producing (yellow) metals bind *COOH,

being within simulation margin of error energy-wise. With the exception of the H2-producing Pt,

every other metal preferentially binds the intermediate HCOO** over *COOH, i.e. are below the

diagonal line. Meaning, according to DFT, Ag and Au should have mainly HCOO** on the sur-

face, and thus mainly produce HCOOH. But if that is the case, how do they make CO? In other

words, we need to expand our theoretical framework to explain this phenomenon.
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Several studies have tried to give an explanation regarding CO vs. HCOOH selectivity.10,11,17,28–42

Many hypotheses have been made as to what critical factor is needed to consider in order for theo-

retical calculations to explain this part of CO2R product selectivity, such as pH, cations, the surface

structure, the amount of water molecules in solution, the binding energy and coverage of protons

on the surface, steric constraints, and adsorbate-adsorbate interactions. So far, however, a compre-

hensive, data-based explanation, reproducing the experimental trends with DFT calculations and

explaining CO vs. HCOOH selectivity, has to our knowledge not been made.

The aim of this paper is to investigate the distinction between CO- and HCOOH-producing

metal catalysts. This work differs from previous research in the field in four significant ways:

• This work investigates a multitude of different descriptors and metals, using statistical anal-

ysis to understand the descriptor space.

• This work investigates both the CO and HCOOH pathways simultaneously for direct com-

parison, on a wide variety of metal surfaces.

• This work investigates not only the adsorption energies, but also the related activation ener-

gies for the proposed rate- and/or product-determining steps of the reaction (see Eq. 3-7).

• This work considers everything from a single adsorbate to full coverage of the surface, for all

investigated adsorbate combinations. Some recent studies have looked into higher coverage

of adsorbates,30,32 but do not mix different adsorbates on the surface.

We posit that these factors can qualitatively explain the selectivity difference between CO- and

HCOOH-producing elements. By themselves, none of these features are entirely new, but have

often been overlooked or used sparingly due to the difficulty and resource intensity in calculating

transition states and high-coverage structures for so many different features and elements. Com-

bining these approaches through thorough theoretical investigation of the CO2RR, we hope to find

new insight for CO2RR and especially CO vs. HCOOH selectivity on the different metal catalysts.
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2 Descriptors and Pathways Investigated

For this work, we investigated a wealth descriptors, including adsorption energies of various rele-

vant adsorbates, reaction barriers for several competing reaction pathways, and physical descriptors

such as the lattice constant (LC) and slab work function (WF) for several metal catalysts. The full

list of descriptors used for the statistical analysis can be found in Fig. S2.

Figure 2: Left: Scheme for the CO2R reaction pathways for CO and HCOOH formation. Con-
version to CO occurs via a disproportionation reaction, while conversion to HCOOH occurs via
protonation. Note that monodentate HCOO* is metastable but can exist when walled in by other
adsorbates.35 Right: Atomic visualizations of investigated intermediates for CO/HCOOH forma-
tion.

Fig. 2 shows the investigated reaction scheme for CO2 reduction to either CO or HCOOH,

which occurs via two proton-coupled electron transfer (PCET) reactions. Atomic visualizations of

the intermediates are shown to the right. The first PCET is the conversion of CO2 to one of the

competing intermediates, either *COOH (Eq. 1) or HCOO** (Eq. 2), the activation step:
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CO2(g)+*H → *COOH (1)

CO2(g)+*H → HCOO** (2)

These intermediates can then either form CO and H2O via a disproportionation reaction (3 and

5), or HCOOH via protonation (4 and 6), the desorption step:

*COOH+*H → H2O(g)+CO(g) (3)

*COOH+*H → HCOOH(g) (4)

HCOO**+*H → H2O(g)+CO(g) (5)

HCOO**+*H → HCOOH(g) (6)

2*COOH → H2CO3(g)+CO(g) (7)

Pathway 7 was investigated as an alternative CO-producing pathway with carbonic acid (H2CO3)

as a side product. Monodentate, metastable HCOO* has similar reaction pathways to *COOH and

was also investigated as an alternate CO-producing intermediate.

3 Part 1: Statistical Insight

We would like to note that our goal is not to model CO or HCOOH, nor a specific reaction mech-

anism. Rather, the objective of this analysis is to discover what surface properties of the metal

describe and determine CO2RR product selectivity. Testing the multitude of descriptors described

in the section above left us with a substantial dataset. We then applied Principal Component Anal-

ysis (PCA) to our dataset, in order to find the grouping of metal catalysts according to their major

product selectivity.43 PCA allows us to perform dimensionality reduction on our dataset while still

explaining and retaining most of the information and variance in our dataset. However, PCA gen-
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erally does not do well with missing data points. For this reason, it was decided only to do the

analysis for 11 different elements and 22 different features.

Fig. 3 shows a 3D plot of PC#1 vs. PC#2 vs. PC#3 (Fig. 3a), along with corresponding

2D subplots for PC#1 vs. PC#2 (Fig. 3b), PC#1 vs. PC#3 (Fig. 3c), and PC#2 vs. PC#3

(Fig. 3d). Select original features used to make the PCA are projected onto PCA space in black.

We observe that all the metals are nicely grouped according to their main product color. Note

especially the separation between the CO- (blue) and HCOOH-producing (yellow) metals, which

previous descriptor plots were unable to fully separate.10,11,17,28–42 All 4 PCA plots describe 70+%

of the variation in the dataset (additional PCA plots and discussion can be found in the SI section

"Additional PCA Results".). This is a strong indicator that a 2D and 3D representation of metal

catalyst product distribution is suitable. Note that simply using a 2D descriptor plot with PC#1 vs.

PC#3 still manages to fully separate the elements according to their major product, although the

distance between CO- and HCOOH-producing metals is smaller. As we use principal components

rather than individual descriptors, this plot does not directly tell us which of the features in the

dataset are the most important for understanding CO2RR selectivity. We cannot translate our PCA

statistical insight directly to chemical insight in the form of a reaction mechanism, although our

results do give us additional mechanistic insight.

However, this analysis is based on the hypothesis that something in the metal catalyst surface

decides or describes the selectivity, and of course the features we have chosen (DFT adsorption

energies, WF, LC) are directly connected to the surface. Thus, the fact that we can separate the

elements according to their product distribution this nicely using only the given simple descriptors,

strongly supports this hypothesis regarding the deciding factor of the catalyst surface.
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(a)

(b) (c) (d)

Figure 3: (a) PCA plots for PC#1 vs. PC#2 vs. PC#3, with projections of select original features
(black), (b-d) along with corresponding 2D subplots. The PCA explained variance from the plotted
principal components is plotted to show how much of the variance the plotted components describe.
Metal catalysts are colored in accordance with their major product selectivity as shown in Fig. 1a,
and each background plane in (a) is colored to match the 2D projections in (b-d). The projection
of select original are coplotted in black on the PCA plot.
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3.1 Basic Descriptors Classify CO2RR Metal Catalysts

We can use the PCA, along with the projected features, to get information about which features are

important for grouping the elements according to product selectivity. We observe from Fig. 3 that

*H and LC group with the HCOOH-producing metals (yellow), while *CO, *C, and *COOH group

with the CO-producing metals (blue), and *O, WF and HCOO** groups more closely with the H2-

producing metals (red). Especially LC seems to be an important feature for the PCA based on the

length of the vector. Previous work has shown that using *CO and *H as descriptors is able to sep-

arate Cu, H2- and CO2RR-producing metals, but failing in separating CO- and HCOOH-producing

metals.28 Fig. 4 shows a 3D plot of *H vs. *CO vs. LC (Fig. 4a), along with corresponding 2D

subplots for *H vs. CO (Fig. 4b), *H vs. LC (Fig. 4c), and LC vs. *CO (Fig. 4d). Note that this

plot contains additional metal catalysts compared to Fig. 3, as not all elements investigated had

data for all the required 22 features to be part of the PCA. Despite being based on 19 fewer features

than the PCA and only requiring simple adsorbate calculations, the 3D plot (Fig. 4a), as well as the

2D plots of *H vs. LC and *CO vs. LC (Fig. 4c-d) group the elements just as well if not better than

the PCA. To our knowledge, Fig. 4 is the best descriptor plot for CO2RR product selectivities, and

the first one to fully separate the different elements according to their main product. We already

know that ∆E*H decides whether a metal has hydrogen underpotential deposition (HUPD), while

∆E*CO seems to decide whether a metal does mainly HER or CO2RR.28 The question is what new

insight the lattice constant as a descriptor gives us, seeing as how it clearly separates CO- and

HCOOH-producing metals.

This seems related to geometry and how the adsorbates sit on the surface. Fig. S13 shows how

HCOO** sits on metal surfaces with a small LC [ex. Au(111)] vs. metal surfaces with a large LC

[ex. Pb(111)]. On Au(111) and other CO-producing metals, HCOO** sits inflexibly, with each

*O on a separate ontop site. If two neighboring ontop sites are not available in a given area on the

surface, bidentate cannot adsorp, instead making room for monodentate adsorbates like *COOH

(see below for further discussion of this). On Pb and other HCOOH-producing metals, the distance
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(a)

(b) (c) (d)

Figure 4: (a) Descriptor plot for lattice constant (LC) vs. adsorption energy of *H vs. adsorption
energy of *CO, (b-d) along with corresponding 2D subplots. Metal catalysts are colored in accor-
dance with their major product selectivity as shown in Fig. 1a, and each background plane in (a)
is colored to match the 2D projections in (b-d).
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between two ontop sites is too big. HCOO** instead sits in a saddle position on a single ontop

site. This means that the coverage of HCOO** is more liquid, and it may be easier for it to fill the

available space on the surface, leaving no room for something like *COOH.

One thing to consider about our descriptor model is whether it truly is predictive. For that

reason, we calculated the descriptor values for metallic Bi, which was recently shown experimen-

tally by Yang et al. to produce HCOOH with 90+% selectivity (see Fig. 4).44 We find that Bi

agrees fully with the 3 chosen descriptors, grouping together smack in the middle of the other

HCOOH-producing (yellow) elements. This supports the predictive power of our model.

In summary, this simple descriptor plot allows us to group all the metals correctly according to

their main product selectivity. However, it still leaves open the question of the exact mechanism

for why Ag and Au produce CO, and Pb and Bi produce HCOOH.

4 Part 2: Derived Mechanistic Insight

4.1 CO Formation Most Likely Pathway From Monodentate *COOH/HCOO*

As part of our investigation, we calculated the activation energies for all the pathways in Eq. 1-7

for a dozen metal catalysts. In addition to vacuum DFT calculations, some or all of these pathways

were investigated with different simulation setups, such as: different amounts of *H monolayer

(ML), spectator adsorbates, or implicit addition of solvent (see SI section "Additional Transition

State Results"). However, we found no clear answer to the discrepancy between simulations and

experiments for Ag and Au when considering just surface-bound *H as the proton source. These

results showed HCOO** to form more readily than *COOH from CO2 for CO-producing Ag and

Au, and also for HCOOH to form more readily than CO, regardless of the intermediate adsorbate.

For further discussion of these results, see SI Section "Direct Reaction Pathway Results".

Research by Morrison et al. and Tang et al. has hypothesized that selectivity for CO vs.

HCOOH can be determined by the amount of *H available, and whether the reaction proceeds

via a Tafel or Heyrovsky mechanism.30,39 While this hypothesis does not explain the preferential
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(a)

(b) (c)

(d) (e)

Figure 5: Plot of calculated activation energies for different reaction pathways, both for the direct
pathway where *H comes from the catalyst surface, and via the water-assisted proton-shuttled (’-
S’) pathway. (a) Reaction barrier energy for pathways 3, 4, 6, and 7. Metal catalysts are colored in
accordance with their major product selectivity as shown in Fig. 1a. (b) Transition state pathway
for pathways 3 and 4, without (left) and with (right) water-assisted proton-shuttling.

12

https://doi.org/10.26434/chemrxiv-2023-9rg1d ORCID: https://orcid.org/0000-0001-9705-4053 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-9rg1d
https://orcid.org/0000-0001-9705-4053
https://creativecommons.org/licenses/by/4.0/


stability and ease of formation for HCOO** compared to *COOH, it is possible that CO for-

mation occurs via a different mechanism compared to HCOOH formation. Fig. 5a shows the

reaction barriers for the three different pathways for CO vs. HCOOH formation, Eq. 3 (green),

Eq. 4 (orange), and Eq. 6 (purple). Eq. 5 does not occur, as the intermediate HCOO** first

rearranges itself to *COOH via an energetically unviable step, and then follows pathway 3 (see

SI section "Additional Transition State Results"). The barriers are via direct protonation by *H,

and via water-assisted H-shuttled hydrogenation (’-S-’ in the plot) as described by Nie et al.45,46

Fig. 5b shows reaction pathways for the direct protonation mechanism (left) and the water-assisted

mechanism (right), along with atomic-scale insets of the initial state (IS), transitition state (TS),

and final state (FS). We observe that for the direct protonation results, HCOOH formation has a

lower barrier than CO formation on CO (orange bar is smaller than green bar) from monodentate

*COOH, with HCOOH formation from HCOO** (purple bar) being even lower. However, if us-

ing the water-assisted H-shuttled hydrogenation for *COOH to CO formation (pathway 3 (see SI

section "Additional Transition State Results"), but keeping the non-water-assisted pathway results

for HCOOH formation (see 5), pathway 3 is the lowest-energy pathway on Au by rougly 0.2 eV,

and is the lowest pathway from *COOH for Ag. This would explain Ag and Au’s predilection for

making CO using simulations, in agreement with experimental results. This has to our knowledge

not been shown directly before with DFT calculations. However, this only gives us one piece of

the puzzle, since HCOO** is still more stable than *COOH on Ag and Au (see Fig. 1b), and also

forms more readily from CO2 (see SI Section "Direct Reaction Pathway Results"). As such, an

explanation of how monodentate *COOH or HCOO* occurs on the Ag/Au surface could be the

missing link. Note that we also attempted the water-assisted shuttling mechanism for Pb and other

HCOOH-producing metals. This pathway was however found unviable under all permutations and

conformations, as the distance between the surface, the *H, and the H2O was too large for the

mechanism to occur, because of the adsorption energies of the species and the larger lattice con-

stant of HCOOH-producing metals (see Fig. 4). Instead, *H adsorps directly to the intermediate.

As such, we believe this Tafel mechanism to be the pathway for HCOOH formation, as opposed to
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the Heyrovsky mechanism for CO formation, as also hypothesized by Morrison et al.30

In short, if we assume that *COOH makes CO (and possibly HCOOH) via the water-assisted

shuttling mechanism, but that HCOO** makes HCOOH via the Tafel mechanism, then CO forma-

tion has the lowest activation barrier on Au and Ag. Even if we assume that HCOO** to HCOOH

also occurs via water shuttling, that still makes *COOH more likely to make CO than HCOOH.

Meaning, if there is monodentate *COOH (or HCOO*) on the surface, it makes CO, in agreement

with experiments. This is what our coverage analysis means to show.

4.2 Monodentate *COOH/HCOO* on Surface on Surface at High Coverage

In catalysis, DFT with a single adsorbate on catalyst surfaces are usually used as a descriptor

to describe the energetic trends of the catalytic system. Although this assumption has generally

proven solid,2 the electrochemical CO2 reduction reaction, with its manifold and complex reaction

pathways,1,7,8 might benefit from considering how multiple different adsorbates on the surface

interact with each other.29,30,35,47

For this reason, we decided to perform a coverage analysis of our investigated adsorbates,

going from 1/9ths to 1 ML coverage on a 3x3x3 metal atom surface. While recent studies have

looked at higher coverages of adsorbates, these studies only increase the coverage of a single

adsorbate.30,32 Here, we mix together our 5 different adsorbates for all possible combinations and

coverages, leading to more than 300 adsorbate combinations on the surface. The idea is that at high

coverages, with different adsorbate-adsorbate interactions, different adsorbate combinations might

be the most stable. Ag and Au might be shown to have monodentate adsorbates on the surface, and

thus be shown capable of making CO as discussed in the previous section. For more details, see

the "Methodology" section in the SI.

Fig. 6 shows the Boltzmann-averaged coverage of adsorbates on Ag (Fig. 6a) and Au (Fig. 6b)

as a function of RHE potential. For atomic visualizations of the most stable adsorbate combination

at potentials 0.0, -0.6, and -1.2 V vs. RHE, see the SI section "Additional Coverage Analysis

Results". At high coverages of *H with *COOH/HCOO**, reactions can happen due to instability
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(a) (b)

Figure 6: (a-b) Interface phase diagrams calculated by Boltzmann weighting of the energies ob-
tained from the CHE scheme to give the most stable adsorbate configurations as a function of
potential. (a) Ag, (b) Au. For visualizations of the different adsorbate types in the legend, see Fig.
2. For atomic visualizations of the most stable adsorbate combination at potentials 0.0, -0.6, and
-1.2 V vs. RHE, see the SI section "Additional Coverage Analysis Results".

of the adsorbate combination, with it making CO, HCOOH, and/or H2CO3. As the adsorbates are

no longer on the surface, these results are not usable for this analysis and only results up to 2/3 ML

*H coverage are shown here. Including higher *H coverage does not change the trends.

For the Ag interface phase diagram (Fig. 6a), we observe that at low potential, there is only

HCOO** at the surface, but as the potential increases, we also start to get *H and monodentate

HCOO*. Au (Fig. 6b) shows the same trend, only with *COOH instead of monodentate HCOO*.

In other words, Ag and Au can make CO, in qualitative agreement with experiments, due to the

presence of monodentate intermediates on the surface. This is to our knowledge the first DFT

calculation setup that contains CO-producing intermediates as the most stable phase on Ag and

Au. While the phase diagrams for Ag and Au reproduce experimental trends, at least qualitatively,

for the method to be robust it also needs to work for the other major product types in Fig. 1a. For

this reason, we did the same analysis on other metal calysts (see SI section "Additional Coverage

Analysis Results"). As an example, Pb (Fig. S18c) shows the expected result of full bidentate

HCOO** coverage, barring a short blip of monodentate HCOO* around -0.6 V vs. RHE. As

bidentate HCOO** exclusively produces HCOOH, this is also in agreement with the metal’s actual
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product selectivity. Another thing to note is that the potential at which CO2RR begins according to

these calculations, i.e. where there is both *H and either monodentate species for CO formation,

agrees qualitatively with the onset potentials calculated by Hori et al.23 For example, Hori et al.

finds the onset potentials for Au and Ag to be -0.74 and -0.97 V vs. RHE, respectively, which

aligns roughly with the values found in Figures 6a-b.

These results show the presence of CO-producing intermediates on the surface of Ag and Au,

but raises new questions. Because there is still far more bidentate HCOO** on the surface than

there are monodentate CO-producing intermediates. So why does HCOO** on Ag and Au not

make HCOOH? A possible hypothesis is that the bidentate structure on the surface is not actu-

ally HCOO**, but a different bidentate adsorbate. It could be carbonate (CO3
2−) or bicarbonate

(HCO3
−), which is inert for CO2RR and, and would explain the product selectivity of Ag and Au.

This possibility seems supported by literature.29,36,48–54 However, it can be difficult to determine

exactly what the bidentate structure on the surface is; some authors have found bidentate peak fre-

quencies on Ag or Au and assigned it to HCOO**,29 while others get similar peak frequencies and

assign it to (bi)carbonate.50,54 However, we would expect (bi)carbonate to become unstable and

desorb from the surface at negative potentials, making it unlikely for there to be a high coverage

of it at CO2RR potentials.

5 Conclusion and Outlook

We here briefly restate our most important novel findings, and what the still existing questions and

limitations are for explaining CO2R product selectivity using simulations:

• By doing PCA on our many descriptors, we are able to properly separate and classify the

CO2RR metal catalysts according to their major product distribution.

• The descriptors *H, *CO, and lLC also classify the metal catalyst, showing that CO2RR

product selectivity can be explained using only a few descriptors, and directly connecting
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physical descriptors to CO vs. HCOOH product selectivity as dependent on the catalyst

surface.

• By considering the water-assisted shuttling mechanism, we have shown that CO formation

has the lowest reaction barrier on Au and Ag (or at least that monodentate intermediates

preferentially make CO). This was previously a discrepancy between simulations and exper-

iments, as the HCOOH formation pathway seemed to be lower in energy.11,29

• By considering high coverage of mixed adsorbates, we have shown that both Ag and Au

have monodentate adsorbates on the surface at CO2RR potentials, showing their ability to

make CO from these intermediates. This was previously a discrepancy between simulations

and experiments, as the bidentate, HCOOH-producing HCOO** intermediate was shown to

be more stable than the *COOH intermediate.

• We still have not fully shown why CO would be the main product for Au and Ag, due to the

proliferation of bidentate adsorbate on the surface. By investigating the possibility that the

bidentate can rearrange to *COOH, or be inert (bi)carbonate instead of HCOO**, however,

we have laid the groundwork for further investigation into the CO2R product distribution.

In conclusion, explaining the difference between CO- and HCOOH-producing metal catalysts

for CO2RR, along with why Ag and Au primarily produce CO, is one of the big gaps in our under-

standing of the reaction. With this approach, we now have qualitative agreement between simula-

tions and experimental work regarding CO2R selectivity. However, there are still open questions

regarding the role and species of the bidentate adsorbate on CO-producing metals, and whether it

is a spectator or something else. As such, this may not be the complete solution to the question

of CO vs. HCOOH selectivity for CO2RR, but we believe that it is a valid, empirically based

possible explanation that answers many of the questions. Further work would likely include con-

sidering how best to falsify this theory, and testing it thus. We should also note that even including

water-assisted shuttling and the many different features used for the PCA, our analysis is in no
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way all-encompassing. As an example, our analysis does not include the effect of cations, despite

previous work having shown their their importance for CO2RR.55

6 Computational Approach

All calculations were performed using DFT,56 utilizing ASE version 3.19.0, and GPAW version

19.8.1.57,58 Calculations were done at the Generalized Gradient Approximation (GGA) level of

theory, utilizing the plane-wave (PW) mode,59 with the BEEF-vdW functional.60 We use a k-

point sampling appropriate for the specific structure, a plane wave cutoff of Ecut = 400 eV, and a

vacuum of minimum 10 Å. All structures are relaxed to a force below 0.05 eV/Å. The slabs, unless

otherwise noted, are FCC(111) 3x3x3 unit cells with fixed bottom layers. Spin-polarization was

applied for Fe, Co, and Ni structures. The binding energies and activation energies were calculated

relative to the gas-phase reference. The transition states were calculated using the Nudged Elastic

Band (NEB) method,61 using the ML-NEB implementation as part of the CatLearn package.62,63
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