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ABSTRACT: Over a broad range of operating conditions,
many CO, electroreduction catalysts can maintain
selectivity toward certain reduction products, leading to
materials and surfaces being categorized according to their
products; here we ask, is product selectivity truly a
property of the catalyst? Silver is among the best
electrocatalysts for CO in aqueous electrolytes, where it
reaches near-unity selectivity. We consider the hydro-
genations of the oxygen and carbon atoms via the two
proton-coupled-electron-transfer processes as chief deter-
minants of product selectivity; and find using density
functional theory (DFT) that the hydronium (H,0%)
intermediate plays a key role in the first oxygen
hydrogenation step and lowers the activation energy
barrier for CO formation. When this hydronium influence
is removed, the activation energy barrier for oxygen
hydrogenation increases significantly, and the barrier for
carbon hydrogenation is reduced. These effects make the
formate reaction pathway more favorable than CO.
Experimentally, we then carry out CO, reduction in highly
concentrated potassium hydroxide (KOH), limiting the
hydronium concentration in the aqueous electrolyte. The
product selectivity of a silver catalyst switches from entirely
CO under neutral conditions to over 50% formate in the
alkaline environment. The simulated and experimentally
observed selectivity shift provides new insights into the
role of hydronium on CO, electroreduction processes and
the ability for electrolyte manipulation to directly influence
transition state (TS) kinetics, altering favored CO,
reaction pathways. We argue that selectivity should be
considered less of an intrinsic catalyst property, and rather
a combined product of the catalyst and reaction environ-
ment.

he electrocatalytic CO, reduction reaction (CO,RR)
provides a means to upgrade a liability into chemically
stored energy. CO, can be transformed into a variety of energy-

v ACS Publications  © Xxxx American Chemical Society

dense carbon-based products, making it a versatile chemical
feedstock." Of metal-based catalysts studied for CO,RR, p-
block metals, such as Pb, Sn, Bi, and In, primarily produce
formate;” and some d-block metals, such as Ag and Au, are the
most selective catalysts for CO.”> Copper remains the only
metal that produces significant multicarbon hydrocarbons and
multicarbon oxygenates.” Categorizing catalysts by their
primary observed products is helpful, but reaction pathways
are a combined effect of a catalyst’s surface structure and
interactions with the surrounding reaction environment. This
leads to the question, starting from the same metallic surface
can we impose different aqueous conditions to change the
observed CO, reaction pathways behavior and lead to different
products? To investigate these questions we examined CO,
reduction on a silver catalyst.

Silver is considered the most promising catalyst for CO
production due to its high selectivity, activity, and lower price
compared to the other noble metal catalysts.” Silver-based
catalysts have been extensively used in experimental CO,RR
studies;" yet the underlying reaction mechanism remains
incompletely understood. Computational approaches are
often curtailed by the complexity of the electrochemical
interface including ions, solvent, interfacial charge, and
potential. Nevertheless, several computational studies,” have
shown that considering explicit water as the main solvent in
aqueous electrolytes provides a more realistic picture of the
reactlon env1ronment For silver catalysts, prior computational
studies” 1nvest1gated the CO, reduction to CO, but did not
examine the competing reduction reaction to formate, which
may be because experimental studies generally report high
selectivity to CO.”

Here we investigate the activation energy barriers for the two
CO,RR products on silver in aqueous electrolytes. We focus on
the TS of the first hydrogenation step (i.e., the rate-determining
step) toward the production of both CO (eq 1) and formate
(eq 3) and include explicit water in our computations.
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In the first CO,RR step, the oxygen hydrogenation pathway
(with carboxyl intermediate: COOH) will lead to the
production of CO (eq 2) and the carbon hydrogenation
pathway (with formate intermediate: CHOO) will lead to the
production of formate (eq 4). In all these equations, an asterisk
(*) demonstrates the catalyst active site.

CO, + (H" +¢7) + * > *COOH (1)
*COOH + (H' + ¢7) —» * + CO + H,0 (2)
CO, + (H" +¢7) + * - *CHOO 3)
*CHOO + (H + ¢7) = * + CHOOH (4)

Both oxygen and carbon hydrogenations involve one proton-
coupled-electron-transfer process. We took the view that
understanding the role of hydronium on the O—H and C—H
bond formation steps for the Ag electrode is critical for
providing significant insights into the CO,RR mechanism
toward the production of either CO or formate. Further, a
better understanding of how the local reaction environment can
impact the kinetics of the TS may provide experimental
strategies to improve, or change completely, the selectivity of
other reactions.

We performed DFT simulations to determine the potential-
dependent reaction free energies and activation energy barriers
for the two reaction pathways of CO,RR on silver. We
considered (111), (100), and (211) facets of silver in our
computational studies. All barrier calculations are performed
using the climbing image nudged elastic band method (CI-
NEB)'® with 4 images. We considered an explicit water
molecule to assist the hydrogenation step. For the *COOH
intermediate, we considered two trans (with H closer to the
surface) and cis (with H on top of the oxygen) configurations.
Similar to previous studies on copper, we determined the
activation energy barrier for hydrogenation reactions. Further
computational details are given in the Supporting Information.

To find the minimum activation energy barrier in our
simulations, we considered the possible involvement of a single-
water molecule in the first hydrogenation step. As previously
described in detail,'" two possible modes of water assistance are
studied: (i) a solvated mode (Figure Sl-a), in which the
hydrogenation step is facilitated by a nearby water molecule,
but eventually the surface proton directly combines with the
adsorbed CO, molecule, and (ii) a H-shuttling mode (Figure
S1-b), in which the surface proton combines with the water
molecule, and the water molecule donates another proton to
the CO, molecule. We observed that in both modes, the
hydronium (H;O") intermediate will be created from the
explicit water molecule.

Figure 1 shows the activation energy barriers for both CO
and formate pathways with an explicit water molecule on
Ag(111) surface (similar results for Ag(100) and Ag(211) are
shown in Figures S2 and S3). Both solvated water and H-
shuttling mechanisms significantly reduced the activation
energy barrier for the O—H bond formation, leading to CO
production (E%, = 0.65 eV). In both mechanisms, the polar O—
H bond formation is stabilized through hydronium. In most of
the calculations, the H-shuttling mechanism in a trans
configuration showed smaller activation energy barriers for
hydrogenation as compared to the solvated mechanism and the
cis configurations (for comparison of the two approaches, see
Table S1). The minimum activation energy provided by H-
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Figure 1. Activation energy barriers at equilibrium potential for CO
(black) and formate (blue) pathways with hydronium on Ag(111).
The top and bottom panels depict three initial (left), transition
(middle), and final (right) states for the CO pathway and formate
pathway, respectively. The brown and red spheres represent carbon
and oxygen, respectively, whereas white and blue both represent
hydrogen atom.

+(H +¢)

shuttling mechanism in the trans configuration for Ag(111) is
plotted in Figure 1. For the less polar C—H bond formation in
the formate pathway, hydronium-assisted hydrogenation shows
a higher activation energy barrier than CO (EJ, = 1.197 €V),
making formate production less favorable.

Next, we calculated the activation energy barriers through a
direct hydrogenation mechanism, where water does not assist
in the hydrogenation process (Figure 2). Without hydronium
present, the COOH intermediate with cis configuration
possesses a slightly lower activation energy barrier compared
to the trans configuration (Table S1). As shown in Figure 2, the
overall activation energy barrier for the rate-determining
COOH intermediate, however, is significantly higher (EJ, =
2.87 V) when there is no hydronium assistance to stabilize the
O—H bond formation. On the other hand, the activation
energy barrier of the CHOO intermediate leading to formate is
seen to decrease (EJ, = 0.67eV). Without hydronium
assistance, we conclude that formate is energetically favored
over CO formation (Table S2).

It is evident that the activation energies for CO and formate
were very different with (Figure 1) and without (Figure 2) the
hydronium intermediate present. On Ag(111), with hydro-
nium, the CO pathway has a lower activation energy barrier
(0.65 eV) compared to the formate pathway (1.197 eV).
Interestingly, in the absence of the hydronium-assisted
mechanism, there exists a large activation energy barrier for
O—H bond formation (2.87 eV for COOH intermediate) and a
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Figure 2. Activation energy barriers at equilibrium potential for CO
(black) and formate (blue) pathways without hydronium on Ag(111).
The top and bottom panels depict three initial (left), transition
(middle), and final (right) states for the CO pathway and formate
pathway, respectively. The brown, red, and blue spheres represent
carbon, oxygen, and hydrogen, respectively.

much smaller barrier for the C—H bond formation (0.67 eV for
CHOO intermediate).

To experimentally confirm the theoretically predicted
hydronium hypothesis for product selectivity, we tuned the
hydronium concentration in aqueous electrolytes using a strong
base, KOH, to destabilize hydronium ions. CO,RR was
conducted in a flow cell configuration using a silver catalyst
deposited on a gas diffusion electrode in order to allow for
highly alkaline electrolyte conditions (further experimental
details provided in the Supporting Information). As the
hydroxide concentration increased, and consequently hydro-
nium concentration decreased, the production of CO was
suppressed and the Faradaic efficiency (FE) for formate
increased (Figure 3). The CO:formate ratio decreased by 2
orders of magnitude from 48 at pH 7 to 0.69 at pH > 15. To
eliminate the increase in potassium ions as the source of the
product selectivity switching, KI was tested as the electrolyte at
various concentrations (Figure S5). The CO:formate ratios did
not vary significantly over the range of KI tested, supporting the
hypothesis that the selectivity switch can be attributed to the
increase in hydroxide and, consequently, decrease in hydro-
nium. The silver catalyst was also tested under nitrogen streams
to eliminate product selectivity switch due to non-CO,
reduction reactions, such as the reduction of KHCOj; produced
from the reaction of CO, with KOH. Using KHCOj as the
electrolyte under nitrogen, hydrogen was the only product
observed, indicating that the formate is a product of CO,RR
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Figure 3. Experimental study of effect of hydronium concentration on
CO,RR product selectivity. (a) FE for the CO,RR products at
different KOH concentrations (300 mA/cm?). (b) The CO:formate
ratio (left y-axis) and its inverse (right y-axis) at different hydronium
concentrations.

(Figure S6). To eliminate the potential effect, we ran the
experiments at different current densities (25, 150, 300, and
450 mA/cm?) within a wide potential range. The change of the
CO and formate FEs within this potential range was around 5%
(Figure S7), indicating that the switch in product selectivity is
not due to the potential change. Our material characterizations
show that silver is very stable under the reaction conditions and
no change in bulk or surface was observed, indicating that the
product selectivity is not due to catalyst change (Figures S8—
10). Given these control experiments, we conclude that
hydronium is the source of the selectivity switch between CO
and formate, rather than material phase/voltage change'” or
cocatalytic chemisorption'” effects.

Experimentally, under highly alkaline electrolytes ((KOH] >
1 M), negligible hydrogen evolution occurred, with the main
competition for electrons being between CO and formate. In
previous works’ 1 using an H-Cell configuration, however,
low CO, concentrations under higher pH conditions led to an
increase in H, selectivity and dramatically decreased CO
current densities, rather than an increase in formate production.
Here the gas diffusion electrode and thin catalyst layer provide
a sufficient supply of CO,, not only preventing the hydrogen
evolution reaction (HER), but allowing for the CO/formate
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selectivity switch phenomena to be experimentally observed.
Therefore, the alkaline electrolyte not only suppresses HER, as
claimed elsewhere,’"® but must also alter the CO reaction
pathway.

The bottom panel in Figure 3 further shows that a dramatic
decrease of hydronium concentration to below 1075 M leads to
a sharp increase in the formate:CO ratio. However, it seems
that even this small concentration of hydronium is enough to
produce a significant amount of CO (ca. 40% FE). This may be
due to either the significant effect of a trace amount of
hydronium in stabilizing O—H bond formation within the
COOH intermediate, or the existence of other parallel
mechanisms for CO production (details provided in Supporting
Information).

In summary, using DFT computations and experimental
investigations, we studied the competing pathways of CO and
formate on silver catalysts. Our theoretical studies highlighted
the role of hydronium in the system as a driving factor
determining reaction pathways and product selectivity. In the
presence of hydronium, the CO pathway became more
energetically favorable, as observed in many previous
experimental studies. However, when hydronium was removed
from the system, the activation energy barrier for formate was
much lower than that of CO. Our experimental studies, where
the amount of hydronium in the system was controlled using
highly alkaline conditions, supported these theoretical
predictions. The hydronium concentration was diminished
sufficiently enough to switch the dominant product from CO to
formate, producing almost 60% formate at 11 M KOH. We
posit that using other electrolytes with controlled hydronium
concentrations may lead to similar product selectivity switching.
Though this work on silver demonstrates the function of
hydronium on the CO,RR pathway and, ultimately, its role on
product selectivity, we postulate further investigations into the
role of hydronium on other catalysts may open new theoretical
and experimental routes to other product pathways.
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