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Abstract

The electrochemical reduction of COs is sensitive to the microenvironment surrounding catalytic
active sites. Although the impact of changing electrolyte composition on CO; reduction kinetics in
aqueous eclectrolytes has been studied intensively, less is known about the influence of the
electrochemical environment in non-aqueous solvents. Here, we present data demonstrating that
organic alkyl ammonium cations influence catalytic performance in non-aqueous media and describe
a physical model that rationalizes these observations. Using results from a combination of kinetic,
spectroscopic, and computational techniques, we argue that the interfacial electric field present at the
catalyst surface is sensitive to the molecular identity of the organic cation in the aprotic electrolyte.
This is true irrespective of solvent, electrolyte ionic strength, or the supporting electrolyte counter
anion. Our results suggest that changes in the interfacial field can be attributed to differences in the
cation-electrode distance. Changes in the electric field strength are consequential to CO2R to CO as
they modify the energetics of the kinetically relevant CO; activation step.

Introduction

Increases in the atmospheric concentration of CO, caused by human activities threaten to cause
serious environmental and societal problems. Thus, the development of low-carbon technologies that
can address this issue is a pressing need. Electrochemical conversion of carbon dioxide (CO:R) is such
a technology, offering a means to store energy from intermittent renewable sources in the form of
chemical bonds and to produce carbon-neutral fuels and chemicals.”” Despite significant research
efforts aimed at increasing the activity of (electro)catalysts for forming valuable products such as
carbon monoxide, formic acid, ethylene, and ethanol while limiting selectivity to the parasitic hydrogen
evolution reaction (HER), further advances are needed.™

Beyond modifying the composition and structure of catalytic active sites, it is now clear that changes
to the environment in which the reaction occurs— including the local pH, selection of electrolyte ions,
and solvent — result in significant differences in measured (electro)-catalytic activity.” "' For CO2R, the
magnitude of rate enhancements observed by changing electrolyte composition is as large as those
achieved through active site modification." Significant work has been done to describe the physical
phenomena behind these electrolyte effects in aqueous media. These studies have focused on
understanding the role of alkali metal cations, buffering anions, and electrolyte pH on the kinetics of
CO.R."? But far less work has been done to systematically investigate the role of the electrochemical
environment in aprotic electrolytes. Despite this, aprotic electrolytes provide several attractive
properties, such as high CO, solubility, the absence of acid-base equilibria that limit the concentration

of dissolved CO; in water, and minimal HER reactivity."**"

Here, we present work explaining the role of organic alkyl ammonium and phosphonium cations on
the electrochemical reduction of CO; in aprotic media. We demonstrate that decreasing the size of
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organic cations, by reducing the length of their alkyl chains, increases the rate of CO2R to CO on silver
(Ag) surfaces irrespective of electrolyte concentration, ion pairing, and solvent identity. We attribute
these effects to differences in the interfacial electric field experienced by adsorbates on the catalyst
surface as the electrolyte cation size is changed. Increased interfacial field strength enhances reactivity
by facilitating the kinetically relevant CO; activation step. This conclusion is built on evidence from
steady-state voltammetric studies, kinetic measurements, 7z-situ vibrational spectroscopy, and ab-initio
calculations. This model is consistent with work in aqueous systems that attribute changes in CO»
reduction rates with varying alkali metal cations in the electrolyte to changes in interfacial field
strength.'*>"*? In contrast to aqueous systems, where changes in the interfacial field strength are
ascribed to changes in the interfacial concentration of solvated alkali metal cations, for aprotic
electrolytes, we attribute differences in the interfacial field strength to changes in cation-electrode
distance. Our work provides fundamental insights into how electrolyte ions in aprotic media modify
reaction energetics and offers new tools for controlling electrocatalytic performance beyond
modifying the structure and composition of catalytic active sites.

Results and Discussion

Experimental Protocols for Non-Aqueous CO: Electrochemistry

To examine the role of organic cations, we measured COs reduction rates over polycrystalline Ag
catalysts in a series of aprotic electrolytes containing quaternary ammonium salts and one quaternary
phosphonium salt. Tetraalkylammonium salts (TXA") ate commonly used as supporting electrolytes
in non-aqueous media due to their stability under reducing conditions and high solubility in organic
solvents. Previous studies have reported that these tetraalkylammonium cations affect COR rates in
water,” but to the best of our knowledge, a systematic description of how quaternary ammonium
cations influence the CO:R reaction in aprotic media is yet to be established. To understand whether
the effect of cation size was particular to one electrolyte system, we examined this phenomenon in
several common organic solvents of varying polarity (i.e., acetonitrile, dimethyl sulfoxide, and
propylene carbonate). Additionally, we evaluated electrolytes of different ionic strengths and varied
counter anions. Lastly, to understand the impact of cation identity on CO; reduction rates, we
compared the performance between aprotic electrolytes containing symmetric and asymmetric
supporting electrolyte cations. Further experimental details are available in Section S1 of the
Supporting Information.

All solvents studied were dried extensively, resulting in the water content of supporting electrolytes
being confirmed to be <100 ppm through Karl Fischer Coulometry (Table S1-S4 in Section S1.10).
The properties of these solvents and the schematic of the supporting electrolyte ion structures are
described in Table S5 and Scheme 1 (Section S2 of the Supporting Information), respectively.
Confirmation of asymmetric cation structures after synthesis was conducted using Nuclear Magnetic
Resonance (NMR) Spectroscopy (Figure S1-S7 in Section 3).
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Furthermore, all solvents and supporting electrolyte used in our study were determined to be stable
under the operating potentials and timescales tested through electrochemical cycling (Figure S8-S17
in Section $4-S6), post electrolysis NMR characterization (Figure S18-S40 in Section S7) and
electrochemical window evaluation (Figure S41 in Section S7). Our experimental protocols resulted
in complete selectivity to CO in CO»-sparged electrolytes for all catalytic data reported in the paper,
within experimental error (100% =+ 5%) (Figure S42-S46 in Section S8).

Cation Effect on CO2R to CO with Changing Solvent Polarity

To understand the impact that tetraalkylammonium (TXA") cations of varying alkyl chain lengths have
on CO:R reactivity, comparative electrochemical studies were performed in electrolytes containing
tetracthylammonium (TEA"), tetrapropylammonium (TPA”), tetrabutylammonium (TBA), and
tetrahexylammonium (THA") cations. Initial experiments wete performed in acetonitrile, using 0.5 M
tetraalkylammonium perchlorates as the supporting electrolyte. Acetonitrile is a commonly studied
aprotic solvent for CO2R, due to its low viscosity, high polatity, and wide electrochemical window.”*
% As shown in Figure 1la, a systematic increase in CO generation rates, that is the partial current
density to CO, was obsetved with decreasing alkyl chain length from THA™ to TEA". This systematic
increase was observed across all potentials in the range tested. In the absence of dissolved COx,
minimal electrochemical response was observed, suggesting the absence of HER for these dry aprotic
electrolytes (refer to Figures S10-S12 and S15-S17 in Sections S4 and S6 of the Supporting
Information). Consistent with this observation, steady-state activity measurements showed negligible
hydrogen production (refer to Figures S42-46 in Section S8 of the Supporting Information). The
small currents observed in N saturated electrolytes were also found to have no systematic dependence

on cation size.

0.5 M [TXAJ[CIO ;] in CH4CN 0.5 M [TXA][CIO 4] in DMSO 0.5 M [TXA][CIO ,] in PC
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Figure 1: Effect of organic cations on CO2R in aprotic electrolytes. Tafel plots of CO formation on Ag
electrodes in 0.5 M [TXA][CIO4] (X=E(ethyl), P(propyl), B(butyl), H(hexyl)) in a) acetonitrile from -1.95 V to -
2.4V versus Ag/Ag* b) dimethyl sulfoxide and ¢) propylene carbonate from -2.1 V to -2.4 V versus Ag/Ag*.
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It has been previously observed that the choice of organic solvent, in addition to the supporting
electrolyte, can impact rates of CO,R.”™ To understand whether observed organic cation effects were
influenced by solvent identity, parallel studies to those performed in acetonitrile (CH;CN) were done
in dimethyl sulfoxide (DMSO) and propylene carbonate (PC). These solvents were chosen to sample
a range of dielectric strengths (Table S5 in Section S2) while ensuring the solubility of all supporting
electrolytes. As shown in Figure 1 b-c, we find that irrespective of the choice of solvent tested,
decreasing the alkyl chain length of quaternary ammonium cations monotonically increases CO
generation rates over Ag catalysts across all potentials investigated. These results demonstrate that
differences in catalytic activity with cation size are not specific to a single solvent.

Cation Effect on CO2R to CO with Changing Electrolyte Composition

Recent work has suggested that changes in electrolyte concentration can influence the interfacial
electric field experienced by adsorbates by modifying how effectively the electrochemical double layer
screens surface charge. Therefore, to assess whether cation effects are sensitive to double-layer
charge screening, we examined the influence of varying electrolyte ionic strength. Figure 2 and
Figure S12 in Section S4 of the SI illustrate that, at a fixed potential, shorter alkyl chains on the alkyl
ammonium cations systematically increase CO generation rates in both more dilute (0.1 M) and
concentrated (1 M) electrolytes, consistent with observation in 0.5 M electrolytes. In addition to these
measurements in acetonitrile, consistent cation effects were observed with changing electrolyte
concentration with propylene carbonate as the solvent (Figure $16 in Section S6 of the SI). We note
that measurements for 1 M THACIOy are not shown in either solvent because this concentration
exceeds the solubility limit for this electrolyte. Thus, while considering electrolyte charge screening
may be important for understanding differences in activity observed with varying electrolyte
concentrations for a single organic cation, these results demonstrate that the influence of changing
tetraalkylammonium (TXA") cation size on CO formation is observed irrespective of electrolyte ionic
strength.

0.1 M [TXA][CIO,] in CH,CN 0.5 M [TXA][CIO,] in CH,CN 1 M [TXA][CIO,] in CH,CN
a5 b -10 c 5
4 -8 4
NE NE NE
G -3 5 -6 5 -3
2 < <
£ £ £
-2 o -4 -2
ﬁL) _JO _JO
-1 ’—‘ 2 -1

THA® TBA* TPA* TEA* THA* TBA" TPA* TEA® TBAT™ TPA* TEA*
Electrolyte Cation Electrolyte Cation Electrolyte Cation

Figure 2: Effect of changing electrolyte ionic strength on CO:R rates. Partial current density to CO
on Ag electrodes in a) 0.1 M b) 0.5 M and ¢) 1 M [TXA][CIO4] (X=E(ethyl), P(propyl) B(butyl),
H(hexyl)) in acetonitrile at -2.1 V versus Ag/Ag*.
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In addition to the effects of changing electrolyte cation, the choice of electrolyte counter anion may
play a role in influencing electrocatalytic performance. In aqueous electrolytes, the identity or
concentration of anions influences CO2R by buffering the local pH or acting as a proton donor.'**"***
For non-aqueous electrolytes, the role of the anion remains less understood. Recent work has
attributed differences in CO2R reactivity with varying anions to the degree of ion dissociation within
the electrolyte. For a fixed cation, this is dictated by both the anion identity and solvent polarity or
dielectric strength.* These studies found that rates were insensitive to anion choice in highly polar
solvents, but anion pairing appeared to influence electrochemical performance in less polar solvents.
To understand whether cation effects were influenced by ion pairing, we conducted studies using
tetrafluoroborate anions to compare with the results obtained with perchlorate anions presented thus
far. Consistent cation-promoting effects were observed in tetrafluoroborate-containing electrolytes,
with a monotonic increase in current density with decreasing cation size (Figure 3a). This was true
for parallel studies performed in propylene carbonate solvents as well (Figure S17 in Section S6 of
the SI). Under the conditions studied here, for a fixed cation in acetonitrile solutions, the choice of
anion had a small effect on the overall catalytic activity (Figure 3b and 3c).

0.5 M [TXA][Y] in CH,CN 0.5 M [TBA][Y] in CH,CN 0.5 M [TEA][Y] in CH,CN

EucC/o,”

-8 'mmBF,

2
Jco (mA/cm*)

THA* TBA* TEA* -2.5 -2 -1.5 -1 -2.5 -2 -1.5 -1
Electrolyte cation E-IR vs. Ag/Ag™ (V) E-IR vs. Ag/Ag™ (V)

Figure 3: Effect of changing electrolyte counter anion. a) Partial current density to CO for Ag catalysts in
acetonitrile containing 0.5 M [TXA][BF,] (blue) and 0.5 M [TXA][CIO4] (red) at -2.1 V versus Ag/Ag*,b) Linear
sweep voltammogram for Ag in CO; saturated acetonitrile containing 0.5 M [TBAJ[ClO4] (blue) and 0.5 M
[TBA][BF4] (red), and c) Linear sweep voltammogram for Ag in CO; saturated acetonitrile containing 0.5 M
[TEA][CIO4] (blue) and 0.5 M [TEA][BF4] (red) between potentials -1 V to -2.5 V versus Ag/Ag* .

Scan rate is 50 mV/s.

Physical Model for Understanding Cation Effects in Aprotic Electrolytes

Our results above demonstrate that the rate of CO.R to CO over Ag surfaces systematically increases
with decreasing length of the alkyl chains on the tetraalkylammonium cations. This effect is observed
independent of solvent choice, electrolyte concentration, or counter anion. We now describe a model
that rationalizes these observations and clarifies the role of organic cations in tuning electrocatalytic
rates for CO2R in non-aqueous electrolytes.
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223 We propose that hydrophobic organic cations in aprotic media modify the interfacial electric field
224 experienced by species adsorbed on the catalyst surface. These changes in the field modify the energy
225  of reaction intermediates and transition states based on their polatity and polarizability. Increased
226  interfacial fields stabilize the kinetically relevant transition state of the CO; activation step, leading to
227  higher rates of CO generation. We propose that the strength of the interfacial electric field depends
228  on the thickness of the electrochemical double layer, which is in turn dependent on the size of the
229  organic cation and its separation from the negatively polarized electrode sutface (Scheme 1). Smaller
230  tetraalkylammonium cations, such as TEA", approach the electrode surface more closely, resulting in
231  asteeper potential drop between the electrode and solution. This results in a larger interfacial electric
232 field and makes these cations more effective promoters for the electrochemical reduction of CO; to
233 CO than bulkier cations like THA " in aprotic media. Equivalently, longer alkyl chains screen the charge
234 of the ammonium cation to a larger extent than shorter chains. This model is compatible with models
235  proposed for alkali metal cations in aqueous electrolytes, where large, weakly solvated cations result
236  ina higher surface charge density and greater field promotion than small, strongly hydrated cations.'>"
237  'To substantiate this model, we present kinetic studies that identify the elementary steps that govern
238  the rates of CO.R over Ag sutfaces in aprotic solvents. We then measure how the energetics of the
239  rate-determining step change with cation size. Finally, we present combined spectroscopic and
240  computational results demonstrating that changing cation size of alkylammonium cations influences

241  the strength of the electric field expetienced by adsorbates at the electrocatalyst surface.
242
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265 Scheme 1: Proposed model of the impact of organic alkylammonium cations on CO:R reactivity. Smaller
266 cations (TEA* left) within the electric double layer are located closer to the negatively polarized Ag electrode in
267 comparison to larger cations (THA™ right). This increases the electric field intensity felt by adsorbates, facilitating
268 CO; activation and CO formation. For simplicity, cations are shown with a spherical shape due to their symmetry.
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Probing the rate-limiting step of CO2R to CO in an aprotic medium

To understand the role of electrolyte cations, we first must identify the elementary steps that dictate
rates of CO,R to CO over Ag surfaces in aprotic electrolytes. In aqueous electrolytes, CO formation
is often assumed to proceed through a series of proton-coupled electron transfer (PCET) steps. We
note that although the reactions below show PCET steps, water or buffering anions, rather than
protons/hydronium ions, are the reactants under most experimental CO2R conditions.

CO,+H" + e~ ++— COOH" (1)
COOH* + HY + e~ - CO* + H,0 (2)
CO* - CO++ (3)

Although there is consensus that CO formation proceeds through a COOH* intermediate in aqueous
electrolytes, it has been argued that the proton and electron transfer steps necessary for its formation

are decoupled.43 45
CO,+e” +x—>C0;~ (4)
co,” + HY - COOH* (5)

This is supported by ab initio calculations and the experimental observation that CO formation rates
depend on an absolute potential scale (i.e., the standard hydrogen electrode) rather than the reversible
hydrogen electrode scale as would be expected for a rate-determining step involving proton
transfer.***" It is generally agreed upon that rates of CO formation over Ag are limited by the
adsorption and activation of CO., whether or not this process is proton-coupled.*™

In non-aqueous media where solvents do not have easily ionizable protons, the CO:R reaction
mechanism to form CO is thought to follow the sequence of elementary steps shown below.”

CO,+e  +x—> CO,” (6)
CO,"™ + CO,+ e - CO* + CO5% (7)
CO* - CO + = (8)

Where (equation 0) represents the first electron transfer process (i.e., CO, activation), (equation 7)
involves the disproportionation of adsorbed CO, and a solvated CO, molecule to form carbonate and
adsorbed carbon monoxide, and (equation 8) describes CO desorption. We note that if the proton
and electron transfer steps are decoupled in aqueous media, the CO; activation elementary steps are
the same in both cases (i.e., equations 4 and 6).
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To interrogate the kinetically relevant step for CO2R over Ag in aprotic solvents, CO, partial pressure-
dependent measurements were conducted under conditions where mass transport is not limiting
(Figure S47 in Section S9). Unlike in aqueous systems, changing CO, concentration in these
solvents does not lead to changes in pH or buffer concentration, which can complicate kinetic analysis.
As shown in Figure 4a, kinetic rates of CO formation exhibit a first-order dependence on CO partial
pressure. Furthermore, the CO, partial pressure dependence did not depend on cation identity (TEA™,
TPA", TBA" or THA"), suggesting that differences in rates observed with cation size are not due to
changes in the kinetically relevant step of the reaction. The first-order rate dependence is consistent
with rates of CO generation limited by CO; activation, rather than carbonate formation or CO
desorption (see Section S10 of the SI for the development of the kinetic models). This result is
chemically intuitive based on the weak binding of carbon to Ag surfaces and is consistent with the

proposed rate-limiting step in aqueous electrolytes.’>**!

Having established that CO formation rates are limited by CO, activation, we conducted temperature-
dependent studies to understand how cation choice impacted the energetics of this kinetically relevant

step. Measurements were taken between 5 to 45°C using an Ag rotating disk electrode for 0.1 M
TBABF, and 0.1 M TEABF, in acetonitrile (Figure S48 in Section S11; see Section S1.7 of
supporting information for further experiment details). Figure 4b illustrates the Arrhenius plot
for CO2R in both electrolytes. At a fixed potential, the apparent activation energy barrier (Ea apparent)
decreases from 20 kJ/mol to 9 kJ/mol with decreasing alkyl chain length of the cation. Here, we
reference the transition state energy to CO» in the gas phase as recommended in prior work.*””* The
apparent barrier is thus lower than the true kinetic barrier as it includes stabilization by the solvent.
The difference in barriers remains consistent irrespective of applied potential in the presence of CO»,
Both sets of kinetic experiments for CO;R in an aprotic solvent suggest that variation of cation size
affects the energetics of the rate-determining step rather than influencing the identity of this
elementary step. These measurements are furthermore inconsistent with cations acting as site blockers,
as a change in number of accessible or highly active sites would change the intercept of the Arrhenius
plot rather than its slope.

, 01 M [TXAJ[CIO,] in CHCN 0.1 M [TXA][BF,] in CHsCN
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Figure 4: Understanding the mechanism of CO2R to CO in aprotic electrolytes. a) Dependence of CO
formation rates on the partial pressure of CO; over Ag catalysts. Measurements are taken while varying choice
of alkylammonium cation in an acetonitrile solution. Total inlet gas flow was kept at 1 bar and balanced with No.
Measurements wete taken at -2.1 V versus Ag/Ag*. b) Arrhenius plot used to extract appatent activation enetgies
for COzR over Ag in acetonitrile at -2.1 V versus Ag/Ag*. ¢) Calculated apparent activation energy bartier from

(b) is lower for smaller cation (TEA* compared to TBAY).

Impact of interfacial electric field on CO: activation step

The results of our steady-state voltammetric, partial pressure and temperature-dependent
measurements demonstrate that smaller quaternary ammonium cations lower the kinetic barrier for
the CO,activation step (equation 0), facilitating CO formation. As discussed above, we attribute the
changes in reaction energetics with organic cation identity to differences in the electrostatic
stabilization of adsorbed CO.. Field effects on catalytic reaction energetics have been implicated as a
way to explain cation and pH effects in electrochemistry as well as alkali promoter effects in
thermochemical catalysis.*">">* However, the role of interfacial electric fields on CO2R in aprotic
electrolytes has not been considered. The energy of an adsorbate in an electric field depends on its
dipole moment and polarizability:

oe?

E :E0+,UE—T+'“(9)
Where E represents the energy of the adsorbate, Ej, is its energy in the absence of electric field, p is
the adsorbate’s dipole moment [CA], 0 is its polarizability [eAZV_l] and € represents the electric field
strength [V/ A).

Previous work by the Norskov and Bell groups have computationally examined the impact of electric
14,32

fields on CO, adsorption. In the absence of an interfacial field, CO, adsorption is
thermodynamically unfavorable on Ag surfaces.”” As adsorbed CO; has a significant dipole, its free
energy of adsorption becomes much more favorable in the presence of a negative electric field than
in the absence of one. It is important to note that these calculations were done in a vacuum without
proton transfer, making the conclusions independent of the solvent environment. On the basis of
these studies, it has been argued that cation effects in aqueous electrolytes can be attributed to
modifications of the interfacial field by electrolyte ions and consequent changes in the energetics of
CO; activation."*'>”* The critical role of cations in facilitating this elementary step is highlighted by the
complete absence of CO; reduction in aqueous electrolytes devoid of alkali metal cations."” Thus, there
is strong precedent for the idea that interfacial fields will influence the energetics of CO; activation

and CO formation over Ag catalysts in aprotic electrolytes, as suggested by our kinetic measurements.

10
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The influence of organic cations on the interfacial electric field

Having recognized that increases in interfacial field strength could increase rates of CO.R to CO by
facilitating the activation of CO,, we examined whether the choice of tetraalkylammonium cations
influences this field. To do so, a combination of zx-situ spectroscopic and computational tools was
used. First, to experimentally assess changes in the interfacial field with cation size, we made use of
the vibrational Stark effect employing n-sitn electrochemical infrared spectroscopy in the attenuated
total reflectance mode (ATR-IR) (see Section S1.8 for experimental details). These ATR-IR
measurements used CO as a probe molecule. For electrocatalytic surfaces, the Stark effect results in
the observation that at fixed coverage, the stretching frequency of CO adsorbed to the electrode
(Vo (@) systematically changes in response to the applied potential.” This frequency shift arises from
the difference in the dipole moment of the vibrational ground state and excited state (Ai), with the
dipole moment being larger in the elongated excited state. If the dipole is anti-parallel with the electric
field, the larger dipole of the excited state leads to a greater change in its energy than that of the ground
state, and thus a higher frequency of light is needed to excite this vibration. The magnitude of the
change in CO stretching frequency linearly depends on the dipoles of the ground and excited states
as well as the magnitude of the local electric field:™

Veo (@) = v, — Al E(‘P) (10)

where v, is the vibrational frequency [cm™!] of molecule in the absence of local electric field,

Ajt or % is the probe’s field free dipole moment difference known as Stark tuning rate

[cm™1/(V * em™Y)] and E(¢) is the potential dependent interfacial electric field [V /A]. Equivalently,
this change in vibrational frequency with applied potential can be viewed as a change in the extent of

electron donation from the metal to the CO antibonding 27n* otbital.”’

Thus, vibrational ATR-IR spectroscopy measurements allow us to directly probe changes in electric
field strength experienced by adsorbates on the catalyst surface in the presence of electrolyte cation
by measuring differences in the rate of change of CO stretching frequency as a function of applied

. dv dvco . . . . .
potential ( d(f;o)' Here, d;O is measured over a platinum (Pt) electrode in acetonitrile solutions

containing quaternary cations of varied alkyl chain length (Figure 5 a-b, Figure $49-S50 in Section
S12 of the SI). Pt is chosen as an electrode as CO coverages are known to remain fixed at monolayer
coverage over the potential ranges studied.”®** Changes in CO coverage are known to influence
vibrational frequencies through dipole-dipole interactions, thus convoluting the interpretation of Stark
tuning slopes. Furthermore, the steady-state coverage of CO on Ag is very low, precluding its use as
the working electrode for these spectroscopy measurements. Moreover, by independently assessing
the value of Al from experiment or computational modeling, we can determine directly how varying

0 23,63-66

alkyl ammonium cation size influences interfacial field strength from equation 1 or from the

following equation:("7
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1d

E(p) = —A—ﬁéap — 9,) (11)

where @ represents the potential at which the total charge on the surface is zero. It is worth noting
that here no particular model of the electrochemical double layer is assumed.

. . dv . . . .
In alignment with our proposed model, we found that d_;:)o monotonically increases with decreasing

alkyl chain length or cation size (Figure 5c¢). These observations are in excellent agreement with prior
in-situ spectroscopy work (Table S5 in Section S12 of the SI).”” Roth and Weaver further showed

. . dv . . . . . . . .
that these differences in d—;ownh cation size persist with varying organic solvents at fixed ionic

strength.55 Similar observations of increasing field strength with decreasing cation size for
alkylammonium cations have also been made in aqueous electrolytes.”*

0.15 M TEACIO, in CH;CN

2100 25
A [svisaoas _ o~ b * TEA* . cg reas b
-1VvsAg/Ag slope ~24 cnr'/V /./ =24 2
(0] m 4 ' //
8 2080 o’ g 23 L
8 |05V vsAg/Ag - e @ e
5 £ o S22 -
§ vozoao L’ >, TBA* ,*
// = 7’
5 4 20
Z |1 vvsAgiAg 2040 s x| THA* -
o’ 319 &
o
2020 18
2150 2120 2090 2060 2030 2000 -15 -1 05 0 05 1 15 0.2 0.25 0.3
Vg, frequency em™ E-IR vs. Ag/Ag™(V) Inverse lonic Radii(1/A)

Figure 5: Spectroscopic probes of cation-mediated field strength. a) In-situ ATR IR spectra for CO
adsorbed on Pt electrodes in acetonitrile containing 0.15 M TEACIOy at different applied potentials. b) The
CO peak stretching frequency versus potential for the tetracthylammonium containing electrolyte. ¢) Linear
relationship between the Stark tuning slope and the ionic radii of alkyl ammonium cations tested.

The absolute value of the field experienced by the adsorbate is likely dependent on its proximity to
the cation, as previous calculations have shown these fields to be highly heterogeneous along the
electrode surface.”>””" As adsorbed CO; has a large dipole moment on metal surfaces, we predict that
the energetics (equation 9) of the kinetically relevant CO, activation step will change monotonically
with cation size. Smaller cations (e.g., TEA") will result in a greater field stabilization of the adsorbed
CO,, promoting its adsorption and thus the formation of CO. Overall, these spectroscopic
experiments demonstrate that in support of our model, the interfacial field strength experienced by
adsorbates systematically increases with decreasing alkyl chain or cation size in aprotic electrolytes.

To complement these experimental studies, density functional theory (DFT) calculations were
performed to investigate differences in the adsorption geometries of the tetraalkylammonium cations
(TEA", TPA", TBA", and THA") when physisorbed on a Ag (111) surface. In particular, these studies
aimed to locate the equilibrium distance between the nitrogen atom of the alkylammonium cation and
the metal slab [Ag- N(A). Unsurprisingly, the cation-metal distance increases monotonically with
increasing chain length (TEA"™ <TPA'<TBA'<THA") (Figure 6), consistent with our proposed
model. To understand whether these differences in the cation-metal distance are associated with
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changes in the interfacial field, we performed a series of ab initio molecular dynamics (AIMD)
simulations with the solvent molecules explicitly included. These calculations used acetonitrile as a
solvent. Ammonium (NH4") was used to represent a cation, due to the prohibitively large size of
quaternary ammonium cations in the AIMD simulation. To probe the magnitude of the interfacial
field, the work function was sampled at the position of the oxygen atom on adsorbed CO. To
investigate how the choice of cation influences this field, the NH," was placed at different distances
from the metal slab but allowed to relax to its preferred position in the plane parallel to the electrode
(refer to Section S1.9 of the SI for computational details). Figure 6 also shows that the work

function (¢.-) becomes larger and the corresponding interfacial field becomes stronger the closer the
cation is to the metal surface. At large separations of the cation from the electrode, the field becomes
independent of the cation position, likely due to charge screening being dominated by the solvent.
This is in good agreement with prior FTIR spectroscopy work conducted by Anderson and Huang,

where they observed that for higher homologues of tetraalkylammonium cations (n>6) (e.g.,
dv

co . . . .
o ) remains unchanged in comparison with

tetrahexylammonium perchlorate in acetonitrile.”” Combined with the overlaid equilibrium positions
for the quaternary ammonium cations, these AIMD calculations support our argument that an
increased interfacial field strength correlates with decreasing alkyl chain length of alkyl ammonium
cations.

tetraoctylammonium perchlorate) the Stark tuning rate (
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Figure 6: Computationally probing the effect of cation size on interfacial fields. AIMD
simulation of an NH," ion in acetonitrile solvent. The work function (¢.-) at the position of the oxygen
atom of an adsorbed CO is plotted versus the separation distance between the NH," ion and the metal
slab. Overlaid with this is the equilibrium position of quaternary ammonium cations from DFT
calculations. These simulations show that the interfacial field weakens the further the organic cation

(TXA") is from the metal slab.

Cation-electrode distance is a critical parameter that influences CO2R reactivity

Finally, to examine whether the cation-electrode distance is indeed the most important parameter
governing observed reactivity trends, electrochemical measurements were performed while
manipulating the geometry of the quaternary cation and its central heteroatom. To investigate the
influence of the cation geometry, we compared the activity of electrolytes containing symmetric
tetracthyl ammonium (TEA" or Ny, ") with those containing an asymmetric triethylhexylammonium
(N226"). Both electrolytes used perchlorate as the counter anion. We anticipated that the addition of
one longer chain to tetracthylammonium would minimally affect its ability to approach the electrode
surface (Figure 7a), and, therefore, similar activity would be observed for the two cations. Consistent
with this expectation, we observed nearly identical CO2R rates (Figure 7b) in acetonitrile electrolytes
containing the two different cations. To rationalize this observation, DFT calculations were
petformed to examine the equilibrium separation of the Naxs' ion from the metal surface. The
separation distance was found to be nearly identical to that of the Nzx," ion (Figure S51c in Section
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S13 of the SI). These calculations showed that the physisorption of the ion with the nitrogen atom
closer to the surface was much more favorable than a geometry with the long alkyl chain facing the
metal (Figure S51 a,b). AIMD simulations furthermore showed similar work functions at the two
equilibrium distances for Nax" and Naxg” (Figure 7c).

Previous studies have argued that tetraalkylammonium-based cations are more effective promoters
than alkyl phosphonium-based cations for CO.R in aprotic media. However, these comparisons were
conducted with cations of varying geometry (e.g. butyltrimethylammonium (Niis") versus
triethylpentylphosphonium  (Pas™) cations).”” To faitly compare the promoting effects of
phosphonium cations to ammonium cations and understand the impact of cation identity on CO2R
performance, we compared cations of identical molecular geometry but with a different central
heteroatom for CO2R (Nazs” versus Paxs’) (Figutre 7d). As seen in Figure 7e, we observed neatly
identical CO generation rates in electrolytes containing the two different cations. Figure S15 in
Section S6 of the SI demonstrates that this minimal difference in activity between
tetralkylphosphonium and ammonium cations occurs irrespective of solvent.

DFT calculations demonstrate that upon changing heteroatoms from nitrogen to phosphorus, the
work function at the electrode-electrolyte interface is not affected (Figure 7f), indicating the field
strength is influenced by the cation geometry rather than its molecular identity. This suggests that the
role of the cation is to electrostatically modify reaction energetics, rather than participating in any
direct interactions with adsorbates. DFT calculations again showed that the metal-cation distance for
the most thermodynamically favored cation orientation was nearly identical in both cases (Figure
S51b in Section S13 of the SI). Together, these electrochemical measurements performed with
varying cation geometry and composition, coupled with ab initio simulations, suggest that the
important variable governing organic cation effects is the cation-electrode separation distance and the
resulting strength of the interfacial electric field.
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Figure 7: Isolating the effect of metal-cation distance on CO:2R reactivity. a) Schematic illustration of the DFT
calculations showing similar separation between the cation charge of single (N2222*) (left) and (Nazz6™) (right) at the
electrode surface. b) Partial current density to CO for Ag catalysts in acetonitrile containing 0.5 M
tetracthylammonium perchlorate and triethylhexylammonium perchlorate at -2.1 V versus Ag/Ag*. ¢) Calculated
work function from DFT calculations of an adsorbate on an Ag surface for an acetonitrile solvent containing an NHy*
ion at the equilibrium position of a tetracthylammonium and triethylhexylammonium cation. d) Schematic illustration
of the DFT calculations showing similar separation distance between the cationic charge of Naxgt (left) and Paxs*
(right) at the electrode surface. ) Partial current density to CO for Ag catalysts in acetonitrile containing 0.1 M
triethyloctylphosphonium and triethyloctylammonium perchlorate at -2.1 V versus Ag/Ag*. f) Calculated work
function from DFT calculations of an adsorbate on an Ag surface for an acetonitrile solvent containing an NH4* ion
or a PH4" ion at the equilibrium positions of a triethyloctylammonium and triethyloctylphosphonium cation,
respectively.

Conclusion

In this study, we have investigated the influence of tetraalkylammonium cations on CO2R over Ag
surfaces in aprotic solvents and developed a physical model that describes these effects. We found
that CO formation rates in an aprotic medium increase monotonically with decreasing alkyl chain
length and cation size. This behavior is observed irrespective of solvent dielectric strength, electrolyte
concentration, or anion pairing. Further studies demonstrated that changing properties of the cation,
such as the identity of the central atom (Naxs" vs Paxs”) or symmetry (Naxz2" vs Naxg'), minimally
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impact electrocatalytic activity if they do not change the ability of the cation to approach the electrode
surface. In combination with first-principles calculations, these observations suggest that the metal-
cation distance is the key variable for understanding the effect of organic cations on the
electrochemical reduction of CO, reduction in aprotic environments. This variable is important as it
modifies the interfacial electric field experienced by adsorbates based on the thickness of the
electrochemical double layer or screening of the cation charge. Based on kinetic studies, we show that
this interfacial field in turn modifies the energetic landscape of the CO2R reaction in aprotic
electrolytes, in particular by facilitating the kinetically relevant activation of CO,. This work, using a
combination of electrochemical kinetics, 7#-situ spectroscopy, and computational techniques, provides
fundamental insights into the role of electric fields on catalytic reactions in aprotic solvents and how
changing the reaction medium can help control these interfacial fields. Beyond deepening our
understanding of catalysis in electrochemical environments, this work provides new tools for the
design of selective and efficient electro-synthetic cells needed for the decarbonization of the fuels and
chemicals industries.
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