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 2 

Abstract 45 

 46 

The electrochemical reduction of CO2 is sensitive to the microenvironment surrounding catalytic 47 

active sites. Although the impact of changing electrolyte composition on CO2 reduction kinetics in 48 

aqueous electrolytes has been studied intensively, less is known about the influence of the 49 

electrochemical environment in non-aqueous solvents. Here, we present data demonstrating that 50 

organic alkyl ammonium cations influence catalytic performance in non-aqueous media and describe 51 

a physical model that rationalizes these observations. Using results from a combination of kinetic, 52 

spectroscopic, and computational techniques, we argue that the interfacial electric field present at the 53 

catalyst surface is sensitive to the molecular identity of the organic cation in the aprotic electrolyte. 54 

This is true irrespective of solvent, electrolyte ionic strength, or the supporting electrolyte counter 55 

anion. Our results suggest that changes in the interfacial field can be attributed to differences in the 56 

cation-electrode distance. Changes in the electric field strength are consequential to CO2R to CO as 57 

they modify the energetics of the kinetically relevant CO2 activation step.  58 

 59 

 60 

Introduction  61 

 62 

Increases in the atmospheric concentration of CO2 caused by human activities threaten to cause 63 

serious environmental and societal problems. Thus, the development of low-carbon technologies that 64 

can address this issue is a pressing need. Electrochemical conversion of carbon dioxide (CO2R) is such 65 

a technology, offering a means to store energy from intermittent renewable sources in the form of 66 

chemical bonds and to produce carbon-neutral fuels and chemicals.1,2 Despite significant research 67 

efforts aimed at increasing the activity of (electro)catalysts for forming valuable products such as 68 

carbon monoxide, formic acid, ethylene, and ethanol while limiting selectivity to the parasitic hydrogen 69 

evolution reaction (HER), further advances are needed.3,4 70 

 71 
Beyond modifying the composition and structure of catalytic active sites, it is now clear that changes 72 

to the environment in which the reaction occurs– including the local pH, selection of electrolyte ions, 73 

and solvent – result in significant differences in measured (electro)-catalytic activity.5–11 For CO2R, the 74 

magnitude of rate enhancements observed by changing electrolyte composition is as large as those 75 

achieved through active site modification.12 Significant work has been done to describe the physical 76 

phenomena behind these electrolyte effects in aqueous media. These studies have focused on 77 

understanding the role of alkali metal cations, buffering anions, and electrolyte pH on the kinetics of 78 

CO2R.13–23 But far less work has been done to systematically investigate the role of the electrochemical 79 

environment in aprotic electrolytes. Despite this, aprotic electrolytes provide several attractive 80 

properties, such as high CO2 solubility, the absence of acid-base equilibria that limit the concentration 81 

of dissolved CO2 in water, and minimal HER reactivity.1,24–30 82 

 83 

Here, we present work explaining the role of organic alkyl ammonium and phosphonium cations on 84 

the electrochemical reduction of CO2 in aprotic media. We demonstrate that decreasing the size of 85 
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 3 

organic cations, by reducing the length of their alkyl chains, increases the rate of CO2R to CO on silver 86 

(Ag) surfaces irrespective of electrolyte concentration, ion pairing, and solvent identity. We attribute 87 

these effects to differences in the interfacial electric field experienced by adsorbates on the catalyst 88 

surface as the electrolyte cation size is changed. Increased interfacial field strength enhances reactivity 89 

by facilitating the kinetically relevant CO2 activation step. This conclusion is built on evidence from 90 

steady-state voltammetric studies, kinetic measurements, in-situ vibrational spectroscopy, and ab-initio 91 

calculations. This model is consistent with work in aqueous systems that attribute changes in CO2 92 

reduction rates with varying alkali metal cations in the electrolyte to changes in interfacial field 93 

strength.14,15,31,32 In contrast to aqueous systems, where changes in the interfacial field strength are 94 

ascribed to changes in the interfacial concentration of solvated alkali metal cations, for aprotic 95 

electrolytes, we attribute differences in the interfacial field strength to changes in cation-electrode 96 

distance. Our work provides fundamental insights into how electrolyte ions in aprotic media modify 97 

reaction energetics and offers new tools for controlling electrocatalytic performance beyond 98 

modifying the structure and composition of catalytic active sites. 99 

 100 
 101 

Results and Discussion 102 

 103 

 104 

Experimental Protocols for Non-Aqueous CO2 Electrochemistry   105 

 106 

To examine the role of organic cations, we measured CO2 reduction rates over polycrystalline Ag 107 

catalysts in a series of aprotic electrolytes containing quaternary ammonium salts and one quaternary 108 

phosphonium salt. Tetraalkylammonium salts (TXA+) are commonly used as supporting electrolytes 109 

in non-aqueous media due to their stability under reducing conditions and high solubility in organic 110 

solvents. Previous studies have reported that these tetraalkylammonium cations affect CO2R rates in 111 

water,23 but to the best of our knowledge, a systematic description of how quaternary ammonium 112 

cations influence the CO2R reaction in aprotic media is yet to be established. To understand whether 113 

the effect of cation size was particular to one electrolyte system, we examined this phenomenon in 114 

several common organic solvents of varying polarity (i.e., acetonitrile, dimethyl sulfoxide, and 115 

propylene carbonate). Additionally, we evaluated electrolytes of different ionic strengths and varied 116 

counter anions. Lastly, to understand the impact of cation identity on CO2 reduction rates, we 117 

compared the performance between aprotic electrolytes containing symmetric and asymmetric 118 

supporting electrolyte cations. Further experimental details are available in Section S1 of the 119 

Supporting Information. 120 

 121 

All solvents studied were dried extensively, resulting in the water content of supporting electrolytes 122 

being confirmed to be <100 ppm through Karl Fischer Coulometry (Table S1-S4 in Section S1.10). 123 

The properties of these solvents and the schematic of the supporting electrolyte ion structures are 124 

described in Table S5 and Scheme 1 (Section S2 of the Supporting Information), respectively. 125 

Confirmation of asymmetric cation structures after synthesis was conducted using Nuclear Magnetic 126 

Resonance (NMR) Spectroscopy (Figure S1-S7 in Section 3).  127 
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 128 

Furthermore, all solvents and supporting electrolyte used in our study were determined to be stable 129 

under the operating potentials and timescales tested through electrochemical cycling (Figure S8-S17 130 

in Section S4-S6), post electrolysis NMR characterization (Figure S18-S40 in Section S7) and 131 

electrochemical window evaluation (Figure S41 in Section S7). Our experimental protocols resulted 132 

in complete selectivity to CO in CO2-sparged electrolytes for all catalytic data reported in the paper, 133 

within experimental error (100% ± 5%) (Figure S42-S46 in Section S8). 134 

 135 

Cation Effect on CO2R to CO with Changing Solvent Polarity 136 

 137 

To understand the impact that tetraalkylammonium (TXA+) cations of varying alkyl chain lengths have 138 

on CO2R reactivity, comparative electrochemical studies were performed in electrolytes containing 139 

tetraethylammonium (TEA+), tetrapropylammonium (TPA+), tetrabutylammonium (TBA+), and 140 

tetrahexylammonium (THA+) cations. Initial experiments were performed in acetonitrile, using 0.5 M 141 

tetraalkylammonium perchlorates as the supporting electrolyte. Acetonitrile is a commonly studied 142 

aprotic solvent for CO2R, due to its low viscosity, high polarity, and wide electrochemical window.33–143 
36 As shown in Figure 1a, a systematic increase in CO generation rates, that is the partial current 144 

density to CO, was observed with decreasing alkyl chain length from THA+ to TEA+. This systematic 145 

increase was observed across all potentials in the range tested. In the absence of dissolved CO2, 146 

minimal electrochemical response was observed, suggesting the absence of HER for these dry aprotic 147 

electrolytes (refer to Figures S10-S12 and S15-S17 in Sections S4 and S6 of the Supporting 148 

Information). Consistent with this observation, steady-state activity measurements showed negligible 149 

hydrogen production (refer to Figures S42-46 in Section S8 of the Supporting Information). The 150 

small currents observed in N2 saturated electrolytes were also found to have no systematic dependence 151 

on cation size.  152 

 153 

 154 

 155 

 156 

Figure 1: Effect of organic cations on CO2R in aprotic electrolytes. Tafel plots of CO formation on Ag 

electrodes in 0.5 M [TXA][ClO4] (X=E(ethyl), P(propyl), B(butyl), H(hexyl)) in a) acetonitrile from -1.95 V to -

2.4 V versus Ag/Ag+ b) dimethyl sulfoxide and c) 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 157 

electrolyte, can impact rates of CO2R.37–40 To understand whether observed organic cation effects were 158 

influenced by solvent identity, parallel studies to those performed in acetonitrile (CH3CN) were done 159 

in dimethyl sulfoxide (DMSO) and propylene carbonate (PC). These solvents were chosen to sample 160 

a range of dielectric strengths (Table S5 in Section S2) while ensuring the solubility of all supporting 161 

electrolytes. As shown in Figure 1 b-c, we find that irrespective of the choice of solvent tested, 162 

decreasing the alkyl chain length of quaternary ammonium cations monotonically increases CO 163 

generation rates over Ag catalysts across all potentials investigated. These results demonstrate that 164 

differences in catalytic activity with cation size are not specific to a single solvent. 165 

 166 
 167 

Cation Effect on CO2R to CO with Changing Electrolyte Composition 168 

 169 
Recent work has suggested that changes in electrolyte concentration can influence the interfacial 170 
electric field experienced by adsorbates by modifying how effectively the electrochemical double layer 171 
screens surface charge.41 Therefore, to assess whether cation effects are sensitive to double-layer 172 
charge screening, we examined the influence of varying electrolyte ionic strength. Figure 2 and 173 
Figure S12 in Section S4 of the SI illustrate that, at a fixed potential, shorter alkyl chains on the alkyl 174 
ammonium cations systematically increase CO generation rates in both more dilute (0.1 M) and 175 
concentrated (1 M) electrolytes, consistent with observation in 0.5 M electrolytes. In addition to these 176 
measurements in acetonitrile, consistent cation effects were observed with changing electrolyte 177 
concentration with propylene carbonate as the solvent (Figure S16 in Section S6 of the SI). We note 178 
that measurements for 1 M THAClO4 are not shown in either solvent because this concentration 179 
exceeds the solubility limit for this electrolyte. Thus, while considering electrolyte charge screening 180 
may be important for understanding differences in activity observed with varying electrolyte 181 
concentrations for a single organic cation, these results demonstrate that the influence of changing 182 
tetraalkylammonium (TXA+) cation size on CO formation is observed irrespective of electrolyte ionic 183 
strength. 184 

 185 

 186 
 187 
 188 
 189 

Figure 2: Effect of changing electrolyte ionic strength on CO2R rates. Partial current density to CO 
on Ag electrodes in a) 0.1 M b) 0.5 M and c) 1 M [TXA][ClO4] (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 190 
play a role in influencing electrocatalytic performance. In aqueous electrolytes, the identity or 191 
concentration of anions influences CO2R by buffering the local pH or acting as a proton donor.18,20,42,43 192 
For non-aqueous electrolytes, the role of the anion remains less understood. Recent work has 193 
attributed differences in CO2R reactivity with varying anions to the degree of ion dissociation within 194 
the electrolyte. For a fixed cation, this is dictated by both the anion identity and solvent polarity or 195 
dielectric strength.44 These studies found that rates were insensitive to anion choice in highly polar 196 
solvents, but anion pairing appeared to influence electrochemical performance in less polar solvents. 197 
To understand whether cation effects were influenced by ion pairing, we conducted studies using 198 
tetrafluoroborate anions to compare with the results obtained with perchlorate anions presented thus 199 
far. Consistent cation-promoting effects were observed in tetrafluoroborate-containing electrolytes, 200 
with a monotonic increase in current density with decreasing cation size (Figure 3a). This was true 201 
for parallel studies performed in propylene carbonate solvents as well (Figure S17 in Section S6 of 202 
the SI). Under the conditions studied here, for a fixed cation in acetonitrile solutions, the choice of 203 
anion had a small effect on the overall catalytic activity (Figure 3b and 3c).  204 
 205 
 206 

  207 
 208 
 209 
 210 

 211 

 212 

 213 

 214 

Physical Model for Understanding Cation Effects in Aprotic Electrolytes 215 

 216 

Our results above demonstrate that the rate of CO2R to CO over Ag surfaces systematically increases 217 
with decreasing length of the alkyl chains on the tetraalkylammonium cations.  This effect is observed 218 
independent of solvent choice, electrolyte concentration, or counter anion. We now describe a model 219 
that rationalizes these observations and clarifies the role of organic cations in tuning electrocatalytic 220 
rates for CO2R in non-aqueous electrolytes.  221 
 222 

Figure 3: Effect of changing electrolyte counter anion. a) Partial current density to CO for Ag catalysts in 

acetonitrile containing 0.5 M [TXA][BF4] (blue) and 0.5 M [TXA][ClO4] (red) at -2.1 V versus Ag/Ag+, b) Linear 

sweep voltammogram for Ag in CO2 saturated acetonitrile containing 0.5 M [TBA][ClO4] (blue) and 0.5 M 

[TBA][BF4] (red), and c) Linear sweep voltammogram for Ag in CO2 saturated acetonitrile containing 0.5 M 

[TEA][ClO4] (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. 
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 7 

We propose that hydrophobic organic cations in aprotic media modify the interfacial electric field 223 
experienced by species adsorbed on the catalyst surface. These changes in the field modify the energy 224 
of reaction intermediates and transition states based on their polarity and polarizability. Increased 225 
interfacial fields stabilize the kinetically relevant transition state of the CO2 activation step, leading to 226 
higher rates of CO generation. We propose that the strength of the interfacial electric field depends 227 
on the thickness of the electrochemical double layer, which is in turn dependent on the size of the 228 
organic cation and its separation from the negatively polarized electrode surface (Scheme 1). Smaller 229 
tetraalkylammonium cations, such as TEA+, approach the electrode surface more closely, resulting in 230 
a steeper potential drop between the electrode and solution. This results in a larger interfacial electric 231 
field and makes these cations more effective promoters for the electrochemical reduction of CO2 to 232 
CO than bulkier cations like THA+ in aprotic media. Equivalently, longer alkyl chains screen the charge 233 
of the ammonium cation to a larger extent than shorter chains. This model is compatible with models 234 
proposed for alkali metal cations in aqueous electrolytes, where large, weakly solvated cations result 235 
in a higher surface charge density and greater field promotion than small, strongly hydrated cations.15,31 236 
To substantiate this model, we present kinetic studies that identify the elementary steps that govern 237 
the rates of CO2R over Ag surfaces in aprotic solvents. We then measure how the energetics of the 238 
rate-determining step change with cation size. Finally, we present combined spectroscopic and 239 
computational results demonstrating that changing cation size of alkylammonium cations influences 240 
the strength of the electric field experienced by adsorbates at the electrocatalyst surface.  241 
 242 
 243 
 244 
 245 
 246 
 247 
 248 
 249 
 250 
 251 
 252 
 253 
 254 
 255 
 256 
 257 
 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

Scheme 1: Proposed model of the impact of organic alkylammonium cations on CO2R reactivity. Smaller 
cations (TEA+

, left) within the electric double layer are located closer to the negatively polarized Ag electrode in 
comparison to larger cations (THA+

, right). This increases the electric field intensity felt by adsorbates, facilitating 
CO2 activation and CO formation. For simplicity, cations are shown with a spherical shape due to their symmetry. 
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 8 

Probing the rate-limiting step of CO2R to CO in an aprotic medium 269 

 270 

To understand the role of electrolyte cations, we first must identify the elementary steps that dictate 271 

rates of CO2R to CO over Ag surfaces in aprotic electrolytes. In aqueous electrolytes, CO formation 272 

is often assumed to proceed through a series of proton-coupled electron transfer (PCET) steps. We 273 

note that although the reactions below show PCET steps, water or buffering anions, rather than 274 

protons/hydronium ions, are the reactants under most experimental CO2R conditions. 275 

 276 

𝐶𝑂2 + 𝐻+ + 𝑒− + ∗ → 𝐶𝑂𝑂𝐻∗  (1) 277 

 278 

𝐶𝑂𝑂𝐻∗ + 𝐻+ + 𝑒−  → 𝐶𝑂∗ + 𝐻2𝑂  (2) 279 
 280 

𝐶𝑂∗  → 𝐶𝑂 + ∗   (3) 281 
 282 
Although there is consensus that CO formation proceeds through a COOH* intermediate in aqueous 283 

electrolytes, it has been argued that the proton and electron transfer steps necessary for its formation 284 

are decoupled.43,45 285 

 286 

𝐶𝑂2 + 𝑒− + ∗ → 𝐶𝑂2
∗− (4) 287 

 288 

𝐶𝑂2
∗− + 𝐻+  → 𝐶𝑂𝑂𝐻∗ (5) 289 

 290 
This is supported by ab initio calculations and the experimental observation that CO formation rates 291 

depend on an absolute potential scale (i.e., the standard hydrogen electrode) rather than the reversible 292 

hydrogen electrode scale as would be expected for a rate-determining step involving proton 293 

transfer.46,47 It is generally agreed upon that rates of CO formation over Ag are limited by the 294 

adsorption and activation of CO2 , whether or not this process is proton-coupled.48–50  295 

 296 
In non-aqueous media where solvents do not have easily ionizable protons, the CO2R reaction 297 

mechanism to form CO is thought to follow the sequence of elementary steps shown below.51 298 

 299 

𝐶𝑂2 + 𝑒− + ∗ →  𝐶𝑂2
∗− (6) 300 

 301 

𝐶𝑂2
∗− + 𝐶𝑂2+ 𝑒− → 𝐶𝑂∗ +  𝐶𝑂3

2− (7)   302 
 303 

𝐶𝑂∗ → 𝐶𝑂 + ∗ (8) 304 
 305 
Where (equation 6) represents the first electron transfer process (i.e., CO2 activation), (equation 7) 306 

involves the disproportionation of adsorbed CO2 and a solvated CO2 molecule to form carbonate and 307 

adsorbed carbon monoxide, and (equation 8) describes CO desorption.  We note that if the proton 308 

and electron transfer steps are decoupled in aqueous media, the CO2 activation elementary steps are 309 

the same in both cases (i.e., equations 4 and 6).  310 

 311 

https://doi.org/10.26434/chemrxiv-2024-wl1bg ORCID: https://orcid.org/0000-0001-6374-9877 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-wl1bg
https://orcid.org/0000-0001-6374-9877
https://creativecommons.org/licenses/by-nc/4.0/


 9 

To interrogate the kinetically relevant step for CO2R over Ag in aprotic solvents, CO2 partial pressure-312 

dependent measurements were conducted under conditions where mass transport is not limiting 313 

(Figure S47 in Section S9).  Unlike in aqueous systems, changing CO2 concentration in these 314 

solvents does not lead to changes in pH or buffer concentration, which can complicate kinetic analysis. 315 

As shown in Figure 4a, kinetic rates of CO formation exhibit a first-order dependence on CO2 partial 316 

pressure.  Furthermore, the CO2 partial pressure dependence did not depend on cation identity (TEA+, 317 

TPA+, TBA+, or THA+), suggesting that differences in rates observed with cation size are not due to 318 

changes in the kinetically relevant step of the reaction. The first-order rate dependence is consistent 319 

with rates of CO generation limited by CO2 activation, rather than carbonate formation or CO 320 

desorption (see Section S10 of the SI for the development of the kinetic models). This result is 321 

chemically intuitive based on the weak binding of carbon to Ag surfaces and is consistent with the 322 

proposed rate-limiting step in aqueous electrolytes.32,42,45,51  323 

 324 

Having established that CO formation rates are limited by CO2 activation, we conducted temperature-325 

dependent studies to understand how cation choice impacted the energetics of this kinetically relevant 326 

step. Measurements were taken between 5 to 45C using an Ag rotating disk electrode for 0.1 M 327 

TBABF4 and 0.1 M TEABF4 in acetonitrile (Figure S48 in Section S11; see Section S1.7 of 328 

supporting information for further experiment details). Figure 4b illustrates the Arrhenius plot 329 

for CO2R in both electrolytes. At a fixed potential, the apparent activation energy barrier (EA, apparent) 330 

decreases from 20 kJ/mol to 9 kJ/mol with decreasing alkyl chain length of the cation. Here, we 331 

reference the transition state energy to CO2 in the gas phase as recommended in prior work.8,9,52 The 332 

apparent barrier is thus lower than the true kinetic barrier as it includes stabilization by the solvent. 333 

The difference in barriers remains consistent irrespective of applied potential in the presence of CO2.  334 

Both sets of kinetic experiments for CO2R in an aprotic solvent suggest that variation of cation size 335 

affects the energetics of the rate-determining step rather than influencing the identity of this 336 

elementary step. These measurements are furthermore inconsistent with cations acting as site blockers, 337 

as a change in number of accessible or highly active sites would change the intercept of the Arrhenius 338 

plot rather than its slope.  339 

 340 
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 341 

 342 

 343 

 344 

 345 

 346 

 347 

Impact of interfacial electric field on CO2 activation step 348 

 349 

The results of our steady-state voltammetric, partial pressure and temperature-dependent 350 

measurements demonstrate that smaller quaternary ammonium cations lower the kinetic barrier for 351 

the CO2 activation step (equation 6), facilitating CO formation. As discussed above, we attribute the  352 

changes in reaction energetics with organic cation identity to differences in the electrostatic 353 

stabilization of adsorbed CO2. Field effects on catalytic reaction energetics have been implicated as a 354 

way to explain cation and pH effects in electrochemistry as well as alkali promoter effects in 355 

thermochemical catalysis.6,15,53,54 However, the role of interfacial electric fields on CO2R in aprotic 356 

electrolytes has not been considered.  The energy of an adsorbate in an electric field depends on its 357 

dipole moment and polarizability: 358 

 359 

𝐸 = 𝐸𝑜 + 𝜇𝜀 −
𝜎𝜀2

2
+ ⋯ (9) 360 

 361 

Where E represents the energy of the adsorbate, 𝐸𝑜 is its energy in the absence of electric field, 𝜇 is 362 

the adsorbate’s dipole moment [eÅ], 𝜎 is its polarizability [eÅ2𝑉−1] and 𝜀 represents the electric field 363 

strength [𝑉/Å].  364 
 365 
 366 
Previous work by the Nørskov and Bell groups have computationally examined the impact of electric 367 

fields on CO2 adsorption.14,32 In the absence of an interfacial field, CO2 adsorption is 368 

thermodynamically unfavorable on Ag surfaces.32 As adsorbed CO2 has a significant dipole, its free 369 

energy of adsorption becomes much more favorable in the presence of a negative electric field than 370 

in the absence of one. It is important to note that these calculations were done in a vacuum without 371 

proton transfer, making the conclusions independent of the solvent environment.  On the basis of 372 

these studies, it has been argued that cation effects in aqueous electrolytes can be attributed to 373 

modifications of the interfacial field by electrolyte ions and consequent changes in the energetics of 374 

CO2 activation.14,15,32 The critical role of cations in facilitating this elementary step is highlighted by the 375 

complete absence of CO2 reduction in aqueous electrolytes devoid of alkali metal cations.13 Thus, there 376 

is strong precedent for the idea that interfacial fields will influence the energetics of CO2 activation 377 

and CO formation over Ag catalysts in aprotic electrolytes, as suggested by our kinetic measurements. 378 

 379 
 380 
 381 

Figure 4: Understanding the mechanism of CO2R to CO in aprotic electrolytes. a) Dependence of CO 
formation rates on the partial pressure of CO2 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 N2. 
Measurements were taken at -2.1 V versus Ag/Ag+. b) Arrhenius plot used to extract apparent activation energies 
for CO2R over Ag in acetonitrile at -2.1 V versus Ag/Ag+. c) Calculated apparent activation energy barrier from 
(b) is lower for smaller cation (TEA+ compared to TBA+). 
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The influence of organic cations on the interfacial electric field  382 

 383 
Having recognized that increases in interfacial field strength could increase rates of CO2R to CO by 384 

facilitating the activation of CO2, we examined whether the choice of tetraalkylammonium cations 385 

influences this field. To do so, a combination of in-situ spectroscopic and computational tools was 386 

used. First, to experimentally assess changes in the interfacial field with cation size, we made use of 387 

the vibrational Stark effect employing in-situ electrochemical infrared spectroscopy in the attenuated 388 

total reflectance mode (ATR-IR) (see Section S1.8 for experimental details). These ATR-IR 389 

measurements used CO as a probe molecule. For electrocatalytic surfaces, the Stark effect results in 390 

the observation that at fixed coverage, the stretching frequency of CO adsorbed to the electrode 391 

(𝑣𝐶𝑂(𝜑)) systematically changes in response to the applied potential.55 This frequency shift arises from 392 

the difference in the dipole moment of the vibrational ground state and excited state (∆𝜇⃑), with the 393 

dipole moment being larger in the elongated excited state. If the dipole is anti-parallel with the electric 394 

field, the larger dipole of the excited state leads to a greater change in its energy than that of the ground 395 

state, and thus a higher frequency of light is needed to excite this vibration. The magnitude of the 396 

change in CO stretching frequency linearly depends on the dipoles of the ground and excited states 397 

as well as the magnitude of the local electric field:56 398 

 399 

𝑣𝐶𝑂(𝜑) = 𝑣𝑜 − ∆𝜇⃑ ∙ 𝐸⃑⃑(𝜑) (10) 400 

 401 

where 𝑣𝑜 is the vibrational frequency [𝑐𝑚−1] of molecule in the absence of local electric field, 402 

∆𝜇 𝑜𝑟 
𝑑𝑣

𝑑𝐸⃑⃑
 is the probe’s field free dipole moment difference known as Stark tuning rate  403 

[𝑐𝑚−1/(𝑉 ∗ 𝑐𝑚−1)] and 𝐸⃑⃑(𝜑) is the potential dependent interfacial electric field [𝑉/Å]. Equivalently, 404 

this change in vibrational frequency with applied potential can be viewed as a change in the extent of 405 

electron donation from the metal to the CO antibonding 2π* orbital.57 406 

 407 
Thus, vibrational ATR-IR spectroscopy measurements allow us to directly probe changes in electric 408 

field strength experienced by adsorbates on the catalyst surface in the presence of electrolyte cation 409 

by measuring differences in the rate of change of CO stretching frequency as a function of applied 410 

potential (
𝑑𝑣𝐶𝑂

𝑑𝜑
). Here, 

𝑑𝑣𝐶𝑂

𝑑𝜑
 is measured over a platinum (Pt) electrode in acetonitrile solutions 411 

containing quaternary cations of varied alkyl chain length (Figure 5 a-b, Figure S49-S50 in Section 412 

S12 of the SI). Pt is chosen as an electrode as CO coverages are known to remain fixed at monolayer 413 

coverage over the potential ranges studied.58–62 Changes in CO coverage are known to influence 414 

vibrational frequencies through dipole-dipole interactions, thus convoluting the interpretation of Stark 415 

tuning slopes. Furthermore, the steady-state coverage of CO on Ag is very low, precluding its use as 416 

the working electrode for these spectroscopy measurements. Moreover, by independently assessing 417 

the value of ∆𝜇⃑ from experiment or computational modeling, we can determine directly how varying 418 

alkyl ammonium cation size influences interfacial field strength from equation 10 23,63–66 or from the 419 

following equation:67 420 

 421 
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𝐸⃑⃑(𝜑) = −
1

∆𝜇⃑

𝑑𝑣

𝑑𝜑
(𝜑 − 𝜑𝑜) (11) 422 

 423 

where 𝜑0 represents the potential at which the total charge on the surface is zero. It is worth noting 424 
that here no particular model of the electrochemical double layer is assumed. 425 
 426 

In alignment with our proposed model, we found that 
𝑑𝑣𝐶𝑂

𝑑𝜑
 monotonically increases with decreasing 427 

alkyl chain length or cation size (Figure 5c). These observations are in excellent agreement with prior 428 
in-situ spectroscopy work (Table S5 in Section S12 of the SI).55,59 Roth and Weaver further showed 429 

that these differences in 
𝑑𝑣𝐶𝑂

𝑑𝜑
 with cation size persist with varying organic solvents at fixed ionic 430 

strength.55 Similar observations of increasing field strength with decreasing cation size for 431 
alkylammonium cations have also been made in aqueous electrolytes.23,68 432 

 433 
 434 
 435 
 436 
 437 
The absolute value of the field experienced by the adsorbate is likely dependent on its proximity to 438 
the cation, as previous calculations have shown these fields to be highly heterogeneous along the 439 
electrode surface.32,69,70  As adsorbed CO2 has a large dipole moment on metal surfaces, we predict that 440 
the energetics (equation 9) of the kinetically relevant CO2 activation step will change monotonically 441 
with cation size. Smaller cations (e.g., TEA+) will result in a greater field stabilization of the adsorbed 442 
CO2, promoting its adsorption and thus the formation of CO. Overall, these spectroscopic 443 
experiments demonstrate that in support of our model, the interfacial field strength experienced by 444 
adsorbates systematically increases with decreasing alkyl chain or cation size in aprotic electrolytes. 445 
 446 
To complement these experimental studies, density functional theory (DFT) calculations were 447 
performed to investigate differences in the adsorption geometries of the tetraalkylammonium cations 448 
(TEA+, TPA+, TBA+, and THA+) when physisorbed on a Ag (111) surface. In particular, these studies 449 
aimed to locate the equilibrium distance between the nitrogen atom of the alkylammonium cation and 450 

the metal slab [Ag- -N(Å)]. Unsurprisingly, the cation-metal distance increases monotonically with 451 
increasing chain length (TEA+ <TPA+<TBA+<THA+) (Figure 6), consistent with our proposed 452 
model. To understand whether these differences in the cation-metal distance are associated with 453 

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 TEAClO4 at different applied potentials. b) The 

CO peak stretching frequency versus potential for the tetraethylammonium containing electrolyte. c) Linear 
relationship between the Stark tuning slope and the ionic radii of alkyl ammonium cations tested. 
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changes in the interfacial field, we performed a series of ab initio molecular dynamics (AIMD) 454 
simulations with the solvent molecules explicitly included. These calculations used acetonitrile as a 455 
solvent. Ammonium (NH4

+) was used to represent a cation, due to the prohibitively large size of 456 
quaternary ammonium cations in the AIMD simulation. To probe the magnitude of the interfacial 457 
field, the work function was sampled at the position of the oxygen atom on adsorbed CO. To 458 
investigate how the choice of cation influences this field, the NH4

+ was placed at different distances 459 
from the metal slab but allowed to relax to its preferred position in the plane parallel to the electrode 460 
(refer to Section S1.9 of the SI for computational details). Figure 6 also shows that the work 461 

function (e-) becomes larger and the corresponding interfacial field becomes stronger the closer the 462 
cation is to the metal surface. At large separations of the cation from the electrode, the field becomes 463 
independent of the cation position, likely due to charge screening being dominated by the solvent. 464 
This is in good agreement with prior FTIR spectroscopy work conducted by Anderson and Huang, 465 
where they observed that for higher homologues of tetraalkylammonium cations (n>6) (e.g., 466 

tetraoctylammonium perchlorate) the Stark tuning rate (
𝑑𝑣𝐶𝑂

𝑑𝜑
) remains unchanged in comparison with 467 

tetrahexylammonium perchlorate in acetonitrile.59 Combined with the overlaid equilibrium positions 468 
for the quaternary ammonium cations, these AIMD calculations support our argument that an 469 
increased interfacial field strength correlates with decreasing alkyl chain length of alkyl ammonium 470 
cations. 471 
 472 
 473 
 474 
 475 
 476 
 477 
 478 
 479 
 480 
 481 
 482 
 483 
 484 
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 485 
 486 
 487 
 488 
 489 
 490 
 491 
 492 
 493 

Cation-electrode distance is a critical parameter that influences CO2R reactivity 494 

 495 

Finally, to examine whether the cation-electrode distance is indeed the most important parameter 496 
governing observed reactivity trends, electrochemical measurements were performed while 497 
manipulating the geometry of the quaternary cation and its central heteroatom. To investigate the 498 
influence of the cation geometry, we compared the activity of electrolytes containing symmetric 499 
tetraethyl ammonium (TEA+ or N2222

+) with those containing an asymmetric triethylhexylammonium 500 
(N2226

+). Both electrolytes used perchlorate as the counter anion. We anticipated that the addition of 501 
one longer chain to tetraethylammonium would minimally affect its ability to approach the electrode 502 
surface (Figure 7a), and, therefore, similar activity would be observed for the two cations. Consistent 503 
with this expectation, we observed nearly identical CO2R rates (Figure 7b) in acetonitrile electrolytes 504 
containing the two different cations.  To rationalize this observation, DFT calculations were 505 
performed to examine the equilibrium separation of the N2226

+ ion from the metal surface. The 506 
separation distance was found to be nearly identical to that of the N2222

+ ion (Figure S51c in Section 507 

Figure 6: Computationally probing the effect of cation size on interfacial fields. AIMD 

simulation of an NH4
+ ion in acetonitrile solvent. The work function (e-) at the position of the oxygen 

atom of an adsorbed CO is plotted versus the separation distance between the NH4
+ 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. 
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S13 of the SI). These calculations showed that the physisorption of the ion with the nitrogen atom 508 
closer to the surface was much more favorable than a geometry with the long alkyl chain facing the 509 
metal (Figure S51 a,b). AIMD simulations furthermore showed similar work functions at the two 510 
equilibrium distances for N2222

+ and N2226
+ (Figure 7c).  511 

 512 
Previous studies have argued that tetraalkylammonium-based cations are more effective promoters 513 
than alkyl phosphonium-based cations for CO2R in aprotic media. However, these comparisons were 514 
conducted with cations of varying geometry (e.g. butyltrimethylammonium (N1114

+) versus 515 
triethylpentylphosphonium (P2225

+) cations).71 To fairly compare the promoting effects of 516 
phosphonium cations to ammonium cations and understand the impact of cation identity on CO2R 517 
performance, we compared cations of identical molecular geometry but with a different central 518 
heteroatom for CO2R (N2228

+ versus P2228
+) (Figure 7d). As seen in Figure 7e, we observed nearly 519 

identical CO generation rates in electrolytes containing the two different cations. Figure S15 in 520 
Section S6 of the SI demonstrates that this minimal difference in activity between 521 
tetralkylphosphonium and ammonium cations occurs irrespective of solvent.  522 
 523 
DFT calculations demonstrate that upon changing heteroatoms from nitrogen to phosphorus, the 524 
work function at the electrode-electrolyte interface is not affected (Figure 7f), indicating the field 525 
strength is influenced by the cation geometry rather than its molecular identity. This suggests that the 526 
role of the cation is to electrostatically modify reaction energetics, rather than participating in any 527 
direct interactions with adsorbates. DFT calculations again showed that the metal-cation distance for 528 
the most thermodynamically favored cation orientation was nearly identical in both cases (Figure 529 
S51b in Section S13 of the SI). Together, these electrochemical measurements performed with 530 
varying cation geometry and composition, coupled with ab initio simulations, suggest that the 531 
important variable governing organic cation effects is the cation-electrode separation distance and the 532 
resulting strength of the interfacial electric field.  533 
 534 
 535 
 536 
 537 
 538 
 539 
 540 
 541 
 542 
 543 
 544 
 545 
 546 
 547 
 548 
 549 
 550 
 551 
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 552 
 553 
 554 
 555 
 556 
 557 
 558 
 559 
 560 
 561 
 562 
 563 
 564 
 565 

Conclusion  566 

 567 

In this study, we have investigated the influence of tetraalkylammonium cations on CO2R over Ag 568 

surfaces in aprotic solvents and developed a physical model that describes these effects. We found 569 

that CO formation rates in an aprotic medium increase monotonically with decreasing alkyl chain 570 

length and cation size. This behavior is observed irrespective of solvent dielectric strength, electrolyte 571 

concentration, or anion pairing. Further studies demonstrated that changing properties of the cation, 572 

such as the identity of the central atom (N2228
+ vs P2228

+) or symmetry (N2222
+ vs N2226

+), minimally 573 

Figure 7: Isolating the effect of metal-cation distance on CO2R reactivity. a) Schematic illustration of the DFT 
calculations showing similar separation between the cation charge of single (N2222

+) (left) and (N22226
+) (right) at the 

electrode surface. b) Partial current density to CO for Ag catalysts in acetonitrile containing 0.5 M 
tetraethylammonium perchlorate and triethylhexylammonium perchlorate at -2.1 V versus Ag/Ag+. c) Calculated 
work function from DFT calculations of an adsorbate on an Ag surface for an acetonitrile solvent containing an NH4

+ 
ion at the equilibrium position of a tetraethylammonium and triethylhexylammonium cation. d) Schematic illustration 
of the DFT calculations showing similar separation distance between the cationic charge of N2228

+ (left) and P2228
+ 

(right) at the electrode surface. e) 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. 
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impact electrocatalytic activity if they do not change the ability of the cation to approach the electrode 574 

surface. In combination with first-principles calculations, these observations suggest that the metal-575 

cation distance is the key variable for understanding the effect of organic cations on the 576 

electrochemical reduction of CO2 reduction in aprotic environments. This variable is important as it 577 

modifies the interfacial electric field experienced by adsorbates based on the thickness of the 578 

electrochemical double layer or screening of the cation charge. Based on kinetic studies, we show that 579 

this interfacial field in turn modifies the energetic landscape of the CO2R reaction in aprotic 580 

electrolytes, in particular by facilitating the kinetically relevant activation of CO2.  This work, using a 581 

combination of electrochemical kinetics, in-situ spectroscopy, and computational techniques, provides 582 

fundamental insights into the role of electric fields on catalytic reactions in aprotic solvents and how 583 

changing the reaction medium can help control these interfacial fields. Beyond deepening our 584 

understanding of catalysis in electrochemical environments, this work provides new tools for the 585 

design of selective and efficient electro-synthetic cells needed for the decarbonization of the fuels and 586 

chemicals industries. 587 
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