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Abstract 

 Bridging polymer design with catalyst surface science is a promising direction for tuning 

and optimizing electrochemical reactors that could impact long-term goals in energy and 

sustainability. Particularly, the interaction between inorganic catalyst surfaces and organic-based 

ionomers provides an avenue to both steer reaction selectivity and promote activity. Here, we 

studied the role of imidazolium-based ionomers for electrocatalytic CO2 reduction to CO (CO2R) 

on Ag surfaces and found that they produce no effect on CO2R activity yet strongly promote the 

competing hydrogen evolution reaction (HER). By examining the dependence of HER and CO2R 

rates on concentrations of CO2 and HCO3
-, we developed a kinetic model that attributes HER 

promotion to intrinsic promotion of HCO3
- reduction by imidazolium-ionomers. We also show 

that varying the ionomer structure by changing substituents on the imidazolium ring modulates the 

HER promotion. This ionomer-structure dependence was analyzed via Taft steric parameters and 

density functional theory calculations which suggest that steric bulk from functionalities on the 

imidazolium ring reduces access of the ionomer to both HCO3
- and the Ag surface thus limiting 

the promotional effect. Our results help develop design rules for ionomer-catalyst interactions in 

CO2R and motivate further work into precisely uncovering the interplay between primary and 

secondary coordination in determining electrocatalytic behavior. 

Introduction 

 Polymer science is motivated by the highly tunable properties that macromolecules exhibit 

based on subtle changes to chemical structure, conformation, and chain length.1 By leveraging 

precise synthetic chemistry, polymers can be designed with specific functionalities in mind and 

can then be rationally optimized for diverse applications including structural components, 

electronic materials, and medicine.2–4 In the field of heterogeneous catalysis, polymers are most 
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commonly implemented as ionomers, ion-containing polymers, that bind electrocatalyst layers and 

facilitate ion transport.5 Most synthetic polymer design for electrocatalysis has focused on 

optimizing either cationic or anionic conductivity for a desired application.6,7 

We propose that designing ionomer structures for electrochemical applications can be 

expanded to also include direct promotion of the intrinsic kinetics of an electrocatalytic surface. 

Because ionomers necessarily form an interface with catalyst surfaces, they are present directly in 

the reaction layer and could tune kinetics via non-covalent interactions with reactants, adsorbates, 

or products. Precedent for this hypothesis is seen in the fields of enzymatic catalysis and 

homogeneous catalysis where, in addition to the primary coordination to the catalytic active site, 

the secondary coordination sphere can also strongly impact catalyst performance.8,9 This 

secondary sphere is comprised of the environment around the catalytic site that does not directly 

participate in covalent bonding, can also strongly impact catalyst performance.8,9 These non-

covalent, secondary sphere interactions, often referred to as the catalytic microenvironment10,11, 

have been shown to help stabilize intermediates and improve catalytic activity but are difficult to 

study in heterogeneous catalysis due to the lack of catalytic sites that are well-defined on the atomic 

scale.  

As a case study, we selected electrochemical reduction of CO2 (CO2R) as a reaction of 

interest where the ability for ionomer layers to steer activity and selectivity could greatly impact 

future industrial applications. CO2R is motivated by the urgent need for renewable and sustainable 

energy technologies because it converts CO2 to value-added products such as CO, ethanol, or 

ethylene at ambient conditions by applying an electric potential driving force.12 To this point, 

controlling reaction selectivity within the distribution of CO2R products as well as selectivity 

versus the competing hydrogen evolution reaction (HER) has been a major challenge. Thus, there 
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is a significant opportunity to modulate reaction selectivity through careful design of the reaction 

microenvironment, directly at the catalyst-electrolyte interface. We propose that the combination 

of polymer design and synthesis and electrocatalytic testing can result in a tuned, hybrid interface 

that improves catalytic performance.  

The direct influence of ionomers on catalytic activity has been most well-studied for the 

oxygen reduction reaction (ORR) where perfluorosulfonic acid polymers (e.g. Nafion) 

electrostatically adsorb to Pt surfaces and reduce available surface area for catalysis.13 However, 

recent results show that many organic-based additives can influence the activity of CO2R 

electrocatalysts suggesting that tuned, non-covalent interactions could be used to engineer 

improved catalytic performance and thus, more efficient CO2R systems.14 In CO2R, various 

polymer systems have been shown to influence activity including polyethyleneimine acting as a 

co-catalyst for formate production15, electropolymerized pyridinium films on Ag for HER 

suppression16, promotion of CO production on Co Pc sites by pyridine-containing polymers17, and, 

notably, imidazolium-containing polymers developed by Dioxide Materials under the brand name 

Sustainion.18,19  

These commercialized imidazolium-ionomers are attached to a polystyrene backbone and 

have been shown to yield high selectivity for CO2R to CO on Ag surfaces when used as a 

membrane in membrane electrode assembly (MEA) tests.19 These results, as well as kinetic and 

spectroscopic investigations of imidazolium ionic liquid additives in CO2R in acetonitrile, have 

suggested that imidazolium-ionomers promote CO2R through specific non-covalent interactions 

with CO2 or CO2R intermediates.20–22 However, despite the interesting catalytic results reported in 

this system, there is a lack of studies that systematically vary the chemical structure of an ionomer 
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and report resulting aqueous CO2R activity which has prevented the elucidation of design rules 

that govern the influence of ionomers on the intrinsic kinetics of heterogeneous catalysts.  

Efforts to form these relationships include recent work on pyridinium-based films which 

suggested that functionalized pyridiniums lead to tunable stabilization of adsorbed CO* and thus 

improved ethylene selectivity on Cu.23,24 In addition, a tri-component ionomer containing 

imidazolium, pyridinium, and fluoromethyl-phenyl groups was reported to synergistically 

suppress HER and promote ethylene selectivity on Cu through a variety of effects including 

hydrophobicity, transport improvements, and electric field effects.25 Conversely, another report 

maximized the activity of Cu for ethylene through solely transport improvements achieved by 

interfacing the catalyst layer with thin perfluorosulfonic-acid polymer layers.26 These studies 

represent advances in our understanding of structure-property relationships in ionomer design for 

Cu-catalyzed CO2R; however, the complexity of CO2R kinetics on Cu make it challenging to make 

concrete conclusions about the effect of ionomers on specific steps in the CO2R mechanism. Thus, 

a well-defined, model system is necessary to study ionomer-catalyst interactions in CO2R and 

make mechanistic claims about the role of ionomers in directing intrinsic CO2R activity. 

In this study, we investigated the effect of thin films of imidazolium-ionomers on the 

intrinsic kinetics of Ag for CO2R and HER. By focusing on Ag, a catalyst surface known to 

predominantly produce CO and H2 under CO2R conditions, and using a benchmarked, two-

compartment electrochemical cell we could more easily deconvolute transport and activation 

control for both HER and CO2R.27,28 We employed ultrathin films, ~3 nm, of ionomer to ensure 

contact and interaction between the Ag catalyst and the ionomer but minimize ohmic or transport 

losses which would otherwise convolute kinetic measurements. In addition, our ionomer synthesis 

strategy keeps the ionic content and chain length of the polymer constant while varying the 
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structure of the imidazolium ionic group, thus allowing us to isolate the effect of ionomer chemical 

structure on CO2R kinetics.  

Methods 

Ionomer Synthesis: Ionomers were synthesized in two-steps according to literature procedures: 

first involving the polymerization of styrene and chloromethylstyrene to form the intermediate 

copolymer and second exchanging the chloride group with a desired imidazole to form the 

imidazolium-containing ionomers.19 

Styrene-chloromethylstyrene copolymer synthesis: Styrene (≥99%, Sigma-Aldrich) and 4-

(chloromethyl)styrene (90%, Sigma-Aldrich) were first purified in a basic Al2O3 column to remove 

the radical inhibitor. Then, styrene (10.06 g, 96 mmol) and 4-(chloromethyl)styrene (6.23 g, 41 

mmol) were mixed in chlorobenzene (15 mL) with azoisobutyronitrile (0.161 g, 1 mmol) and 

stirred at 70oC for 12 hrs. The resulting solution was precipitated in stirred methanol (100 ml) to 

yield a white, powdered solid that was collected through filtration and redissolved in 

dimethylformamide (DMF) before being re-precipitated two more times into excess of methanol 

for purification. Finally, the collected white solid was dried in an oven at 100oC. The final product 

had a number average molecular weight of 32 kDa by GPC, NMR integration confirming 30% 

incorporation of chloromethylstyrene monomer is available in Supporting Information. 

Imidazole exchange: The intermediate copolymer (1 g) was dissolved in DMF (6 mL) along with 

a 1-substituted imidazole (7 mmol, 2.75 eq to (chloromethyl)styrene groups). Imidazoles tested 

here were: 1-methylimidazole (99%, Sigma-Aldrich), 1,2-dimethylimidazole (97%, Sigma-

Aldrich), 1-butylimidazole (98%, Sigma-Aldrich), 1-tertbutylimidazole (98%, TCI America, 

Fisher Scientific), and 1-benzylimidazole (99%, Sigma-Aldrich).  The solution was stirred at 
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110oC for 46 hrs before precipitating in ethyl ether with centrifugation at 10,000 rpm to precipitate 

the polymer. After another redissolution in DMF and precipitation + centrifugation in ethyl ether, 

the final orange-brown polymer was dried overnight at 100oC in an oven. NMR showed negligible 

peak intensity at ~4.6 ppm corresponding to Ar-CH2-Cl from the styrene-chloromethylstyrene 

copolymer confirming the exchange reaction effectively to completion for all imidazoles (NMR 

peak assignment available in SI-Figure 2-6).  

Electrode Preparation: Ag foil (1 mm, 99.9985%, Alfa Aesar), was polished with 5 𝜇M, 1 𝜇M, 

and 0.05 𝜇M alumina polishing slurries (Ted Pella, Inc.) and sonicated in DI water for 30 minutes 

before each experiment. In a typical experiment, an ionomer solution consisting of 1 mL ethanol 

and 6.25 𝜇L of 0.5 mg/mL ionomer stock solution (synthesized using dry polymer dissolved in 

ethanol) was manually spray coated (Speedaire 4RR09J, 30 psi, N2) onto the Ag foil to synthesize 

an ionomer film. We note that residual DMF from the ionomers on the electrode was minimized 

by the diluted ionomer solution (3.125 𝜇g/mL) and evaporation induced by spray coating. 

Electrochemical CO2R Testing: CO2R testing was performed in a 2-compartment, PEEK, 

electrochemical cell reported previously.27 Briefly, two electrolyte chambers (1.8 mL each, 0.1 

KHCO3) are separated by an anion exchange membrane (Selemion AMV; AGC) with a glassy 

carbon (2 mm, Alfa Aesar) counter electrode on the anolyte side and working Ag foil on catholyte 

side with potential control using a Ag/AgCl reference electrode (ET072-1, eDAQ). Both chambers 

were bubbled with CO2 through a glass fritted inlet (10 sccm) and the catholyte gas outlet was 

routed to an in-line gas chromatograph (SRI Instruments; 8610C) for quantification of CO with 

the FID detector and H2 with the TCD detector. In a typical experiment, chronoamperometry scans 

were run for 30 minutes per potential with two GC injections per potential. The electrochemical 

CO2R results reported here are averages of two separate experiments, each containing ~12 
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chronoamperometric measurements with the averaged results interpolated to yield smooth current-

voltage profiles. Potentials reported were corrected manually for solution resistance (~50 Ω) 

measured by electrochemical impedance spectroscopy. 

For the CO2 rate order experiments, the total inlet flowrate was maintained at 20 sccm with a 

CO2/N2 mixture where the ratios were adjusted to achieve a series of CO2 partial pressures between 

0 and 1 bar. For the KHCO3 rate order experiments, the total ionic concentration was maintained 

at 1M with a KHCO3/KCl mixture where the molar ratios were adjusted to achieve a series of 

KHCO3 concentrations between 0.25 and 1 M. In both rate order experiments, a single injection 

from a 7.5 minute chronoamperometry scan was used to quantify product formation rates at each 

electrode potential.  

Rotating disk electrode (RDE) testing was performed in 0.1 M KHCO3 with a graphite rod anode, 

Ag/AgCl reference electrode (Accumet), and an Ag disk insert working electrode. Prior to testing, 

the Ag disk was polished with the same series of alumina polishing steps as for Ag foil and 

sonicated for 30 minutes in DI H2O. Ag disk was spray coated to achieve identical ionomer loading 

of 0.5 𝜇g/cm2.  

Characterization: Ellipsometry was performed on 1MPS (1-methylimidazolium on polystyrene) 

coated on a Si wafer at 0.5 𝜇g/cm2 (same loading as used in the Ag CO2R experiments), and the 

film thickness was quantified using a Si + Cauchy model layer for the polymer film (J. A. Woollam 

Co. α-SE spectroscopic ellipsometer). X-ray photoelectron spectroscopy (XPS, PHI Versaprobe 3, 

1486.6 eV) was performed to measure N 1s and Cl 2p signal from thin ionomer films. Gel-

permeation chromatography (GPC) analysis was performed using a Tosoh EcoSEC Ambient 

(Room Temp)-GPC equipped with two TSK gel GPC columns (G3000Hhr and G4000Hhr; 7.8 

mm I.D. × 30 cm, 5 μm). The GPC was calibrated with a conventional calibration curve using 
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monodisperse polystyrene standards with THF as a carrier solvent and a polymer solution at 1.5 

mg/mL in THF.  

Kinetic Model: The steady-state matrix as described in the manuscript and supporting information 

was used as the input fit function to fit the CO2R data of bare Ag and Ag-1MPS using the 

lsqcurvefit function implemented in MATLAB R2016B. This procedure yielded relatively low 

variation from the inputted initial guess parameters so significant manual optimization was 

performed to reach reasonable values for the adjustable parameters before fitting yielded the 

reported curves.  

Simulation Methods: Electronic structure calculations were performed using a plane-wave 

pseudopotential code using the Vienna ab initio simulation package (VASP v. 5.4.4)29,30 with the 

Projector Augmented Wave method31 for core valence treatment. The Kohn-Sham equations were 

solved self-consistently employing the revised Perdew-Burke-Ernzerhof (RPBE)32 exchange-

correlation functional described within the generalized gradient approximation (GGA).33 The 

plane-wave basis set cutoff energy of 400 eV was adopted. The Methfessel-Paxton scheme was 

used for Fermi level smearing using a Gaussian width (σ) of 0.1 eV for the electrode surface.34 

The self-consistent electronic convergence limit was set to 1×10−5 eV while the ionic convergence 

limit for unconstrained atoms was set to 0.02 eV Å−1. A periodic 8x8 asymmetric surface slab consisting 

of 4 layers with 15 Å vacuum region was constructed to model the Ag (100) surface. The Brillouin zone 

was sampled using only the Γ-point, which was sufficiently accurate for unit cells of over 250 atoms. 

Grimme’s DFT-D3 approach35 was employed to account for long-range dispersion (van der Waals) 

interactions using s8 = 0.51 and sR,6 = 0.87 values for the RPBE-based damping function 

parameters. The VASPsol package was used to describe the solvent electrolyte with the dielectric 

constant for water set to a relative permittivity value of 80. A Debye length of 9.7 Å was used, 
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corresponding to an electrolyte concentration of 0.1 M solution.36,37 To simulate electrochemical 

conditions, the calculations adopted a full-Hessian correction method within the VASPsol calculator 

that allowed calculations to be performed within the framework of a grand canonical ensemble with a 

reservoir of electrons.38 The number of electrons were treated as an additional degree of freedom as part 

of structural optimization thereby enabling evaluation of potential-controlled DFT enthalpies. Thus, the 

resulting reaction enthalpy (H) was evaluated simultaneously as a function of the atomic positions in 

Cartesian coordinates (r) and the number of electrons (n) using the  Eq. 1 using the total internal energy 

(E), the total number of nuclear charges in the system (n0) and an effective energy level for the reference 

electrode (φ).38 The effective energy level for the reference electrode (φ) is converted to an applied 

voltage (U) on the standard hydrogen electrode (SHE) scale as shown in Eq. 2, using a reference 

potential value of φ0 = −4.6 eV for the SHE. The chemical potential of the electron (μe) can be thus 

derived as a function of the effective energy level of the reference electrode (φ) and the Fermi level of 

the working electrode (EF) using Eq. 3.  We refer the reader to reference 38 for comprehensive details 

of the methodology. 

𝐻(𝑟, 𝑛) = 𝐸(𝑟, 𝑛) − (𝑛 − 𝑛0 )𝜑 Eq. 1 

𝜑 =  −𝑈 +
𝜑0

𝑒⁄  Eq. 2 

𝜇𝑒 =
(𝐸𝐹 − 𝜑0)

𝑒⁄ + 𝑈 Eq. 3 

 Structural optimization of the surface bound adsorbate species (HCO3, CO3 and H) was 

performed on the Ag (100) surface in the low coverage limit and the lowest energy stable configuration 

was selected for computing reaction energies. Based on the site favorability analyses, hydrogen was 

observed to adsorb most favorably in a hollow configuration while bicarbonate and carbonate species 

preferred to bind in a bidentate mode via Ag-O bonds. To estimate the effect of the ionomer additives, 

structural optimizations of the adsorbates were performed in conjunction using a charged styrene-
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imidazolium model of the ionomer near the Ag (100) electrode surface that was initially pre-optimized 

(SI-Figure 13). The styrene-imidazolium molecule containing either 1-methylimidazole or 1-

tertbutylimidazole was considered in this study. The model was truncated beyond one styrene 

monomer unit and excluded the full backbone or multiple monomers of the ionomer chain for the sake 

of maintaining computational tractability. The effect of conformational variation on reaction energetics 

associated with multiple styrene monomer units or the polymer backbone is not considered in this study. 

Molecular dynamics-based evaluation should likely be considered in future assessments for deeper 

consideration of the complex interplay between the structural topography of the polymer and the 

ionomer functionalities that may influence the reaction energetics of HER. 

The free energies of the adsorbates were computed by including zero-point energy (ZPE) based entropy 

and heat capacity corrections to the 0 K DFT electronic energies. The vibrational frequencies were 

calculated by including all degrees of freedom for the adsorbate and assumed no significant changes in 

the vibrational states of the Ag surface. The harmonic oscillator approximation at standard conditions 

of temperature and pressure was applied to treat the computed vibrations. To computationally assess the 

viability of HCO3 as a proton donor, the Ag (100) mediated deprotonation of bicarbonate (Eq. 4) was 

considered and its corresponding reaction free energy (∆𝐺𝑅𝑋𝑁) (Eq. 5) was computed. The reaction free 

energies were calculated both in the absence and presence of the imidazolium monomer additive to 

investigate the influence of the additive in promoting bicarbonate deprotonation. The relative order-of-

magnitude variation in reaction rates towards bicarbonate protonation due to the presence of the ionomer 

additive was quantified as a relative ratio of the Boltzmann factors as shown in Eq. 6.  

HCO3* → H* + CO3* Eq. 4 

∆𝐺𝑅𝑋𝑁(𝑈) = 𝐺𝐶𝑂3∗ +𝐻∗(𝑈) − 𝐺𝐻𝐶𝑂3∗ (𝑈) Eq. 5 
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𝑅𝐸(𝑈) =
exp (

−∆𝐺𝑖𝑜𝑛𝑜𝑚𝑒𝑟(𝑈)
𝑘𝐵𝑇

)

exp (
−∆𝐺 𝑛𝑜 𝑖𝑜𝑛𝑜𝑚𝑒𝑟(𝑈)

𝑘𝐵𝑇
)
 Eq. 6 

Here, ∆𝐺(𝑈) denotes the reaction free energy change as a function of applied electrode potential (U), 

kB is the Boltzmann constant and T is the absolute temperature. We assume that the prefactors for 

bicarbonate deprotonation in Eq. 6 are similar in magnitude in the presence and absence of the ionomer 

additive following which Eq. 6 can reasonably provide qualitative trends in selectivity towards 

bicarbonate deprotonation across different ionomer additives considered in this study. 

Results and Discussion 

Ionomer Synthesis and Characterization 

 The ionomer synthesis used in this work directly followed the literature for Sustainion 

which employed a two-step process (Fig 1A).19 First, styrene and 4-(chloromethyl)styrene were 

polymerized to form an intermediate polystyrene-based polymer with a certain fraction of the 

styrene monomers containing chloride groups. Next, substituted imidazoles were exchanged onto 

the intermediate polymer to produce heterogenized, cationic imidazolium groups on the 

polystyrene backbone. A single batch of the intermediate polymer was synthesized, containing 30 

mol% of the chloromethylstyrene monomer by 1H NMR and with a number-averaged molecular 

weight of 32 kDa and a polydispersity index of 1.6 by gel permeation chromatography 

corresponding to an average length of ~270 monomers. Then, all imidazolium-ionomers were 

grafted onto subsets of this same batch of intermediate polymer which ensured that the ionic 

content and chain length were identical which eliminates these factors when comparing their effect 

on CO2R activity. In this study, 1-methylimidazole, 1,2-dimethylimidazole, 1-tertbutylimidazole, 

1-butylimidazole, and 1-benzylimidazole were grafted and designated 1MPS, 12DMPS, 1tBPS, 
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1BPS, and 1BzPS respectively (Fig 1B). All imidazole exchanges went to completion based on 

the removal of the -CH2-Cl NMR peaks and resulted in the expected chemical structure as 

confirmed by 1H NMR and comparison to prior literature (SI-Figure 1-7).39 All ionomers were 

soluble in ethanol and stock ionomer solutions were prepared for further use on CO2R electrodes.  

 

Figure 1. (A) Synthetic scheme for imidazolium-ionomers (B) Structures for the five imidazolium 

groups tested, connected to the polystyrene backbone at the wavy bond and with abbreviations 

denoted above corresponding structure and (C) Schematic of experimental approach showing 

deposition of thin ionomer film on Ag foil by spray coating and subsequent CO2R testing.  

 

Effect of imidazolium-ionomers on CO2R and HER over Ag foil 

 Next, we tested the effects of these imidazolium-ionomers on CO2R activity. These 

experiments were designed to ensure that a reproducible and uniform ionomer-catalyst interface 

was created while avoiding thick polymer layers that would hinder reactant or ionic transport to 

the catalyst surface.40 In addition, we aimed to be able to make concrete statements about intrinsic 

activity in the presence of ionomers which necessitated a well-defined catalyst surface and 
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simplified reaction pathways. To achieve these goals, we employed ultrathin layers of ionomer on 

Ag foil to ensure the interaction of imidazolium-groups with the catalyst surface and to work with 

a CO2R system that predominantly makes CO via CO2R and H2 via HER and thus does not need 

liquid product analysis, significantly speeding up the experimental process (Fig 1C). These 

ionomer layers were spray coated from dilute (~3 𝜇g/mL) ionomer solutions onto Ag foil at 

loadings of 0.5 𝜇g/cm2. Based on the bulk density of polystyrene, this would correspond to film 

thicknesses of ~3-4 nm which agrees with ellipsometry experiments that showed thicknesses of 3 

± 0.5 nm. X-ray photoelectron spectroscopy revealed subtle features at the N1s and Cl 2p regions 

both before and after electrochemical CO2R testing that do not conclusively demonstrate the 

stability of the ionomer but show that either the ionomer or its decomposition products remain at 

the Ag surface throughout testing (SI-Figure 7). The decomposition of imidazolium moieties is 

known under alkaline conditions41 and future work is necessary to ascertain the rate of degradation 

of these ionomers under the near-neutral pH electrochemical conditions employed here.  

 The initial CO2R testing of 1-methylimidazolium on polystyrene (Ag-1MPS) immediately 

revealed that the imidazolium moiety did not promote the intrinsic reaction kinetics of CO2R on 

Ag. The addition of 1MPS effectively left jCO unchanged throughout the low overpotential, 

activation-controlled region through to the mass-transport limited current densities at high 

overpotential (Fig 2A). This result is in stark contrast to prior reports suggesting that imidazolium 

could intrinsically promote CO2R on Ag surfaces.20–22 This lack of agreement could stem from the 

fact that the previous studies that revealed promotion of CO2R by imidazolium moieties were 

performed in non-aqueous environments. Thus, the existence of the polar, aqueous solvent 

environment might result in significantly different kinetic behavior on Ag that is unaffected by the 

presence of imidazolium. In addition, promotion of CO2R was observed on Ag in mixed 
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imidazolium ionic liquid-water electrolytes42 suggesting that the polymeric nature of these 

ionomers could also play a role in promoting HER instead of CO2R. 

Despite the lack of observable effect to CO2R to CO kinetics, the 1MPS layer did 

significantly promote the competing hydrogen evolution reaction relative to bare Ag (Fig 2B). In 

the low overpotential region, between -0.7 V and -1 V vs RHE, Ag-1MPS showed a significant 

increase in jH2 by ~4x relative to bare Ag at -0.9 V vs RHE. Increasing the 1MPS loading from 0.5 

𝜇g/cm2 (Fig 2A, 2B) to 5 𝜇g/cm2 and 50 𝜇g/cm2 increased the HER promotion effect (SI-Figure 

8A). However, at these higher loadings the jCO curve is affected likely due to transport limitations 

induced by thicker polymer layers (SI-Figure 8B) so the lowest 0.5 𝜇g/cm2 loading was focused 

on for the remainder of the study.  
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Figure 2. (A) Partial current density to CO (jCO, logscale) versus electrode potential for bare Ag 

surface (Ag, black) and 0.5 𝜇g/cm2 of 1MPS on Ag (Ag-1MPS, blue) with shaded 

minimum/maximum error bars with corresponding partial current density to H2 (jH2, logscale) in 

(B). CO2R experiments performed in 0.1M KHCO3 with 10 sccm CO2 inlet flowrate. Continuous 

curves in (A) and (B) were generated by interpolation of discrete chronoamperometric scans 

from two independent experiments (see Methods) (C) Comparison of jH2 for bare Ag (black) and 

Ag-1MPS (blue) in 2-compartment testing with N2 flow with circles representing data from 

chronoamperometric scans and interpolated dash line to guide the eye and (D) Comparison of jH2 

for bare Ag (black) and Ag-1MPS (blue) in rotating disk electrode testing with N2 flow. 

 

This striking promotion of HER on Ag manifests in a non-monotonic jH2-voltage profile. 

First, jH2 rose to a maximum at -0.9 V vs RHE, then declined until -1.1 V vs RHE where it increased 

again and regains exponential, Tafel-like behavior and coincides again with the bare Ag jH2 curve 

(Fig 2B). To determine whether this HER promotion was an intrinsic effect, two control 
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experiments were conducted. First, the same experiment was performed in the 2-compartment 

electrochemical cell with N2 atmosphere instead of CO2 to mitigate concurrent CO2R turnover on 

Ag (Fig 2C). In this case, the Ag-1MPS electrode still showed significantly higher HER current 

than the bare Ag electrode. We note that no CO was detected by gas chromatography during this 

experiment, therefore all current from N2 atmosphere experiments is attributed to the HER, within 

detection limits. To rule out a transport effect where the 1MPS layer facilitates faster proton donor 

transport, these N2 atmosphere experiments were repeated in a rotating-disk electrode (RDE) 

rotating at 1600 rpm (Fig 2D). Again, the Ag-1MPS electrode showed higher current density 

demonstrating that the promotion of HER in the presence of 1MPS was present in both stagnant 

(2-compartment) and RDE configurations. This suggests that higher transport rates of possible 

proton donors (e.g. bicarbonate) through the thin polymer layer relative to the bare interface were 

unlikely to account for the observed differences in jH2.   

Origin of non-monotonic HER j-V profile 

 Though Ag-1MPS showed higher HER current than bare Ag under both CO2 and N2 

atmospheres, a clear non-monotonic “bump” in jH2 present in the CO2R experiments was no longer 

observed in the N2 atmosphere experiments (Fig 2B, 2C). These different characteristics prompted 

us to elucidate the origin of the non-monotonic HER current observed under CO2R conditions.  

 First, we observed that though the presence of the non-monotonic feature was more 

obvious in the Ag-1MPS jH2 curve that it was still present, though smaller, on bare Ag (Fig 2B). 

This demonstrates that the chemical mechanism for the non-monotonic HER feature is 

independent of the presence of an ionomer layer and is instead a fundamental characteristic of 

CO2R on Ag and is exacerbated by the presence of the ionomer. Prior studies have reported this 
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feature as well as its disappearance in the absence of CO2 (in agreement with the results described 

above) and attributed the feature to the formation of adsorbed CO on Ag that inhibited HER.43,44 

This mechanism could decrease HER current if, for example, CO* desorption and H* adsorption 

were rate limiting for CO2R and HER respectively, then adsorbed CO would rapidly fill most 

available active sites which would reduce HER current due to lack of available sites. However, 

this mechanism is unlikely because neither CO2 adsorption or surface CO2* hydrogenations are 

expected to be rate-limiting on relatively weak-binding surfaces like Ag44 suggesting that an 

alternate explanation exists to explain the non-monotonic HER profile.  

Figure 3. Partial current densities to H2 (jH2, logscale) vs electrode potential for a series of partial 

pressure of CO2 between 0 and 1 bar (denoted by shading) for bare Ag (A) and Ag-1MPS (B) with 

corresponding CO partial current densities for bare Ag (C) and Ag-1MPS (D). All experiments in 

2-compartment cell in 0.1M KHCO3 with total flowrate set at 20 sccm. 
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 To mechanistically probe this phenomenon, we performed concentration-dependent 

measurements to find the dependence of CO2R and HER rates as a function of both partial pressure 

of CO2 and concentration of the bicarbonate anion (HCO3
-) on both bare Ag and Ag-1MPS 

electrodes. The PCO2 dependence experiments demonstrate that the concurrent evolution of CO on 

Ag directly affects the shape of the HER curves on both bare Ag and Ag-1MPS electrodes (Fig 

3A, 3B). We note that the effect of changing partial pressure of CO2 resulted in expected changes 

to the jCO profiles on both electrodes with a reduction in both the transport-limited current density 

and reduced current at lower overpotential further suggesting that CO2 adsorption is kinetically 

relevant (Fig 3C, 3D). The HER curves on bare Ag reveal that the small “bump” in HER present 

at PCO2 = 1 bar gradually smooths out as PCO2 is reduced until at PCO2 = 0 bar where a linear, Tafel-

like HER curve is measured (Fig 3A). This trend is more apparent on the Ag-1MPS electrode 

where the ionomer-induced promotion of HER makes the “bump” very prominent and its 

disappearance can be observed as PCO2 is reduced from 1 bar to 0 bar (Fig 3B).  

 These results confirm that the non-monotonic HER profile on Ag is directly tied to 

concurrent turnover of CO2R but does not explicitly point to which steps in the two reaction 

pathways are interconnected. Bicarbonate rate order experiments were conducted to assess how 

the concentration of a viable proton donor, HCO3
-, affects the rates of HER and CO2R on the Ag 

and Ag-1MPS electrodes (Fig 4A-D). Interestingly, we found that varying [HCO3
-] between 0.25 

M and 1 M (using KCl as a supporting electrolyte to maintain total ionic concentration at 1 M) 

produced no measurable effect to CO production rates for either electrode (Fig 4C, 4D). However, 

HER rates increased monotonically with increasing HCO3
- concentration on both bare Ag and Ag-

1MPS, particularly at lower overpotentials near the non-monotonic “bump”/plateau regime before 

largely converging at higher overpotentials (Fig 4A, 4B). This shows that HCO3
- is a viable proton 
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donor during CO2R, in agreement with prior studies, and provides two conclusions about CO2R 

kinetics on Ag. First, CO2R to CO on Ag does not have a kinetically relevant proton transfer step, 

leading to no dependence on HCO3
- concentration. Second, HCO3

- is more energetically favorable 

to use as a proton donor than H2O and thus is predominant at low overpotentials.45,46 

 

Figure 4. Partial current densities to H2 (jH2, logscale) vs electrode potential for a series of KHCO3 

concentrations between 0.25 M and 1 M (denoted by shading) for bare Ag (A) and Ag-1MPS (B) 

with corresponding CO partial current densities for bare Ag (C) and Ag-1MPS (D). All 

experiments in 2-compartment cell with 1 bar CO2 and total ionic concentration set at 1M. 
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 With the mechanistic insight from the PCO2 and HCO3
- concentration dependence 

experiments, we can formulate a revised hypothesis on the kinetic regimes for HER during CO2R 

on Ag. First, at low overpotentials near -0.7 V to -0.9 V vs RHE, both CO2R and HER use HCO3
- 

as a proton donor leading to linear, Tafel HER curves and dependence of HER on [HCO3
-] and no 

dependence of CO2R on [HCO3
-] due to rate-limiting CO2 adsorption. Next, at intermediate 

overpotentials near -0.9 V to -1.1 V vs RHE, increased CO2R and HER current consumes HCO3
- 

leading to a depletion of [HCO3
-] near the surface that becomes kinetically distinguishable for 

HER and manifests as a decrease in current due to lack of available proton donors. This does not 

result in noticeable changes to the jCO curve because of the hypothesized CO2 adsorption rate-

limiting step that does not involve proton transfer.44 Finally, at higher overpotentials near -1.3 V 

vs RHE, both H2O and HCO3
- are available as proton donors and the proton donor transport 

limitation is relieved which allows the reappearance of Tafel HER behavior. This explanation also 

predicts the absence of the non-monotonic HER feature in the absence of concurrent CO2R because 

the consumption of HCO3
- by the CO2R pathway induces the critical transport limitation. In 

addition, this proposed mechanism would suggest that the primary effect of adding the 1MPS 

imidazolium-ionomer layer is to increase HER rates at low overpotential by increasing the rate 

constant of proton transfer from HCO3
- which would yield a larger “bump” than bare Ag but still 

converge to Tafel HER behavior at high overpotentials where H2O becomes a dominant proton 

donor.  

 To assess the validity of this hypothesized mechanism, we built a simple kinetic model for 

CO2R and HER that incorporated transport terms for HCO3
- and CO2 (TCO2, THCO3) and kinetic 

terms for CO2R and HER that use either HCO3
- (r1, r3) or H2O (r2, r4) as the proton donor.  
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TCO2 𝐶𝑂2
𝑜 → 𝐶𝑂2 𝐷𝐶𝑂2

𝛿
([𝐶𝑂2

𝑜] − [𝐶𝑂2]) 

THCO3 𝐻𝐶𝑂3
−𝑜 → 𝐻𝐶𝑂3

− 𝐷𝐻𝐶𝑂3
−

𝛿
([𝐻𝐶𝑂3

−𝑜] − [𝐻𝐶𝑂3
−]) 

r1 
𝐻𝐶𝑂3

− + 𝑒− →
1

2
𝐻2 

𝑘1𝑒𝜂𝛼1𝐹/𝑅𝑇[𝐻𝐶𝑂3
−] 

r2 
𝐻2𝑂 + 𝑒− →

1

2
𝐻2 

𝑘2𝑒𝜂𝛼2𝐹/𝑅𝑇 

r3 2𝐻𝐶𝑂3
− + e− +  𝐶𝑂2 → 𝐶𝑂 𝑘3𝑒𝜂𝛼3𝐹/𝑅𝑇[𝐶𝑂2] 

r4 2𝐻2𝑂 + e− + 𝐶𝑂2 → 𝐶𝑂 𝑘4𝑒𝜂𝛼4𝐹/𝑅𝑇[𝐶𝑂2] 

r5 𝐶𝑂2 + 𝑂𝐻− → 𝐻𝐶𝑂3
− 𝑘5[𝐶𝑂2][𝑂𝐻−] − 𝑘𝑛5[𝐻𝐶𝑂3

−] 

Here, Dx, [X], and [Xo] refer to the diffusion coefficient, surface concentration, and bulk 

concentration of a species X, 𝛿 was set at 202 𝜇m for the boundary layer thickness (value chosen 

to achieve the correct limiting jCO of 5.6 mA/cm2 based on equation for TCO2) that determines 

diffusive transport flux of both reactants (TCO2, THCO3) , and Butler-Volmer expressions were used 

to simulate the effect of electrode potential on rate constants for electron transfer steps (r1-r4). This 

model does not explicitly calculate surface coverages of relevant intermediates and is instead 

intended to capture the interdependence of CO2R and HER rates by using an assumption of the 

rate-determining step (RDS) for each reaction. Thus, we chose the initial proton transfer from 

HCO3
-/H2O as the RDS for HER (r1, r2) and the adsorption of CO2 as the RDS for CO2R (r3, r4) 

which is supported by our previous PCO2/[HCO3
-] dependence experiments. These reaction 

equations (r1-r4) are not explicitly stoichiometrically balanced and are intended to indicate the 

relevant species that are in the rate-determining steps and species being consumed in the CO2R 

and HER pathways. After incorporating the homogeneous reaction between CO2 and OH- to 
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produce HCO3
- (r5), we could solve for steady state surface concentrations of CO2 and HCO3

- and 

thus catalytic CO2R and HER rates as a function of eight variables: four rate constant pre-factors 

and four charge transfer coefficients. This approach yielded a system of two linear equations, due 

to the absence of coupling steps between CO2 and HCO3
-, which could then be fit to experimental 

data (full equations available in Supporting Information).  

 

Figure 5. Partial current density to H2 (jH2, logscale) with experimental (gray), model fit (black), 

bicarbonate contribution to HER current (r1, red) and H2O contribution to HER current (r2, blue) 

for bare Ag (A) and Ag-1MPS (B) with corresponding CO partial current density for bare Ag (C) 

and Ag-1MPS (D) with bicarbonate contribution (r3, red) and water contribution (r4, blue) denoted. 
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 It is important to note the key simplifications made in this model. First, this model does 

not contain the full set of coupled rate equations for the CO2/H2O equilibria and assumes a constant 

boundary layer pH (by setting OH- constant to the bulk pH value at the given [HCO3
-o] and [CO2

o]) 

which limits the quantitative accuracy of the predicted surface concentrations. This model also 

does not account for electromigration terms that would be expected to alter the rates of charged 

species at high overpotentials and high surface charges. Particularly, anionic species such as HCO3
- 

and CO3
2- are likely to be electrostatically repelled by the electrode at these potentials making the 

diffusion transport flux an overestimate which lessens the predicted effect of the bicarbonate 

transport limitation. In addition, this kinetic model, along with the associated kinetic experiments, 

cannot explicitly account for the relative contributions of different proton donors to the CO2R 

pathway because of the zero-order dependence on [HCO3
-] (Fig 4C, 4D) so the effect of the 

ionomer in promoting H2O versus HCO3
- reduction at high overpotentials is not fully elucidated 

by this analysis. Finally, this model assumes perfect first order reaction kinetics for CO2R and 

HER which does not take into account the multistep reaction mechanisms for both products that 

could lead to more complex rate laws. 

 The results from fitting this kinetic model to the experimental Ag and Ag-1MPS production 

formation rates show the success of the model in semi-quantitatively capturing the non-monotonic 

“bump” feature for HER and the CO2R profile (Fig 5A-D, fitted values available in SI-Table 1 

and SI-Table 2). The model explicitly shows this feature can arise from a competition for HCO3
- 

that causes the HER from bicarbonate rate (r1) to decline strongly as bicarbonate is depleted by 

increasing CO2R rates (r3) before water reduction compensates at higher overpotentials (r2, r4). In 

addition, it confirms the hypothesis that increasing HER rates by raising the rate for proton transfer 

from HCO3
-
 greatly increases the size of the non-monotonic feature thus suggesting that the 1MPS 
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ionomer layer affects this particular step in the reaction network (Figure 5A, 5B). The fitted values 

show that the rate constant for this step is ~3x larger on Ag-1MPS relative to Ag (all fitted values 

available in SI-Table 1, 2). This model can also qualitatively recover all of the main features of 

the aforementioned PCO2 and HCO3
- concentration dependence experiments by adjusting the bulk 

[HCO3
-o] and [CO2

o] values (SI-Figure 9-12). In brief, the model predicts that the non-monotonic 

“bump” will gradually disappear at reduced CO2 partial pressure and that HER rates would be 

strongly sensitive to bicarbonate concentration, [HCO3
-o].  

 In summary, combining a kinetic model with concentration-dependent kinetic 

measurements supports the hypothesis that HER on Ag derives from HCO3
- at low overpotentials 

and that the 1MPS ionomer layer served to increase the rate constant for this proton transfer, thus 

yielding higher HER rates.  

Dependence of HER promotion on imidazolium functionalization 

 With the understanding that the 1MPS ionomer affects CO2R on Ag primarily by 

promoting HER from bicarbonate, we next tested a series of imidazolium-based ionomers with 

different functionalities to determine if HER promotion was sensitive to small changes to ionomer 

structure. The ionomers 12DMPS, 1tBPS, 1BPS, and 1BzPS were tested at the same mass loading 

of 0.5 𝜇g/cm2 on Ag foil to specifically test the effect of changing the alkyl substituent on the 

imidazolium ring (Fig 6A, 6B).  

 These experiments again showed that imidazolium ionomers did not measurably affect 

CO2R to CO rates, consistent with the results on 1MPS (Fig 6B). However, the different ionomers 

did show significant changes to the HER profiles in the region of the non-monotonic “bump”; the 

profiles were offset vertically with 1MPS promoting HER the most and further substitution onto 
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the ring reducing the promotional effect (Fig 6A). Qualitatively, the more substituents (comparing 

1MPS to 12DMPS) or the bulkier the substituent (comparing 1MPS to 1 tBPS) led to a weaker 

promotional effect. 

 We next tried to obtain quantitative understanding for the effect of imidazole substituent 

on HER promotion. Based on the results of the CO2R mechanistic analysis described earlier, we 

believe that the early part of the jH2-V curve is dominated by HCO3
- reduction. This same region 

is where ionomers show the strongest effect on promoting HER rates. Thus, we hypothesize that 

by fitting a basic, exponential rate expression to the early part of each of the ionomer HER curves 

we could obtain estimates of the intrinsic bicarbonate-reduction HER rate (r1). This fitting was 

performed to the functional form 𝑗 = 𝑘010−𝐴𝑉 to obtain rate pre-factors, 𝑘0, and potential-scaling 

coefficients, 𝐴, that act on the potential, 𝑉, for each of the ionomers (Fig 6C). The 𝐴 values, 

analogous to 𝛼  the charge transfer coefficient, are roughly independent of ionomer structure 

suggesting a similar rate-determining step with all ionomers. In contrast, 𝑘0 , representing the 

intrinsic transition state energetics for bicarbonate reduction in the presence of an ionomer, change 

with structure with a reduction in value with bulkier substituents in the order of 1MPS>1BPS ≈ 

1BzPS > 1tBPS. 
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Figure 6. (A) Partial current density to H2 (jH2) vs electrode potential in logscale for a series of 

functionalized imidazolium-ionomers using abbreviations from Fig 1B and (B) corresponding CO 

partial current density. (C) Fits of 𝑗 = 𝑘010−𝐴𝑉 to early part of jH2 curve for 1MPS (top left), 1BPS 

(top right), 1BzPS (bottom left), and 1tBPS (bottom right) and (D) Fitted 𝑘0 values plotted in 

logscale versus -Es, the steric Taft parameter. 

 

 This effect with bulkier substituents could be attributed to either electronic effects that 

stabilize the imidazolium cationic charge due to larger, more electron donating groups or due to a 

steric effect that controls the ability of the ionomer to interact with species during CO2R. These 

differences in HER rates, though experimentally measurable, result from very small differences in 
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the transition state energetics on the order of 10-50 meV. To illustrate this, comparing the rate 

constants for bicarbonate reduction to HER between Ag and Ag-1MPS yields a ~3x difference in 

rate constant which corresponds to a Δ(Δ𝐺‡) (change in transition state energy) of ~0.03 eV which 

is challenging for the precision of typical quantum mechanical methods.  

 Thus, to interpret the subtle differences corresponding to the promotion of HER by ionomer 

layers we utilized Hammett-Taft analysis which, by measurement of rates and equilibrations of 

organic reactions with a variety of functional groups, can quantitatively interpret the effect of 

substitution on reactions.47,48 In this framework, Hammett parameters ( 𝜎 ) with associated 

sensitivity parameter (𝜌) are used for explaining electronic effects and Taft parameters (𝐸𝑠) with 

associated sensitivity parameter (𝛿) to explain steric effects on reaction rate constants (𝑘) relative 

to the rate constant of a reference molecule (𝑘0) (Eq. 7). 

ln(𝑘/𝑘0) = 𝜌𝜎 + 𝛿𝐸𝑠 
Eq. 7 

We find that Hammett parameters, tabulated for both meta (𝜎𝑚) and para (𝜎𝑝) substituents 

are nearly identical for the four substituents methyl, butyl, benzyl, and tert-butyl (Table 1), though 

the ‘meta’ and ‘para’ denominations are not explicitly applicable to the imidazolium system in 

question.47 Prior literature also concluded a single set of Hammett parameters should be used for 

all alkyl substituents due to inherent error in Hammett parameter measurement.49 We conclude 

that electronic effects imparted by alkyl imidazolium substituents are unlikely to govern the 

differences in HER promotion observed in this study. In contrast, Taft steric parameters (𝐸𝑠) vary 

greatly for the substituents in question and show a monotonic relationship with 𝑘0 with the least 

bulky group, methyl, showing the highest HER promotion and the bulkiest group, tert-butyl, 

showing the smallest HER promotion (Table 1, Fig 6D). The Taft parameters also successfully 



LLNL-JRNL-832838 

29 

 

predict that butyl and benzyl groups should have very similar steric effects on rate which directly 

agrees with experimental results of nearly identical 𝑘0 for 1BPS and 1BzPS. Thus, the promotion 

of HER by imidazolium-ionomer layers seems to be particularly sensitive to steric bulk at the 1-

position on the imidazolium ring. 

Table 1. Fitted k0 and A values from fit of 𝑗 = 𝑘010−𝐴𝑉 to early part of HER curves for four 

polymers, 1MPS, 1BPS, 1BzPS, and 1tBPS (Fig 6C) with corresponding meta (𝜎𝑚) and para (𝜎𝑚) 

Hammett parameters47 and steric Taft parameters (𝐸𝑠)50 

 
𝑘0x 10-4 

[mA/cm2] 

𝐴 

[1/V] 

𝜎𝑚 𝜎𝑝 −𝐸𝑠 

1MPS 6.5 ± 0.1 4.11 -0.07 -0.17 0 

1BPS 1.6 ± 0.8 4.24 -0.08 -0.16 0.39 

1BzPS 1.7 ± 0.4 4.24 -0.08 -0.09 0.38 

1tBPS 0.9 ± 0.1 4.07 -0.1 -0.2 1.54 

Quantum chemical evidence for effect of functionalization on HER promotion by imidazolium 

ionomers 

 Finally, we employed hybrid density functional theory (DFT) to assess our hypothesis that 

steric bulk on imidazolium ionomers modulates the rates of bicarbonate at Ag surfaces. These 

calculations were performed using a potential-controlled implicit solvation environment 

mimicking a 0.1 M electrolyte solution with a styrene-imidazolium model of the ionomer on the 

Ag (100) electrode surface, a surface facet known to be important in the electrochemical behavior 

of polycrystalline Ag.44,51 We refer the reader to the Simulation Methods section for 

comprehensive details on the calculation set up. Using this model, we calculated the 

thermodynamic reaction free energy of Ag mediated bicarbonate deprotonation (Eq. 4) in the 

presence of the styrene-imidazolium molecule containing either 1-methylimidazole (Ag-1MPS) or 

1-tertbutylimidazole (Ag-1tBPS). Adsorbed HCO3* was investigated as the reactant which is 
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motivated by prior in situ infrared spectroscopy studies that suggest that anions such as phosphate, 

carboxylate, and carbonate can be adsorbed and in the near-surface region at negative electrode 

potentials during CO2R.52,53 

 

Figure 7. (A) Potential-dependent reaction free energies (eV) of bicarbonate deprotonation, 

computed using Eq. 5, on the bare Ag(100) surface (•) and with 1tBPS (•) and 1MPS (•) present. 

(B) Relative promotion in the thermodynamic rate of bicarbonate deprotonation due to 1MPS and 

1tBPS computed using Eq. 6. Profile view of DFT optimized structures of (C) HCO3 + 1MPS and 

(D) HCO3 + 1tBPS on Ag (100) computed at −0.5 V vs SHE. Atom color representations: hydrogen 

(light gray), carbon (dark gray), oxygen (red), nitrogen (blue) and silver (teal). 
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 The thermodynamic reaction free energy for hydrogen transfer from HCO3* is reduced in 

the presence of both imidazolium molecules relative to the bare Ag surface when no ionomer 

additive is present, from ~1.29 eV (no ionomer additive) to 1.05 eV and 0.95 eV for Ag-1tBPS 

and Ag-1MPS respectively at -0.5 V vs SHE (Fig 7A). These thermodynamic reaction free 

energies scale linearly with potential and predict that HER will proceed in the order 1-

methylimidazolium > 1-tertbutylimidazolium >> bare Ag surface.  These results predict that 1) 

imidazolium moieties could serve to greatly reduce the barriers for bicarbonate reduction and 2) 

the 1-methylimidazolium polymer, 1MPS, would be predicted to promote HER more than the 

bulkier 1-tertbutylimidazolium polymer, 1tBPS, both in agreement with the experimental findings 

(Fig 6D, Fig 7A).  The relative promotional effect in the rate of hydrogen transfer (RE(U), Eq. 6), 

by accounting for the ratio of the Boltzmann factors, indicates a 1-2 orders of magnitude increase 

in the case of Ag-1MPS over Ag-1tBPS (Fig 7B). This enhancement is quantitatively higher than 

the promotion of bicarbonate-derived HER that is observed experimentally and can be attributed 

in part due to estimation of these energetics only on pristine Ag (100) surfaces and not accounting 

for the influence of surface coverage of other participating species and the ionomer itself. For 

instance, the large steric bulk of the backbone and 30 at% ionic group concentration might prevent 

imidazolium species from interacting with many Ag surface sites simultaneously, leading to 

experimental measurements that reflect a distribution of sites and associated rates that is not easily 

captured by the quantum chemical calculation. The computed free energies moreover stand as 

proxies for activation barriers for bicarbonate deprotonation assuming a Brønsted–Evans–Polanyi 

(BEP) correlation exists with the transition state scaling linearly with the computed free energies 

in this study.54–56 The validity of such correlations in ionomer promoted systems is the subject of 

a future study.     
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 The DFT calculations can also shed light on the role of sterics in governing the HER 

promotion activity via comparison of the computed geometries between the 1-methylimidazolium-

styrene and 1-tertbutylimidazolium-styrene cases. Both molecules are predicted to have the styrene 

lie flat against the surface with the imidazolium group interacting with the HCO3* reactant and 

CO3* product (Fig 7C,7D). However, the proximity of the imidazolium is limited by the bulkiness 

of the 1-position substituent resulting in a larger interatomic Nimidazole−OHCO3 distance of 5.31 Å 

for 1-tertbutyl relative to 4.88 Å for 1-methylimidazolium (Fig 7C,7D). These results suggest that 

the steric bulk impacts ionomer promotion by limiting accessibility, and thus reducing stabilization 

that enables the higher apparent acidity of HCO3
–. In addition to the steric effect, the promotional 

effect of the ionomer can be further understood by examining the differences in the interfacial 

charge density due to the presence of the ionomers (SI-Figure 14), wherein a higher degree of 

electron gain is observed in the imidazolium ring of the 1MPS relative to 1tBPS and correlates to 

the proximity of the 2p orbitals of the oxygen atoms (OHCO3) with the imidazolium ring. Further, 

a π-π orbital overlap between the surface Ag atoms and the styrene monomer ring in 1MPS 

promotes interfacial charge transfer from the metal to the styrene ring. This effect is reduced with 

1tBPS due to steric hindrance of the methyl substituents that decreases π-π orbital overlap. The 

extent of π-π orbital overlap manifests as an electronic effect where a slight negative shift in the 

potential of zero-charge (PZC) of the Ag surface of 85 meV (Ag-1MPS) and 76 (Ag-1tBPS) is 

obtained when the ionomer is in close proximity to the Ag surface. We hypothesize that the 

positively charged ionomer could electrostatically stabilize the anionic transition state of the 

HCO3
– → H+ + CO3

2– reaction, thus increasing HCO3
– reduction rates for HER. Further 

experimental evidence for direct interaction between ionomer and HCO3
-/CO3

2- is necessary to 

confirm this hypothesis.  
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Conclusion 

The above results show that imidazolium-containing ionomers intrinsically promote HER 

on Ag under CO2R conditions and have no measurable effect on CO2R to CO kinetics in contrast 

to expectations based on prior literature. This promotion of HER manifests in the low overpotential 

regime which is followed by a decrease in jH2 before resumption of Tafel HER kinetics leading to 

a pronounced, non-monotonic “bump” in the HER current profile vs potential. This non-monotonic 

HER profile, also observed on bare Ag, is explained here for the first time, through CO2 and 

KHCO3 concentration-dependence experiments and microkinetic modeling, as a phenomenon 

resulting from the competition for the bicarbonate, HCO3
-, proton donor between CO2R and HER. 

This conclusion allows us to identify that the promotion of HER on Ag from imidazolium-

containing ionomers originates from an increase in rate of the bicarbonate proton-donor pathway 

and that the insensitivity of CO2R rates results from a CO2R rate-determining step that does not 

include proton transfer.  

Interestingly, functionalization of the imidazolium-ring at the 1-position with a series of 

alkyl functional groups has a marked impact on the promotion of the bicarbonate-derived HER 

pathway. Kinetic parameters for bicarbonate-derived HER on Ag in the presence of these ionomers 

show that the steric Taft parameter is a good descriptor for HER promotion suggesting that 

increased steric bulk reduced the ability for the ionomers to interact with the Ag surface or HCO3
-

/CO3
2- and thus facilitate proton transfer. These results are corroborated by density functional 

theory (DFT) calculations that predict more favorable reaction energetics for HCO3
− reduction in 

the presence of imidazolium species and show that proximity of the imidazole to the Ag surface 

and HCO3 underlies this stabilization. 
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This work conclusively shows that ionomers can exert strong control on reaction pathways 

in CO2R and, though in this case shown for the typically undesired HER, can selectively promote 

certain product pathways without effect on others. In terms of ionomer design rules, these results 

suggest that future CO2R ionomer discovery efforts should 1) quantify and optimize steric bulk of 

substituents, 2) incorporate more complex substituents than alkyl groups and, 3) continue to 

explore non-imidazolium cationic groups. The direct influence of ionomer structure on tuning this 

promoter effect opens the door for a myriad of future studies that incorporate changes to molecular 

weight, backbone chemistry, ionic group density and ionic group structure that could play a vital 

role in suppressing HER and steering selectivity between different products in the complex Cu-

catalyzed CO2R product distribution. Further design of this CO2R ionomer-catalyst interface could 

ultimately lead to optimized membrane-electrode-assembly CO2 electrolyzers that produce 

carbon-neutral products at industrial scale.   

Supporting Information: 1H NMR of ionomers, XPS spectra, kinetic model parameters and 

comparison to catalytic data (pdf file), DFT-optimized coordinates and energies (zip file) 
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