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Abstract  
 

Electrochemical reduction of CO2 to alcohols and hydrocarbon fuels offers a sustainable 

pathway towards mitigating atmospheric CO2 while concomitantly generating value-added 

products. Our group recently demonstrated that Nafion-modified electrodes give an extraordinarily 

high yield of CH4 (Faradaic efficiency of 88% at -0.4 V vs. RHE at room temperature) through the 

stabilization of a metal-bound CO intermediate. In this work, we fabricate Cu electrodes with a 

polymer blend of Nafion and polyvinylidene fluoride (PVDF) to modulate proton transfer to the 

metal-CO intermediate. Electrodes modified with hydrophobic PVDF blended into Nafion 

generate high yields of formate (Faradaic efficiency of 58% at -0.15 V vs. RHE). In addition, the 

total proton concentration in the electrolyte is decreased by adding an aprotic solvent to slow down 

proton transfer rates at the electrode-polymer interface. This control over proton transfer rate 

results in higher yields of C2+ products including ethylene, ethanol, and 1-propanol. We 

demonstrate that a Cu electrode with a 15 µm Nafion overlayer in an acetonitrile/bicarbonate 

electrolyte results in a higher yield of total carbon-containing products than an analogous 

unmodified Cu electrode. The total yield of carbon-containing products on these electrodes is as 

high as nearly 100%, indicating that hydrogen evolution does not occur under properly controlled 

conditions. Taken together, these results demonstrate how the selectivity of Cu-based CO2 

reduction electrocatalysts can be tuned by controlling proton transfer dynamics. 



Introduction  

 
Electrochemical CO2 reduction to fuels is a promising method of mitigating climate 

change. Despite intensive research efforts over the last decade, this approach is still impractical 

from a technological standpoint. Though state-of-the-art Cu-based CO2 reduction catalysts are 

capable of producing C2 and C3 products,1-14 superior Cu CO2 reduction catalysts must be 

developed because Faradaic efficiencies are often low, resulting in poor catalyst selectivity and 

the H2 evolution reaction (HER).15-18 This poor selectivity coupled with the limited solubility of 

CO2 in water19,20 and the high overpotentials needed to achieve appreciable reaction kinetics, 

demonstrate that superior CO2 reduction electrocatalysts are needed in order for practical CO2 

conversion devices to become a reality.   

For these reasons, the fabrication of novel CO2 reduction electrodes with high durability 

and selectivity towards carbon-containing products is a grand challenge. Methods for designing 

these electrodes include tuning the morphology of the catalyst,21-25 surface modification,26-29 

alloying multiple metals,30-33 controlling the pH at the electrode-electrolyte interface,34-37 utilizing 

non-aqueous solvents,38-42 and controlling proton and electron transfer rates.43-45 For example, 

Dinh et al. were able to convert CO2 to ethylene with a high Faradaic efficiency of 70% at -0.55 

V vs. RHE using a Cu electrode in alkaline media. They proposed that the hydroxide ions on or 

near the Cu surface lower the CO2 reduction and CO-CO coupling activation energy barriers.46 

Similarly, Huo and co-workers prepared Cu particles supported by nitrogen-doped carbon 

frameworks capable of converting CO2 to ethylene (Faradaic efficiency of 63.7%) due to 

synergistic interactions between nitrogen dopants and stepped surface-rich Cu particles.47 Mistry 

et al. developed oxidized Cu catalysts exhibiting low overpotentials for CO2 electroreduction and 

high selectivity for ethylene (Faradaic efficiency of 60%).48 Finally, a lesser-known strategy is to 



control the hydrophobicity of the electrode to tune product selectivity. Studies have shown that 

submerged hydrophobic surfaces can trap gas at the nanoscale,49,50 which allows for CO2 to 

accumulate at the electrode-electrolyte interface and improve product selectivity. 

Hydrophobic polymers and organic molecules have been previously used to modify metal 

CO2 reduction electrodes. Sakamoto et al. coated an Ag electrode with polystyrene microspheres, 

which enhanced CO production while suppressing H2 evolution.51 Buckley and co-workers 

reported the ability to alter the CO2 reduction selectivity of a Cu electrode by modifying the surface 

with protic, hydrophilic, and cationic hydrophobic species. It was found that protic species enhance 

selectivity for H2, hydrophilic species enhance formic acid, and cationic hydrophobic species 

enhance CO selectivity.52 Li et al. designed an electrode with hydrophobic nanoporous 

polyethylene membranes that resulted in a high CO production Faradaic efficiency of 92%.53 

Wakerley et al. created a superhydrophobic surface by treating Cu dendrites with 1-

octadecanethiol. This hydrophobic electrode achieved up to 56% Faradaic efficiency for ethylene 

and 17% for ethanol at neutral pH, compared to 9% and 4% on its analogous hydrophilic 

electrode.54 

Along these lines, our group previously demonstrated that Nafion-modified Cu electrodes 

give an extraordinarily high yield of CH4 (Faradaic efficiency of 88% at -0.4 V vs. RHE at room 

temperature) through the stabilization of a metal-bound CO intermediate.43 To the best of our 

knowledge, this Faradaic efficiency for CH4 is the highest achieved under ambient conditions. As 

a result of this previous work, we hypothesize that it is possible to generate C2 and C3 products 

by slowing down proton transfer to the M-CO intermediate to lower the yield of CH4 and instead 

increase M-CO coupling chemistry. Slowing down proton transfer could be achieved by changing 



the hydrophobicity of the polymer overlayer and/or changing the proton availability in bulk 

solution. 

In this work, we report the construction of Cu electrodes modified with PVDF-Nafion 

polymer overlayers to control the hydrophobicity of the electrode and demonstrate that 

hydrophobicity is a governing factor of product selectivity in electrochemical CO2 reduction. A 

hydrophobic environment enhances formate selectivity because formate is the only CO2 reduction 

product that does not generate water as a coproduct as a hydrophobic environment renders water 

formation unfavorable. We also decreased the total proton concentration in the electrolyte by 

adding an aprotic solvent (acetonitrile) to the bicarbonate electrolyte. Less proton availability 

slows down proton transfer to the M-CO intermediate and results in the formation of C2 and C3 

products such as ethylene, ethanol, and 1-propanol.  

 

Experimental section  

Materials and electrode preparation. A Nafion D520 dispersion was purchased from Fuel Cell 

Store. Cu foil (99.99% purity) was purchased from All-Foils, Inc. CO2 and CO were purchased 

from Airgas. Acetonitrile was purchased from Fisher Chemical. Sodium bicarbonate and 

polyvinylidene fluoride were purchased from Sigma Aldrich. Nafion/PVDF polymer blends were 

made by mixing various ratios (4, 8, 15, 30, 52, 56, 60, 64, 68 and 100 wt. %) of PVDF into Nafion. 

The mixtures were then sonicated for 30 minutes to allow for the complete dispersion of PVDF 

into Nafion. Nafion/PVDF-modified electrodes were fabricated by drop-casting the polymer 

dispersions directly onto the substrate and subsequently letting the films dry in air. 

Electrochemical Measurements and Material Characterization. All electrochemical 

measurements were performed using a VSP-300 Biologic Potentiostat. All electrochemical data 

were collected versus a Ag/AgCl reference electrode and converted to the reversible hydrogen 



electrode (RHE) scale by V(vs. RHE) = V(measured vs. Ag/AgCl) + 0.21 + 0.059*6.8 (where 6.8 is the pH 

of solution). All values are reported versus RHE. Current densities are reported with respect to the 

geometric area of the working electrode. For linear sweep voltammogram studies, the geometric 

working electrode area was 0.22 cm2 and for all other experiments, the geometric working 

electrode area was 5.0 cm2. To evaluate the CO2 reduction activity of the thin films, the working 

electrodes were studied in 0.1 M sodium bicarbonate buffer sparged with CO2 gas for at least 30 

min using a one-compartment, three-electrode configuration. Scanning electron microscope 

(SEM) images and energy-dispersive X-ray (EDS) analysis were obtained for each sample using 

a JEOL JSM-6010LA analytical SEM or a JEOL JSM-7100F field emission SEM operated using 

an accelerating voltage of 15 kV. Onset potentials were calculated by determining the voltage at 

which the current density reached 15% of the maximum current density for each linear sweep 

voltammogram. Contact angle measurements were acquired using a Rame-Hart 100-00 

goniometer. Distilled water (30 µL) was transferred onto each electrode surface using a pipette 

and the measurement was taken after 5 seconds. The water contact angles were measured at 

ambient temperature. The left and right angles were measured and averaged, and measurements 

for each sample were triplicated.  

Product Determination. Electrochemical reactions were performed chronoamperometrically at -

0.89 V vs. RHE (and at -0.38 V, -0.13 V, and 0.12 V vs. RHE for voltage-dependent experiments) 

for one hour using carbon as a counter electrode in a beaker for determining liquid and solid 

products and Pt wire as a counter electrode in a custom-made cell for determining gas products. 

During chronoamperometry, CO2 was continuously sparged through the solution (2.5 mL) at a rate 

of 5 cm3/min. Liquid products were quantified using a Varian 400 MHz NMR Spectrometer using 

DMF as an internal standard. After chronoamperometry, the water in the reaction solution was 



evaporated under reduced pressure, and sodium formate along with other residual solids from the 

electrolyte were collected and dissolved in D2O. Liquid products were extracted from the reaction 

solution using deuterated chloroform. Gas products were quantified using a SRI 8610C gas 

chromatograph equipped with a flame ionization detector (FID) and a methanizer. The limits of 

detection for formate, liquid products, and gas products were determined to be 11 µM, 85 µM, and 

1 ppm, respectively. Liquid products in acetonitrile/bicarbonate electrolyte were analyzed by an 

Agilent Technologies GC-MS instrument equipped with a 7890A GC system and 5975C inert 

MSD with a Triple-Axis Detector. The limits of detection for methanol, ethanol, and 1-propanol 

were 5 µM. All experiments were at least duplicated, and all error bars presented are the standard 

deviation among the multiple trials. 

 

Results and Discussion  

Surface Characterization of Cu Electrocatalysts Modified with Nafion-PVDF Blends 

 

To characterize the surface of the polymer-modified electrodes, we first collected a cross-

sectional scanning electron microscopy (SEM) image of a Cu electrode modified with a PVDF-

Nafion polymer overlayer (Fig. 1A). Energy-dispersive X-ray (EDS) analysis was also carried out 

to confirm the uniformity of the polymer overlayer and elemental composition of the electrode. 

The EDS results reveal that F and O, which are components of Nafion and PVDF, are fairly 

uniformly distributed on top of the Cu electrode (Figs. 1B-D).  



 
FIGURE 1. Cross-sectional SEM image (A) and EDS elemental mapping of F (B), O (C) and Cu 

(D) of a Cu electrode modified with a PVDF-Nafion polymer overlayer.  

 



  

  
FIGURE 2. Photographic images showing the contact angle of a water droplet on a bare Cu 

electrode (A) and Cu electrode modified with Nafion-PVDF overlayers containing 30 wt. % (B), 

52 wt. % (C) and 100 wt. % (D) PVDF.   

 

 

Contact angle measurements were conducted to compare the hydrophobicity change when 

Cu is modified by PVDF-Nafion overlayers with increasing amounts of PVDF. On a bare Cu 

electrode, the angle of contact between the water droplet to the electrode surface is 29°. When the 

Cu electrode is modified with a PVDF-Nafion overlayer, the contact angle consistently increased 

from 38° (4 wt. % PVDF) to 124° (100 wt. % PVDF) with increasing weight percent of PVDF 

(Figs. 2A-D, Table S1). The increase in contact angle with PVDF concentration corresponds to 

the increased hydrophobicity of the electrode due to the inclusion of hydrophobic PVDF in the 

composite overlayer. After CO2 reduction catalysis, the contact angles of all of the electrodes, 

including unmodified Cu, change from their original values.  

 



CO2 Reduction by Cu Electrocatalysts Modified with PVDF-Nafion 

 

Linear sweep voltammetry was performed on a bare Cu electrode and Cu electrodes 

modified with Nafion and PVDF-Nafion blend overlayers (Fig. 3). The addition of a Nafion 

overlayer causes a positive shift in the onset potential of the CO2 reduction reaction. The 

unmodified Cu electrode exhibits an onset potential (defined as the potential at which 15% of the 

maximum cathodic current measure during the voltammetry is reached) of -0.19 V vs. RHE 

compared to +0.40 V vs. RHE for the Cu electrode modified with 15 µm of Nafion (black and red 

lines, respectively). A Cu electrode modified with a 60 wt. % PVDF-Nafion blend overlayer 

possesses an onset potential of +0.37 V vs. RHE (green line), a value which is also positive 

compared to unmodified Cu, but negative compared to that of the Cu electrode with a pure Nafion 

overlayer. Furthermore, when a Cu electrode is modified with 100 wt. % PVDF, it exhibits almost 

zero current density (purple line) due to the electronically and ionically insulating nature of PVDF. 

Indeed, the charge transfer resistance, as calculated from electrochemical impedance spectroscopy, 

of the 100 wt. % PVDF electrode (1.5 MΩ) is dramatically higher than the electrodes with lower 

PVDF loadings (0.4-2.3 kΩ, Table S2). Taken together, these results indicate that increasing 

amounts of PVDF in the fluoropolymer overlayer shift the catalytic CO2 reduction current to more 

negative potentials. We note that the +0.40 V vs. RHE and +0.37 V vs. RHE onset potentials 

calculated for the membrane-modified electrodes are more positive than the standard reduction 

potentials for CO2 reduction reactions.55 These onset potentials are reported vs. RHE assuming a 

pH of 6.8, which is the pH of the bulk solution. However, the pH at the Cu-Nafion interface where 

the reaction occurs is not the same as the bulk solution pH. Because Nafion is a superacid56 with 

an approximate pKa of -6, the interfacial pH is much lower than 6.8, which shifts these onset 

potentials to more negative values vs. RHE according to the Nernst equation. 



 
FIGURE 3. Linear sweep voltammograms (LSV) of bare Cu (black), Cu modified with 15 µm 

Nafion (red), Cu modified with 60 and 100 wt. % PVDF in Nafion overlayer (green and purple, 

respectively) in CO2-saturated 0.1 M NaHCO3 electrolyte at a scan rate of 10 mV/s.  

 

Moreover, the changes in the voltammetry with different polymer overlayers are reflective 

of changes in the CO2 reduction process as evidenced by product analysis conducted using 

chronoamperometry over the course of 1 hour (Fig. S1). When a Cu electrode is modified by 

PVDF-Nafion polymer overlayers, the production of CO, HCOOH, and CH4 is hindered at PVDF 

weight percentages greater than 8% (Fig. 4A). Previously, we found that a bare Cu electrode yields 

24% CO and 23% formate,43 and no CH4 is produced at -0.89 V vs. RHE. With a 0 wt. % PVDF 

(pure Nafion overlayer), a high CH4 yield is achieved (68%) (Fig. 4A). This high CH4 yield is 

attributed to the stabilization of the metal-bound CO intermediate (M-CO) by Nafion that allows 

for the subsequent rapid protonation of the intermediate to produce CH4.
43 Adding 4 wt. % PVDF 

significantly hinders CH4 production (14%) and beyond that loading, CH4 production is not 

observed at all (Fig. 4A). Analysis of partial charge densities and rates of formation shows the 

same trends as observed for Faradaic efficiency (Fig. S4 and Fig 4B).  



  
FIGURE 4. Faradaic efficiencies (A) and rate of formation (B) over the 1 hour experiment for 

formate, CO, and CH4 produced from 20-90 µm PVDF-Nafion-modified Cu at -0.89 V vs. RHE. 

The PVDF-Nafion overlayer becomes increasingly thick as the weight percentage of PVDF 

increases.  

 

 

We evaluated the product distribution of the electrode modified with 52 wt. % PVDF under 

varying voltages (Fig. 5). From Fig. 4, no CH4 is produced at concentrations above 4 wt. % PVDF 

in the polymer overlayer. However, increasing to a much more negative voltage of -1.4 V vs. RHE 

generates 47% CH4 (Fig. 5A). A similar trend is observed for CO. Minimal CO is produced until 

-1.4 V vs. RHE at which point the Faradaic efficiency is 15%. Interestingly, formate production 

reaches a maximum of 58% at -0.14 V. At 0.11 V, -0.14 V, and -0.39 V, formate production 

remains high, but decreases drastically at -0.89 V. This set of data indicates that formate production 

is preferred at a lower voltage, suggesting that formate production proceeds through a different 

mechanism than CO and CH4. We hypothesize that this electrode yields high amounts of formate 

due to the hydrophobicity of the electrode. Formate becomes the preferred product using a 

hydrophobic interface because formate is the only CO2 reduction product that does not also 

produce H2O, and H2O is unfavorable to generate in a hydrophobic environment. Compared to 

bare Cu, more formate is produced at a lower voltage,57 but on Nafion-modified Cu, formate 



production slowly increases at increasingly negative voltages.43 While Toma et al.58 determined 

that hydrophilic membranes promote formate production, the membranes used in that work were 

of nanometer thicknesses as opposed to the micron-thick membranes used here. Since we have 

demonstrated formate is the preferred product in more hydrophobic electrodes, one may wonder 

about the possibility of optimizing another electrode possessing a greater weight percent PVDF in 

the polymer overlayer, but mass transport calculations show that at or above 56 wt. % PVDF, CO2 

mass transport to the electrode surface begins to become a limiting factor (vide infra). Analysis of 

partial charge densities and rates of formation shows that CO, CH4, and HCOOH production is 

highest at -1.4 V vs. RHE (Fig. S5 and Fig. 5B). We note that HCOOH and H2 are produced even 

at the most positive voltage of 0.11 V vs. RHE. Although this voltage is more positive than the 

standard reduction potentials55 for HCOOH and H2 formation, as mentioned in our previous 

discussion of the LSV data, the pH of the bulk solution (pH = 6.8) is used to calculate these RHE 

voltages. However, the pH at the Cu-membrane interface is much less than 6.8 due to the acidity 

of Nafion, which shifts the applied voltage more negative vs. RHE.    

  
FIGURE 5. Faradaic efficiencies (A) and rate of formation (B) over the 1 hour experiment for 

formate, CO, and CH4 produced from 52 wt. % PVDF in Nafion modified Cu at different voltages. 

 



With increasing concentrations of PVDF and therefore increasing thickness of the polymer 

overlayer, mass transport of CO2 to the electrode surface becomes limited because PVDF is less 

permeable to CO2 than Nafion. Therefore, we performed mass transport calculations to determine 

when the concentration of PVDF in the overlayer limits reaction kinetics (Supporting Information, 

Mass Transport Calculations and Table S3). By calculating the flux of CO2 through the PVDF-

Nafion overlayers, CO2 flux is compared against the rate of CO2 consumed by the electrode. From 

these calculations, we find that more than 56 wt. % PVDF in the overlayer causes CO2 mass 

transport to become the rate-determining step. However, a Cu electrode modified with 52 wt. % 

PVDF in Nafion at -0.14 V vs. RHE gives a reasonably high formate yield (58%). This yield of a 

formate is fairly high for a Cu-based catalyst, and most previous works use other metals to produce 

high formate yields such as 81% and 98%. There is some literature precedent, however, for Cu-

based catalysts that achieve high formate yields including a Cu-Au catalyst that produces formate 

at a 81% Faradaic efficiency at -0.4 V vs. RHE.59 Cu2O nanoparticle films also generated formate 

at 98% Faradaic efficiency under high pressure (> 45 atm) at -0.64 V vs. RHE. The authors of this 

work also found that at more negative potentials formate decreased.60 Comparing our work to 

previous studies, it seems that formate production is favored at lower voltages, especially around 

from -0.4 to -0.6 V vs. RHE. 

After modifying Cu electrodes with PVDF-Nafion polymer overlayers, we tested the effect 

of controlling proton availability in the reaction electrolyte. By adding an aprotic solvent 

(acetonitrile) to the bicarbonate electrolyte, the total proton concentration in the electrolyte is 

decreased with increasing concentrations of acetonitrile. With a decrease in proton availability, we 

hypothesize that the M-CO intermediate is less likely to be protonated to generate CH4 and is more 

prone to undergo M-CO coupling to generate C2 and C3 products. Two control experiments 



verified that acetonitrile vapor is not artificially contributing to CO, CH4, or C2H4 yields during 

GC measurements. When no voltage is applied in a 75 wt. % acetonitrile/bicarbonate electrolyte 

to an unmodified Cu electrode or a Cu electrode modified with 15 µm of Nafion, under both 

flowing and static CO2 during the reaction, no carbon-containing products were detected. A Cu 

electrode in 75 wt. % acetonitrile/pH 7 phosphate buffer at -0.89 V vs. RHE with no CO2 flowing 

also did not generate any carbon-containing products. These control experiments verify that 

acetonitrile is chemically stable under relevant experimental conditions, and it is neither 

electrochemically breaking down nor reacting with CO2/bicarbonate to make CO2 reduction 

products.  

  
FIGURE 6. Faradaic efficiencies (A) and rate of formation (B) over the 1 hour experiment for gas 

products generated from unmodified Cu in acetonitrile/bicarbonate electrolyte at -0.89 V vs. RHE. 

 

Fig. 6 presents the gas products generated from an unmodified Cu electrode in 0-75 vol. % 

acetonitrile in bicarbonate electrolytes at -0.89 V vs. RHE. At 0% acetonitrile, CO is the only gas 

product. Adding increasing amounts of acetonitrile causes the Faradaic efficiencies for CO 

production to decrease and then increase slightly, but the CO yield is never as high as in 0% 

acetonitrile (Fig. 6A). These results signify that acetonitrile hinders CO production. With 



increasing amounts of acetonitrile, CH4 and C2H4 are generated. This trend means that while the 

M-CO intermediate is still protonated to produce CH4, M-CO and M-CO are also dimerizing to 

produce C2H4. The observation that the C2H4 yield continuously increases with increasing 

acetonitrile shows that decreasing proton availability promotes dimerization of the M-CO 

intermediate. The partial charge densities and rate of formations follow similar trends as the 

Faradaic efficiencies (Fig. S6 and Fig. 6B).  

  
FIGURE 7. Faradaic efficiencies (A) and rate of formation (B) over the 1 hour experiment for 

liquid products generated from unmodified Cu in acetonitrile/bicarbonate electrolyte at -0.89 V vs. 

RHE. 

 

Fig. 7 shows the liquid products generated from the abovementioned electrodes under the 

same reaction conditions. Similar to CO production, formate production is also favored in 0% 

acetonitrile, and production decreases with increasing amounts of acetonitrile (Fig. 7A). Alcohol 

production increases with increasing concentrations of acetonitrile, and the M-CO intermediate 

dimerizes and trimerizes to produce ethanol and 1-propanol. Interestingly, the partial charge 

density and rate of product formation are highest at 50 vol. % acetonitrile (Fig. S7 and Fig. 7B).  



    
FIGURE 8. Faradaic efficiencies (A) and rate of formation (B) over the 1 hour experiment for gas 

products produced from Cu modified with 15 µm Nafion overlayer in acetonitrile/bicarbonate 

electrolyte at -0.89 V vs. RHE. 

 

Fig. 8 presents the gas products generated from a Cu electrode modified with a 15 µm 

Nafion overlayer in 0-75 vol. % acetonitrile in bicarbonate electrolyte at -0.89 V vs. RHE. CO 

production has a different trend than the unmodified Cu electrode in that increasing the amount of 

acetonitrile also slightly increases CO production. CH4 production is severely hindered because in 

an electrolyte without acetonitrile, the Nafion overlayer stabilizes the M-CO intermediate and 

subsequently allows for its rapid protonation to generate CH4. With increasing amounts of 

acetonitrile, protonation of the M-CO intermediate is slowed and dimerization to produce C2H4 is 

enhanced (Fig. 8A). As for the unmodified Cu electrode, the partial charge density and rate of 

product formation is highest at 50 vol. % acetonitrile (Fig. S8 and Fig. 8B).  



    
FIGURE 9. Faradaic efficiencies (A) and rate of formation (B) over the 1 hour experiment for 

liquid products produced from Cu modified with 15 µm Nafion overlayer in 

acetonitrile/bicarbonate electrolyte at -0.89 V vs. RHE. 

 

Fig. 9 shows the liquid products generated from the same electrodes under the same 

reaction conditions. The Faradaic efficiencies for formate production remain nearly constant with 

changing electrolyte composition, while alcohol production increases with increasing acetonitrile. 

Partial charge density analysis (Fig. S9) shows that formate has the highest partial charge density 

at 25 vol. % acetonitrile, ethanol and 1-propanol have the highest partial charge densities at 50 vol. 

% acetonitrile, and methanol has the highest partial charge density at 75 vol. % acetonitrile. 

Formate production on a molar basis is highest for all of the electrodes because formate is only a 

2 e- product, while the other liquid products are more highly reduced.   

 



  
FIGURE 10. Total carbon-containing products generated from unmodified Cu electrode (A) and 

Cu electrode modified with 15 µm Nafion overlayer (B) in varying concentrations of acetonitrile 

in the bicarbonate electrolyte at -0.89 V vs. RHE.  

 

Fig. 10 compares the total carbon-containing products produced from an unmodified Cu 

electrode and a Cu electrode modified with 15 µm Nafion overlayer in varying volume percents 

of acetonitrile. On an unmodified Cu electrode, at 0% acetonitrile, only formate and CO are 

produced. At the same voltage and reaction conditions, a Cu electrode modified with 15 µm Nafion 

produces a large amount of CH4 due to the stabilization of the M-CO intermediate and rapid 

protonation of this intermediate. At 25 vol. % acetonitrile, the unmodified Cu electrode generates 

24% CH4 yet the Nafion-modified Cu electrodes only generates 2% CH4. This difference means 

that M-CO is readily protonated with Cu, but not with Nafion-Cu when 25% acetonitrile is present. 

At 50 vol. % acetonitrile, still more CH4 is made on the Cu surface as compared to Nafion-Cu, but 

more C2H4 is made with Nafion-Cu. At 75 vol. % acetonitrile, more CH4, C2H4, and CO are 

produced on the Nafion-Cu electrode, and the total carbon-containing product yields exceed that 

of unmodified Cu. Importantly, the total carbon-containing products with the electrodes containing 

the 75 vol. % acetonitrile is nearly 100%, indicating that the H2 evolution side reaction is almost 

completely avoided in these cases. 



Fig. 11 displays two schemes for CO2 reduction to formate and ethylene. A Cu electrode 

modified with 52 wt. % PVDF in Nafion overlayer creates a hydrophobic environment in which 

producing water is unfavorable. Since formate is the only CO2 reduction product in which water 

is not produced concomitantly, a hydrophobic electrode favors formate production. The pathway 

to formate is relatively simple in which only one intermediate is formed and requires two protons 

and two electrons (Fig. 11A). The intermediate is an oxygen-bound M-OCHO species that can be 

converted to HCOOH either through a proton-coupled electron transfer step or sequential electron 

and proton transfer.63 When the total proton concentration is decreased in the reaction electrolyte, 

the rate of protonation of the M-CO intermediate decreases, which causes a decrease in CH4 

production. M-CO coupling chemistry is facilitated by acetonitrile (which decreases proton 

availability and hence proton transfer kinetics), but not by the hydrophobicity of the polymer 

overlayer (Fig. 11B).  

We note that the current densities of the systems described in this work are lower than 

those of other reported works that utilize nanostructured and gas-diffusion electrodes.17,61,62 This 

manuscript focuses on the underlying effects of polymer overlayers on CO2 reduction, and we 

chose to utilize flat electrodes to keep the systems as simple as possible. In future work, we will 

explore the effect of polymer overlayers on CO2 reduction catalysts that possess greater current 

densities. 

  



 

 

 
FIGURE 11. Schematic of high formate production using Cu modified by 52 wt. % PVDF in 

Nafion polymer overlayer (A). The blue curved lines represent Nafion and the red curved lines 

represent PVDF. In this hydrophobic environment, formate is the preferred product because 

formate is the only CO2 reduction product that does not generate water, and generating water is 

unfavorable in a hydrophobic environment. Schematic of ethylene formation on a Cu electrode in 

an acetonitrile/bicarbonate electrolyte (B). Adding an aprotic solvent decreases the total proton 

concentration, which subsequently decreases the rate of M-CO protonation. This aprotic 

environment promotes M-CO coupling to generate C2 and C3 products (ethylene production is 

shown as one example) instead of protonating M-CO to generate CH4.  

 

 

Conclusion  

In conclusion, this work demonstrates that controlling the hydrophobicity of the electrode 

and proton availability of the electrolyte strongly dictates the production of different CO2 reduction 

products. Formate production is favored by a hydrophobic electrode, however, too much 

hydrophobicity causes mass transport issues because hydrophobic PVDF is less permeable towards 

CO2. The decrease in proton concentration slows down the protonation of the M-CO intermediate 

to generate CH4, but promotes M-CO and M-CO coupling chemistry to produce C2 and C3 

products. This control of hydrophobicity by using polymer blends and mixed aprotic-protic solvent 



systems is a facile and effective method to tune the selectivity of CO2 reduction catalysts that can 

be applied to many different catalyst architectures. 
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