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Experimental

Materials and electrode preparation.

Nafion D520 dispersion and carbon paper (AvCarb EP40T) were purchased from Fuel Cell
Store. Cu foil (99.99% purity) was purchased from All-Foils, Inc, Ni foil (99.9% purity) was
purchased from Goodfellow, Inc., and Zn foil (99.99% purity) was purchased from Belmont
Metals. Sodium bicarbonate was purchased from Sigma Aldrich. CO2 and CO were purchased
from Airgas. Nafion-modified electrodes were fabricated by drop-casting the Nafion dispersion
directly onto the substrate.
Electrochemical Measurements and Material Characterization.

All electrochemical measurements were performed using a VSP-300 Biologic Potentiostat.
All electrochemical data were collected versus a Ag/AgCI reference electrode and converted to the
reversible hydrogen electrode (RHE) scale by V(s RHE) = V(measured vs. Agagel) + 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 geometric area of the working electrode. For linear sweep voltammogram
studies, the geometric working electrode area was 0.218 cm? and for all other experiments, the
geometric working electrode area was 5.0 cm?. To evaluate the CO; reduction activity of the thin
films, the working electrodes were studied in 0.1 M sodium bicarbonate buffer sparged with CO;
gas for at least 30 min using a one-compartment, three-electrode configuration. The thin films on
carbon paper served as the working electrode, a Pt wire was used as the counter electrode, and a
Ag/AgCI electrode was used as the reference electrode. Electrochemical impedance spectroscopy
(EIS) was performed in 0.1 M sodium bicarbonate buffer sparged with CO2 gas using a three-
electrode configuration cell at -0.89 V vs. RHE. The frequency was varied from 200 kHz to 100

mHz sinusoidally with an amplitude of 10 mV. Scanning electron microscope (SEM) images and
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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.

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 unless otherwise noted 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 (Figure S3). During chronoamperometry, CO. 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. 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 uM, 85 uM, and
1 ppm, respectively. All experiments were at least duplicated, and all error bars presented are the

standard deviation among the multiple trials.
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Calculations
Effect of Mass Transport on LSV Onset Potential with PVDF-modified Electrodes

The permeability of CO, in PVDF was taken to be 2.16 x 10°Y" mol-cm/cm?-s-Pa, a value
obtained from Flaconneche et al.®® Because the thickness of the PVDF membrane is 15 pm and
the pressure of CO; is 1 atm, the flux of CO> through the membrane is calculated to be 1.5 x 10
mol/cm?-s. This flux value is then compared to the maximum theoretical rate of consumption of
CO:; at the electrode-polymer interface. The maximum CO2 consumption rate is determined from
the current density of the LSV, assuming all CO- is reduced to either CO or HCOOH. Because
these products require only 2 e/mol, they consume CO; faster than more highly reduced products
such as CHa. Therefore, assuming a 100% yield of CO or HCOOH is an upper bound for the CO-
consumption rate. For the PVDF-covered Cu electrode, the current density at the onset potential
(-0.55 V) of the LSV is -0.26 mA/cm?. From this value, the upper bound for the CO consumption
rate is 1.3 x 10° mol/cm?-s, a value less than the calculated CO- flux. Therefore, these calculations
suggest that CO2 mass transport is not a limiting factor during the onset potential region of the
LSVs with 15 um PVDF overlayers.

Effect of Mass Transport on CO; Electrocatalysis on Nafion-modified Electrodes

The permeability of CO; in Nafion was taken to be 8.70 x 107*® mol-cm/cm?-s-Pa, a value
obtained from Ren et al.3® With a 15 um Nafion overlayer, the flux of CO- is calculated to be 5.9
x 10 mol/cm?-s. The steady state current of the chronoamperometry of this electrode is about -
0.5 mA/cm?2. From this current density, we use the protocol described in the above paragraph to
determine that the maximum theoretical CO> consumption rate at the electrode-polymer interface
is 2.6 x 10° mol/cm?-s. In other words, the maximum CO2 consumption rate is more than an order
of magnitude less than CO: flux through Nafion. These calculations indicate that CO>
electrocatalysis is not limited by CO- availability at the electrode-polymer interface with a 15 um
Nafion overlayer. Analogous calculations with a 183 um Nafion overlayer give a calculated CO>
flux of 4.8 x 10" mol/cm?-s, a value much closer to the maximum CO, consumption rate.

Effect of Electrical Conductivity of Nafion on Voltammetry

Given that the bulk electrical conductivity of Nafion is less than 10* S/cm,* and that the
maximum current density of the LSV of the Cu electrode with a 15 um Nafion layer in Fig. 1B is
-3.5 mA/cm?, the calculated voltage drop due to resistance across a 15 pm Nafion layer is greater
than 50 mV, a value large enough to give rise to changes in the shape of the voltammogram.

Percent Conversion of CO»

As noted in the experimental section, the reaction vessel was continuously sparged at a rate
of 5 cm®/min with CO;, during chronoamperometry. The number of moles of electrons consumed
during catalysis is much less than the number of moles of CO> passed through the electrochemical
cell. For the case of the electrode with the highest CH4 Faradaic efficiency (88%), we calculate
that the total CO> conversion yield is 0.1%. In an industrial application, this low conversion yield
could be improved by optimizing the CO> flow rate and electrode porosity as well as by using
multiple passes of the same CO; reactant stream.
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Supplementary Figures
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Figure S1. Linear sweep voltammograms of carbon and Cu foil modified with 2 um (grey, blue

lines) and 15 pum (red, green lines) Nafion overlayers in N2-saturated 0.1 M NaHCOs electrolyte
at a scan rate of 10 mV/s.
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Figure S2. Linear sweep voltammograms of PVDF-modified carbon and Cu foil in N»>-saturated

0.1 M NaHCO:s electrolyte at a scan rate of 10 mV/s.
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Figure S3. Schematics of custom-made cell for gas collection. The size of the working electrode

was 5.0 cm?, and the length of the 1.0 mm diameter Pt wire counter electrode was 3.0 cm. The
reference and counter were 0.5 cm away from each other and 0.5 cm away from the working

electrode. The reference and counter electrodes were positioned through o-ring sealed ports on the
top of the cell. The working electrode was placed on the bottom of the cell and was hermetically

sealed using a compressed o-ring. The figure on the right highlights the positions of the three
electrodes. The volume of solution used for electrocatalysis was 2.5 mL. Gas products were purged
from the cell by a 20 mL glass syringe and sent to the GC for analysis.
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Figure S4. Chronoamperometry curves over 1 hr of electrochemical CO; reduction using bare,

Nafion-modified, and PVDF-modified carbon and Cu electrodes (A) and bare and Nafion-
modified Ni and Zn electrodes (B).
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Figure S7. Chronoamperometry (A), Faradaic efficiency (B), and rate (C) of CH4 production over
10 hours at -0.38 V vs. RHE using a Cu electrode modified with 15 pum Nafion overlayer.
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Table S1. R? values obtained from linear sweep voltammograms fitted with a linear trend line.

Electrode R? value
Bare carbon 0.853
Carbon with 2 um Nafion 0.898
Carbon with 15 um Nafion 0.997
Bare Cu 0.871
Cu with 2 um Nafion 0.939
Cu with 15 pm Nafion 0.969

Table S2. Faradaic efficiencies for CO, CH4, and HCOOH for all catalysts at -0.89 V vs. RHE on
bare substrates, 15 um Nafion-modified substrates, and 15 um PVDF-modified substrates.

Substrate CO Faradaic CHa4 Faradaic HCOOH Faradaic
Efficiency (%) Efficiency (%) Efficiency (%)
Bare Cu 242 +3 0 23.6+4
Cu-Nafion 794 +1 68.4 + 17 449+0.8
Cu-PVDF 0.28 £0.03 0 0
Bare carbon 148 +2 0 2.36£0.4
Carbon-Nafion 25.1+35 0 7.19+1.2
Carbon-PVDF 0 0 0
Ni 16.6 + 2 0 2.97+0.5
Ni-Nafion 5.07£0.7 0 597+1
Zn 79+10 0 42+0.7
Zn-Nafion 86 +11 0 46+0.7
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Table S3. Summary of various electrocatalysts for electrochemical CO; reduction to CH4

reported in literature.

Catalyst Voltage Electrolyte CH4 Faradaic | Reference
(vs. RHE) Efficiency (%)
Cu foil 24V NaClO4/MeOH 70.5 1
Cu-Co electrode -1.19V 0.1 M KHCOs3 475 2
Cu foil -1.2V 0.1 M KHCOs3 40 3
Cu electrode -1.04V 0.1 M KHCO;3 33.3 4
Pd electrode -0.80 V 0.1 M KHCOs3 2.9 4
Cd electrode -1.23V 0.1 M KHCO;3 1.3 4
Ni electrode -1.08 V 0.1 M KHCO3 1.8 4
N-doped graphene -0.86 V 1 M KOH 15 S
quantum dots
Ti-phthalocyanine -1.58 V -- 28.1 6
Cu-phthalocyanine -1.23V -- 28.0 6
Cu nanofoam -15V 0.1 M KHCO3 <2 !
Pt GDE -1.32V 0.5 M KHCO3 38.8 8
Pt/C o0V -- 6.8 9
Cu single crystal -1.01V 0.1 M KHCOs 6 10
Cu mesh -1.2V 2 M KBr 28.8 1
Cu nanocubes (24 nm) -1.1V 0.1 M KHCOs 15 12
Cu nanocubes (44 nm) -1.1V 0.1 M KHCOs 22 12
Cu nanocubes (63 nm) -1.1V 0.1 M KHCO;3 10 12
Cu foil 1.1V 0.1 M KHCO3 18 12
Polycrystalline Cu -1.0V 0.1 M KHCO;3 4.6 13
Cu nanoparticles -1.35V 0.1 M NaHCO3 76 14
Cu20/Zn -19V 0.3 M KOH in 7.5 5
MeOH

Nanoporous carbon -16V 0.1 M KHCOs3 0.18 16
Cu electrode -1.05V 0.1 M LiHCO3 32.2 g
Cu electrode -1.05V 0.1 M NaHCO3 55.1 o
Cu electrode -0.99 Vv 0.1 M KHCOs 32.0 17
Cu electrode -0.98 V 0.1 M CsHCOs3 16.3 o
Cu20 films 1.1V 0.1 M KHCO3 5 18
Cu20 films -0.99V 0.1 M KHCO3 <1 1
Cu electrode -1.01V 0.1 M KHCO;3 29.4 20
Cu electrode -1.04V 0.1 M KClI 11.5 20
Cu electrode -0.99 vV 0.5 M KClI 14.5 20
Cu electrode -1.00 V 0.1 M KCIO4 10.2 20
Cu electrode -1.00 vV 0.1M K3SO4 12.3 20
Cu electrode -0.83V 0.5 M KzHPO4 17.0 20
Cu electrode -0.77V 0.1 M KzHPO4 6.6 20
Cu electrode -0.96 V 0.1 M KHCO3 22.3 21
Fe electrode -0.98 Vv 0.1 M KHCOs3 1.1 21
Ni electrode -1.09V 0.1 M KHCO3 1.1 21
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Cu electrode -1.0V 0.1 M KHCO3 3 2

Cu-Ni electrode -1.3V 0.5 M KHCO3 20.2 2

Ag electrode -1.4V 0.1 M KHCOs 0.09 24

Ni electrode -1.00 V 0.1 M KHCO;3 0.6 %

Ni electrode -1.08 V 0.1 M KHCOs3 1.8 %

Ni electrode -1.02V 0.1 M KHCO;3 2.4 %

Cu sheet -1.00 V 0.1 M KHCOs3 16.3 26

CuzO/carbon black -1.3V NaCl/MeOH 26.9 27

Cu sheet -1.35V 0.1 M KHCOs3 44 28

Cu porphyrin -1.0V 0.5 M KHCO3 26 29

Cu electrode -1.35V 0.5 M KHCO;3 5.3 30

Cu electrode -16V 1.1 M KHCO3 44 31

Cu electrode 2.4V 0.5 M LiClO4/MeOH 71.8 32

Cu wire electrode -3.35V | Tetraethylammonium 28.1 33
perchlorate methanol

Cu nanoparticles -1.3V 0.1 M KHCOs 50 84

CuzPd 1.2V 0.1 M 55 &

TBAPFs/CH3CN
Co protoporphyrin -0.8V 0.1 M HCIO4 2.5 36
Polycrystalline Cu -1.4V 0.5 M KHCOs 42 37
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