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Abstract

In this study, electrochemical reduction of carbon dioxide (CO3) is carried out on tandem
electrodes consisting of Ag, Cu-based nanoparticles, and a proton-permeable membrane to
selectively produce ethylene (CoH4) with Faradaic efficiencies up to 80%. We demonstrate that
the origin of this high selectivity arises from the tandem architecture utilized. In particular, CO; is
first reduced to CO on Ag, and the CO is subsequently reduced to C2Hs on the surface of the Cu-
based nanoparticles. CO; reduction products were quantified, and experiments were carried out as
a function of voltage, the membrane overlayer thickness, and the oxidation state of Cu in the
nanoparticles. Together these results lay a framework for the selective production of value-added

products from COz reduction using membrane-modified tandem electrocatalysis.
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Introduction

The electrochemical transformation of carbon dioxide (COz) into carbon-based fuels is a
viable pathway to generate value-added products using renewably sourced electricity. The
production of multi-carbon and oxygenated compounds from the reduction of CO> has the benefit
of mitigating deleterious greenhouse gas emissions and lessening our reliance on fossil fuels.! In
this manner, the electrochemical reduction of CO> to hydrocarbons or other fuels via multiple
electron transfer mechanisms is a promising approach to develop a global carbon emission
recycling scheme.?

Cu-based materials are the current state-of-the-art catalysts capable of reducing CO> to
multi-carbon products. Since Hori’s pioneering work on electrochemical reduction of CO> on
metal electrodes in the 1980°s, Cu-based catalysts are the main family of materials capable of
producing C2+ compounds as major products.’!! However, Cu catalysts still suffer from low
Faradaic efficiency and production rates of C2+ products. Some methods to improve CO;
reduction selectivity using Cu electrodes are to use bimetallic electrodes, surface modification,
doping, ligand substitution, and crystal structure engineering.'? '3

The production of C2+ and oxygenated compounds is preferred over C1 products because
they have higher energy density. For example, ethylene (C2Ha) 1s an important chemical feedstock
for preparing plastics, ethylene oxide, and diesel fuels.'* To improve the yield and selectivity of
C2H4 from CO; electroreduction, Cu catalysts can be doped with Sn.!'* Alternatively, the crystal

15-18 shape,!? or oxidation state of Cu can be tuned to increase CoH4 yield.?* ! Polymers and

phase,
organic compounds such as polyamines or triazoles can be incorporated during the

electrodeposition of Cu to increase the surface area of the electrode and modify its reactivity such

that CoHs production is enhanced.?” 2 Previous studies have shown that Cu-Ag alloys are



particularly adept at generating C2+ products during electrochemical CO> reduction. Chen ef al.
used a Cu-Ag gas diffusion electrode (GDE) that exhibited improved C,Hs and C,HsOH
productivity compared to Cu alone.?*

The electrochemical reduction of CO» involves a complex pathway requiring multiple
electron and proton transfer steps. Due to the multiple electron and proton transfers, the selective
reduction of CO» is difficult to achieve, especially at low overpotentials. Tandem electrocatalysis
decouples individual steps with multicomponent catalyst design.! This method is attractive for the
selective generation of C2+ products because CO> can first be reduced to CO on one portion of
the electrode before subsequent C-C coupling yields C2+ products. The preconversion of CO; to
CO allows for a high local concentration of CO on the surface of the electrode, which favors C-C
coupling.!

Our group recently demonstrated that Nafion-modified metal catalysts possess unique CO-
reduction reactivity.?® In particular, a Nafion-modified Cu electrode exhibited a high Faradaic
efficiency for CH4 production of 88%. For this catalyst, the Nafion overlayer activates the CO
bond, facilitating the further reduction of CO to CH4. Because C2+ products require the generation
of a CO intermediate, we hypothesize that Nafion-modified electrodes that enable tandem
electrocatalysis could yield C2+ products. Furthermore, Nafion is a hydrophilic polymer that
facilitates rapid proton transfer, which is needed for the generation of C2+ products except for
oxalate. For these reasons, in this work, we use Nafion as a scaffold to host a second catalyst in
combination with a metal electrode catalyst to create a tandem electrocatalyst architecture. While
Nafion is commonly used as a binder in preparing electrocatalyst inks*® or as a free-standing
membrane in a divided electrolytic cell,?” in this work, Nafion is used as an overlayer to control

product selectivity and serve as a framework for tandem catalysis.



Based on previous literature showing the excellent ability of Cu-Ag alloys to generate
C2Ha,'8 we incorporated Ag and Cu catalysts into a tandem catalyst architecture. We investigated
the incorporation of nanoparticle tandem catalysts inside the Nafion layer of membrane-modified
electrodes. In particular, we select Ag as the metal electrode because of its high Faradaic efficiency
for CO.2® By coupling Ag electrodes with membrane-bound CO reduction catalysts, we
hypothesized that the selectivity of the overall tandem catalysis process could be tuned. We began
our work by studying CuzO nanoparticles as the membrane-bound catalysts because these
nanoparticles have previously been shown to produce a variety of value-added C2 products such

as C2H4 and ethanol with good Faradaic efficiencies.? 3

Methods

Materials and Electrode Preparation

A dispersion of Nafion D520 was purchased from Fuel Cell Store. Cu foil (99.99% purity)
was purchased from All-Foils, Inc. Ni and Ti foils (99.9% purity) were purchased from
Goodfellow, Inc. Ag coins (99.9% purity) were purchased from APMEX and polished with sand
paper until a smooth surface was obtained and rinsed with water before use. Cu0O (18 nm in
diameter, 99.86% purity), CuO (10 nm in diameter, 99% purity), Cu (40 nm in diameter, 99.%
purity), and Ag (20 nm in diameter, 99.9% purity) nanoparticles were purchased from U.S.
Research Nanomaterials, Inc. The larger Cu,O nanoparticles (350 nm in diameter) were purchased
from Sigma Aldrich. Sodium bicarbonate was purchased from Sigma Aldrich. CO; and N, gasses
were purchased from Airgas. Electrodes were modified with Nafion layers by drop-casting a
Nafion or Nafion-nanoparticle dispersion directly onto the substrate and letting the dispersion

under ambient conditions. Multiple rounds of drop-casting were utilized to tune the thickness of



the overlayers. Dispersions of nanoparticles in Nafion were made by sonicating 33 wt. % of the
nanoparticles in the Nafion D520 for 15 minutes.
Electrochemical Measurements and Material Characterization

Electrochemical data were collected using a VSP-300 Biologic Potentiostat and were
measured versus a Ag/AgCl reference electrode and converted to the reversible hydrogen electrode
(RHE) scale by V(vs. RHE) = V (measured vs. Ag/agch) T 0.21 +0.059*6.8 (where 6.8 is the pH of solution).
The geometric area of the electrodes is used for current density calculations. For
chronoamperometry experiments, the geometric working electrode area was 5.0 cm?. For linear
sweep voltammetry experiments, the geometric working electrode area was 0.22 cm? The
electrolyte consisted of a 0.1 M sodium bicarbonate buffer sparged with CO> or N gas for at least
30 min using a one-compartment, three-electrode configuration. SEM-EDX analyses using an
accelerating voltage of 15 kV were obtained using a JEOL JSM-7100F field emission SEM.
Product Determination

Electrochemical reactions were performed using chronoamperometry 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 (Figure S1). For liquid and
solid products, the geometric area of the counter electrode area was about 19 cm?. Because this
area is much larger than the geometric area of the working electrode (5.0 cm?), the voltage applied
to the counter electrode by the potentiostat during chronoamperometry was small (<100 mV). This
voltage on the counter electrode is too small to oxidize any CO; reduction products, which is a
concern for undivided cells using smaller counter electrodes. Instead, the counter electrode charge
balances CO; reduction at the working electrode through oxidative non-Faradaic processes. This

interpretation is confirmed by results using this undivided cell that yield CO; reduction product



distributions for a wide variety of unmodified polycrystalline metals that match previous literature
reports using divided cells.”® During chronoamperometry, for all experiments, CO2 was
continuously sparged through the solution (2.5 mL) at a rate of 5 cm?/min. For gaseous product
detection, this flow rate ensures that any gaseous products are swept away from the Pt counter
electrode and are out of solution before they can be oxidized.

Solid products (formate) were quantified using a Varian 400 MHz NMR Spectrometer
using DMF as an internal standard. After chronoamperometry, the water in the electrolyte was
evaporated under reduced pressure, and sodium formate along with other residual solids were
collected and dissolved in D2O. Liquid products were quantified using an Agilent 7890A gas
chromatograph coupled to a 5975C quadrupole mass spectrometer (GC-MS). After
chronoamperometry, an equal volume of acetonitrile was added to the electrolyte, and the reaction
mixture was kept overnight at -15°C. The top organic layer was then removed and dried with
anhydrous Na>SO4 before GC-MS analysis was conducted. Gas products were quantified using an
SRI 8610C gas chromatograph equipped with a flame ionization detector and a methanizer. The
limits of detection for formate, liquid products, and gas products were determined to be 11 pM, 5
uM, and 1 ppm, respectively. Calibration curves with products of known concentrations were used
to account for any inefficiencies associated with liquid-liquid extraction or gas transfer. All
experiments were at least duplicated, and all error bars presented are the standard deviation among

the multiple trials.
Results and Discussion
To test the hypothesis that a tandem Ag electrode modified with a mixture of Nafion and

Cu20 nanoparticles can yield C2 products, we fabricated these electrodes and derivatives thereof

by drop-casting a dispersion of 18 nm CuO nanoparticles and Nafion onto Ag electrodes. By



performing multiple rounds of drop-casting, the thickness of the membrane overlayer can be tuned.
For example, a cross-sectional scanning electron microscopy (SEM) image of a Ag/Nafion-Cu,O
electrode constructed using five rounds of drop casting shows that the Nafion-CuxO layer is
approximately 8 pm thick (Figure 1A). Elemental maps from energy-dispersive X-ray
spectroscopy (EDX) give further information about the electrode architecture. A Ag signal is only
detected from the Ag electrode substrate (Figure 1B), while F and Cu signals are only present in
the Nafion-Cuz0 overlayer (Figures 1C and 1D). The F component originates from the fluorinated
Nafion polymer, while the Cu comes from the nanoparticles. Taken together, these elemental maps
indicate that the Ag/Nafion-Cu;0 electrode consists of a uniform composite of Nafion and Cu,O

nanoparticles on top of the Ag surface.



Figure 1: SEM image (A) ancorresponding EDX elemental maps for Ag (B), F (C), and Cu
(D) of a Ag/Nafion-Cu,O electrode.

We next evaluated the product distribution of CO> reduction of these membrane-modified
electrodes as elicited by chronoamperometry (Figure 2). The Faradaic efficiencies of various
electrodes are presented in Figure 2A, while the rates of product formation are displayed in Figure
2B. We note that the charge densities are low compared to several previous studies of CO;
reduction catalysts.*® These charge densities and corresponding current densities (Figures S4-S8)
are expected because the electrodes used in this study are flat, unlike porous electrodes with high

surface areas.’! Moreover, the rate of formation of CO> reduction products such as C2Hy that



require more electrons per CO> (i.e. 12 ¢7) is proportionally diminished compared to their Faradaic
efficiencies or the rates of product formations that require fewer electrons per CO> (e.g. 2 ¢ for
CO or HCOOH). These patterns are consequences of the varying electron requirements to generate

the different products.
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Figure 2: Faradaic efficiencies (A) and rates of formation (B) for CO (black), CH4 (red), C2Ha
(green), HCOOH (blue), CH30H (orange), CoHsOH (pink), C3H70H (yellow), and H» (purple)
after 1 hr of COz reduction at -1.2 V vs. RHE using Ag electrodes modified with Nafion and Ag
or Cu20 nanoparticles. Both the standard-sized Cu20 nanoparticles (18 nm in diameter) and larger
Cu20 nanoparticles (350 nm in diameter) were tested.

During 1 hour of chronoamperometry at -1.2 V vs. RHE, the Ag/Nafion-Cu,0 electrode
produces ethylene (C2H4) as the predominant product with a Faradaic efficiency of about 76%
(Figure 2A, leftmost green bar). This yield of C2Hy is relatively high compared to previously
reported catalysts (Table S1). C1 species, CO, CH4, HCOOH, and CH30H, are generated as minor
products, all with Faradaic efficiencies less than 15%. More importantly, the total Faradaic
efficiency for carbon-containing products is about 99%, indicating that the H> evolution reaction

is not occurring on this electrode to any appreciable extent. We hypothesize that the high yield of

CoHy 1s due to the tandem catalysis elicited by the electrode. Specifically, CO; is reduced to CO
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on the Ag surface, and the nanoparticles within the Nafion membrane further reduce the CO to
C2Ha.

To probe the longer-term durability of the Ag/Nafion-Cu,0O electrode, we performed a six-
hour CO; reduction experiment and measured the Faradaic efficiency for gaseous products each
hour (Figure S2). Over the course of six hours, the CoH4 Faradaic efficiency decreased only slightly
from an initial value of 78% to a final value of 74%. SEM-EDX analysis (Figure S3) demonstrates
that in select areas of the Nafion film, cracks form and dendrites containing Cu grow at the
interfaces of these cracks. These changes in morphology of the electrode are likely responsible for
the slightly diminished C>H4 Faradaic efficiency after six hours of CO: reduction.

To evaluate the validity of this tandem reaction pathway, we determined the product
distribution for CO; reduction on a variety of derivatives of the Ag/Nafion-Cu2O architecture.
First, we tested a Ag electrode modified with a mixture of Nafion and larger 350 nm Cu,O
nanoparticles. Like the electrode containing the 18 nm CuxO nanoparticles, this electrode still
generates C;Hs as the major product. However, the Faradaic efficiency for C2Hs4 production
decreases to about 48%, and the CHy yield increases as compared to the electrode with the smaller
Cu20 nanoparticles. Because the size of the Cu,O nanoparticles significantly impacts the product
distribution of CO> reduction, these two experiments demonstrate that CuO nanoparticles play an
active role in the CO: reduction process. Furthermore, when operating under the hypothesis that
the Cu2O nanoparticles facilitate C-C coupling, the higher C,Hs yield with the smaller Cu,O
nanoparticles is expected due to the higher surface area of these particles.

Four control experiments further support the notion of tandem catalysis in the Ag/Nafion-
Cw20O electrode. First, an unmodified Ag electrode generates CO with high selectivity, an

observation that matches previous literature results.”® 3 Second, a Ag electrode modified with
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Cu20 nanoparticles without a Nafion membrane does not yield any CoHs. We note that while Ag-
Cu alloy catalysts produce CoHa,?* the Cu20O nanoparticles on Ag studied here did not produce
CoHs4. This experiment demonstrates that the Nafion membrane is required to generate CoH4 and
that the membrane serves a critical function in the tandem reduction process. This lack of CoHa
produced in this experiment suggests that the Ag surface and the Cu>O nanoparticles are not simply
acting synergistic cocatalysts to yield CoHa, but rather that a tandem mechanism supported by the
presence of the membrane is operative. Interestingly, the Ag/CuxO electrode without the
membrane is the only system to generate CoHsOH and C3H;0H, albeit in small yields (<10%
Faradaic efficiencies). The generation of C2+ alcohols is consistent with previous studies using
Cu oxide derived electrodes.**3* Third, a Ag electrode modified with a Nafion membrane and Ag
nanoparticles does not result in any CoH4. As with the experiments with differing Cu.O
nanoparticle sizes, this experiment also indicates that Cu,O nanoparticles in the membrane are
necessary to produce C>Hs. Fourth, a Cu electrode modified with a Nafion membrane and Ag
nanoparticles yields 17% CO, 13% HCOOH, 3% CH30H, and 67% H,. Interestingly, this
Cu/Nafion-Ag electrode does not produce any CoHs. This experiment indicates that to achieve high
yields of C2H4 in a Nafion tandem architecture, a metal electrode that produces CO selectively (i.e.
Ag) should be utilized such that the CO produced can then be subsequently converted to C2Hs by
the Nafion-bound catalyst (i.e. Cux0O). Unlike Ag, unmodified polycrystalline Cu produces
negligible amounts of CO at -1.2 V vs. RHE,® which explains why no C2H4 is produced by the
Cu/Nafion-Ag system. Taken together, these experiments provide strong evidence for a tandem
catalysis reaction pathway in which the Ag electrode generates CO with high selectivity, and the

membrane-bound Cu,0 nanoparticles subsequently convert this CO to CoHa.
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C>Hy is the typical product C2 product generated on Cu-based catalysts, but C;HsOH can
also be produced.*® A metal-bound M-OC;Hj3 species has been identified as the key intermediate
that determines the selectivity among these two C2 products. If protonation occurs on the o carbon
adjacent to the O atom, C,H4 is produced. On the other hand, if protonation occurs on the 3 carbon,
C2H50H is the predominant product. Under most circumstances, as is the case in this work, o

carbon protonation yielding C2Hy is the kinetically more facile pathway.
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Figure 3: Faradaic efficiencies (A) and rates of formation (B) for CO (black), CH4 (red), CoHy
(green), HCOOH (blue), CH30H (orange), and H> (purple) after 1 hr of CO; reduction at -1.2 V
vs. RHE using Ag electrodes modified with a mixture of various thicknesses of Nafion and 18 nm
Cu20 nanoparticles.

We next assessed the effect of the thickness of the Nafion/Cu,O overlayer on the CO»
reduction product distribution (Figure 3). The results show that with membrane thicknesses
between 3 um to 16 um, the electrodes all display similar product distributions and CoH4 Faradaic
efficiencies greater than 70%. However, when the overlayer is too thin (i.e. 1.6 um), no C2Hs is
generated. We hypothesize that in this case, CO is generated at the Ag electrode, and the thin

membrane does not allow enough time for the CuO nanoparticles to further reduce the CO to
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C2Has. On the other extreme, an electrode with an overlayer that is too thick (i.e. 32 um) also does
not produce any C2Hs. The lack of CoHy is likely due to impeded mass transport of CO» to the Ag
electrode. Previous studies with Nafion-modified CO> reduction electrodes have shown that mass
transport of COx to the electrode becomes problematic with membranes of these thicknesses.? In
this case, CO; reduction predominantly occurs within the Nafion-electrolyte interface instead of
at the electrode-Nafion interface. As a whole, these experiments with varying overlayer
thicknesses demonstrate that an optimal thickness of the Nafion/Cu,O layer is needed to elicit

tandem catalysis with the mass transport characteristics required for C2Hs production.
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Figure 4: Faradaic efficiencies (A) and rates of formation (B) for CO (black), CH4 (red), HCOOH
(blue), CH30H (orange), and Ha (purple) after 1 hr of CO; reduction at -0.9 V vs. RHE using Ag
electrodes modified with a mixture of various thicknesses of Nafion and 18 nm CuO
nanoparticles.

Having established that Nafion/Cu,0 layers with thicknesses between 3 um to 16 um are
optimal for C,Hs production, we next studied the effect of electrode potential on product
distribution. The potential applied during CO> reduction is known to dramatically affect catalyst
selectivity for a wide variety of systems.® 37 First, we performed chronoamperometry at -0.9 V
vs. RHE at the optimal overlayer thicknesses (3 um, 8 um, and 16 um, Figure 4). In a manner
similar to the experiments conducted at -1.2 V (Figure 3), the Faradaic efficiencies for the products
at these three different thicknesses did not vary significantly. However, when CO; reduction was
elicited at -0.9 V, no C2H4 was detected. This finding that CoHa production decreases at potentials
more positive than -1.2 V is consistent with previous experiments with other Cu-based catalysts.?*
38,39 Although the thermodynamic potential for CO, reduction to CoHy is within the same range as
the various C1 products,*® the overpotential for CoHa production is higher due to a rate-limiting C-
C coupling step.!> 24! A complete study of the effect of voltage on product distribution for the

electrode with a 3 um Nafion/Cu0O overlayer is presented in Figure 5. Again, the data show that
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at voltages more positive than -1.2 V, C2Hs is not produced, while at higher overpotentials, the

catalyst is quite selective for CoHs generation with a maximum Faradaic efficiency for CoHs of

about 80% at -1.9 V.
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Figure 5: Faradaic efficiencies (A) and rates of formation (B) for CO (black), CH4 (red), C2Ha
(green), HCOOH (blue), CH30OH (orange), and Ha (purple) after 1 hr of CO> reduction at different

voltages using Ag electrodes modified with a 3 um-thick mixture of Nafion and 18 nm in diameter
Cu0 nanoparticles.

To elucidate the origin of the high C>H4 selectivity of the Ag/Nafion-CuxO architecture,
we systematically varied the chemical identity of both the membrane-bound nanoparticle catalysts
and the electrode catalyst. We first compared the electrochemical performance of Ag electrodes
modified with mixtures of Nafion and various Cu-based nanoparticles (Figure 6). In particular, we
analyzed electrodes containing membrane-bound Cu nanoparticles of similar diameter, but with
different oxidation states (i.e. Cu, Cu20, and CuO). Regardless of the oxidation state of Cu in the
nanoparticles, the Faradaic efficiency for C2H4 production is greater than 70%, and in general, the
three product distributions among the three different nanoparticles are very similar. This finding

suggests that the active catalytic species in all three nanoparticles is the same. We hypothesize that
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when the nanoparticles are subjected to the negative potential used (e.g. -1.2 V) during CO;

reduction, the Cu in the Cu,0 or CuO nanoparticles is electrochemically reduced to Cu (0).
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Figure 6: Faradaic efficiencies (A) and rates of formation (B) for CO (black), CH4 (red), C2Ha

(green), HCOOH (blue), CH30H (orange), and H> (purple) after 1 hr of CO; reduction at -1.2 V
vs. RHE using Ag electrodes modified with a 8§ um-thick mixture of various thicknesses of Nafion
and Cu20O, CuO, or Cu nanoparticles.

To test this hypothesis, we performed linear sweep voltammetry (LSV) of the various
Ag/Nafion-CuOx electrodes during CO> reduction (Figure 7). A LSV of a Ag electrode modified
with Nafion without nanoparticles displays one reductive peak at around 0.1 V (Figure 7, blue line
and blue arrow), which is due to the reduction of electrochemically generated Ag(I) to Ag(0).
Similarly, a LSV of a Ag electrode modified with Nafion with Cu nanoparticles exhibits one
reduction peak due to the same process (Figure 7, green line and green arrow). However, a LSV
of a Ag electrode with a Nafion/Cu,0O overlayer contains two reductive peaks (Figure 7, black line
and black arrows). The Ag(I)/Ag(0) peak at about 0.1 V is present, but there is also a second peak
at around -0.4 V, which is presumably due to the reduction of the Cu(I) in the nanoparticles to
Cu(0). Following this trend, a LSV of a Ag electrode with a Nafion/CuO overlayer displays three

reductive peaks (Figure 7, red line and red arrows), one due to Ag(I)/Ag(0) and two additional

peaks due to the Cu(II)/Cu(I) and Cu(I)/Cu(0) redox processes. Because the chronoamperometry
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used to elicit CO» reduction is performed at a voltage significantly more negative (e.g. -1.2 V) than
all of these reductive peaks, we conclude that the active species in the nanoparticles during CO»
reduction for any of the three Ag/Nafion-CuOx systems is Cu(0). These results explain why the
product distributions of the three Ag/Nafion-CuOx electrodes are similar regardless of the

oxidation state of the CuOx nanoparticles in the membrane overlayer (Figure 6).
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Figure 7: Linear sweep voltammograms of Ag electrodes modified with a 8 um-thick Nafion layer
(blue) mixed with nanoparticles of Cu,0 (black), CuO (red), or Cu (green) in COz-sparged 100
mM NaHCO;3 at a scan rate of 10 mV/s. Inset (boxed plot) shows the voltammograms from +0.7
V to -0.8 V vs. RHE, and the arrows label reduction peaks.

In addition to modulating the chemical composition of the membrane-bound nanoparticles,
we also altered the chemical composition of the electrodes and analyzed their CO2 reduction
production distributions (Figure 8). Ti/Nafion-CuxO and Ni/Nafion-Cu2O electrodes produce
relatively low Faradaic efficiencies of carbon-containing products. It is known that unmodified Ti
and Ni both produce large amounts of H> during CO; electroreduction.?® *? It is unsurprising then
that these metals generate low Faradaic efficiencies of carbon-containing products in the
membrane-modified tandem architecture as well. A Cu/Nafion-CuxO electrode similarly yields
low Faradaic efficiencies of carbon-containing products. Depending upon the exact conditions

used, unmodified Cu electrodes produce a wide variety of carbon-containing products, albeit
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usually with poor selectivity for any one product.?® % Importantly though, unmodified
polycrystalline Cu electrodes generate low yields of CO.? For this reason, we speculate that for the
Cu/Nafion-CuxO electrode, there is not enough CO to be further reduced to C2Hs on the surface of

the Cu20 nanoparticles.
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Figure 8: Faradaic efficiencies (A) and rates of formation (B) for CO (black), CH4 (red), C2Ha
(green), HCOOH (blue), CH30H (orange), and H> (purple) after 1 hr of CO; reduction at -1.2 V
vs. RHE using different metal electrodes modified with a 3 um-thick layer of Nafion and 18 nm
Cu20 nanoparticles.

Taken together, these results indicate that the combination of a Ag electrode with the
membrane-bound CuOx nanoparticles gives rise to unique synergism that results in selective C2Hs4
production. The origin of the high Faradaic efficiency of C2H4 from Ag/Nafion-CuOx electrodes
comes from both the Ag electrode’s ability to generate CO at the polymer-electrode interface with
good selectivity and for C-C coupling to be catalyzed by the membrane-bound Cu nanoparticles.
In other words, these results demonstrate that the Ag/Nafion-CuOx electrode produces CoHy via a

tandem pathway (Figure 9).
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Figure 9: Schematic of tandem reduction of CO> to C2H4 on a Ag electrode modified with a
mixture of Nafion and Cu nanoparticles.

Conclusions

In this manuscript, we design novel tandem catalysts based on Ag electrodes modified with
membrane-bound CuOx nanoparticles for selective electrocatalytic reduction of CO> to C2Hs. By
systematically changing the physical and chemical attributes of the electrode architecture, we
determine that these catalysts operate via a stepwise pathway in which CO3 is first reduced to CO
on the Ag surface, and the formed CO is subsequently reduced to CoH4 on the surface of the CuOx
nanoparticles. Faradaic efficiencies for CoHs as high as 80% are obtained, and this high Faradaic
efficiency is only achievable with a Ag electrode and an optimal thickness of the Nafion/CuOx
overlayer. An analogous Ag-Cu catalyst without the Nafion overlayer does not produce any C>Ha,
which testifies to the role the polymer layer plays in controlling the mass transport of the reactive
CO intermediate. Not only is the design of CO: reduction catalysts with high C2Hs selectivity
industrially relevant, the developed membrane-enabled tandem pathway could also be applied to

future CO; catalytic systems to enable the selective production of other value-added C2+ products.

Supporting Information.
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Chronoamperometry data, SEM-EDX data, and a schematic of the cell used for gaseous product
detection.
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