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Electrochemical CO, reduction is a promising strategy to synthesize valuable
multi-carbon products (C,.) while sequestering CO; and utilizing intermittent
renewable electricity. Here, we present a stable membrane electrode assembly
(MEA\) electrolyzer that converts CO5 to C,, products. This strategy achieves ~50%
and ~80% selectivity for ethylene and C,, products, respectively, with cathode
outlet concentrations of ~30% ethylene and the direct production of ~4 wt %
ethanol. We characterize stability by operating continuously for 100 h with steady
ethylene production.
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electroreduction

~50% Faradaic efficiency for
ethylene and ~80% Faradaic
efficiency for C,., products

>30% gas outlet concentration of
ethylene and direct production of
~4 wt % ethanol

Continuous 100 h operation at
>100 mA cm ™
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SUMMARY

Electrochemical carbon dioxide (CO,) reduction is a promising strategy to
synthesize valuable multi-carbon products (C,,) while sequestering CO, and
utilizing intermittent renewable electricity. For industrial deployment, CO,
electrolyzers must remain stable while selectively producing concentrated C,,
products at high rates with modest cell voltages. Here, we present a membrane
electrode assembly (MEA) electrolyzer that converts CO, to C,, products. We
perform side-by-side comparisons of state-of-the-art electrolyzer systems and
find that the MEA provides the most stable cell voltage and product selectivity.
We then demonstrate an approach to release concentrated gas and liquid prod-
ucts from the cathode outlet. This strategy achieves ~50% and ~80% Faradaic
efficiency for ethylene and C,. products, respectively, with cathode outlet con-
centrations of ~30% ethylene and the direct production of ~4 wt % ethanol. We
characterize stability by operating continuously for 100 h, the longest stable
ethylene production at current densities >100 mA cm 2 among reported CO,
electrolyzers.

INTRODUCTION

Rising atmospheric CO; levels have motivated reduced fossil fuel usage and a tran-
sition toward less carbon-intensive technologies. The electrochemical reduction of
CO; to fuels and chemical feedstocks has gained attention as a means to close
the carbon cycle (fuels) or sequester CO; into chemical feedstocks for the materials
industry (feedstocks), all powered using renewable energy.’”

Of the possible chemicals generated through the electrochemical CO; reduction re-
action (CO3RR), those containing carbon-carbon bonds, such as ethylene and
ethanol, are sought in view of their high-energy-density and market value. Many
copper (Cu)-based catalysts have achieved high selectivity (Faradaic efficiency, FE)
toward C,, products during CO,RR.? The overpotential has been lowered through
catalyst tuning®™® and electrolyte engineering, also contributing to progress in elec-
trochemical energy efficiency (EE), the product of voltage efficiency (VE), the ratio of
thermodynamic cell potential to the applied cell potential), and FE.*”

Techno-economic analysis highlights the importance of operating at high reaction
rates: current densities above 100 mA cm™2. These high rates are needed to ensure
that the capital cost of the CO,RR electrolyzer (amortized over its operating lifetime)
makes an acceptably low contribution to the total chemical product cost.®” More-
over, additional energy costs are incurred because of the downstream separation

Context & Scale

The advent of low-cost renewable
electricity and rising atmospheric
CO, has led to a focus on
electrochemical CO, reduction as
a means toward low-carbon-
intensity fuels and chemical
feedstocks. The conversion of
CO; into Cy, hydrocarbons and
oxygenates (i.e., products
containing two or more carbon
atoms) is attractive in light of large
global market demand for these
high-energy-density products. A
limited number of prior studies
have focused on performance in
the reaction rate regime above
100 mA cm~2 generally viewed as
necessary for industrial
deployment. In these works, gas
diffusion electrodes are used in
liquid electrolyte electrochemical
flow cells, which suffer in system
stability and/or energy efficiency.
We overcome this issue by
developing a membrane
electrode assembly-based
electrolyzer. The combined
catalyst and system strategy
produces concentrated gas and
liquid products and maintains
performance during long-term
(100 h) uninterrupted operation.

)
opcnter Joule 3, 2777-2791, November 20, 2019 © 2019 Elsevier Inc. 2777


http://crossmark.crossref.org/dialog/?doi=10.1016/j.joule.2019.07.021&domain=pdf

Joule

of the CO,RR products from each other, unreacted CO,, and/or the liquid electro-
lyte. Ultimately, these energy costs decrease the total EE in electrosynthesizing
the desired product, which is obtained by multiplying together the electrochemical,
separation, and balance of plant energy efficiencies. Generating more concentrated
CO3RR products can reduce the financial burden of the separation processes from
both the output gas and liquid streams.'” Electrolyzers have produced concentrated
acetate (6.5 wt %) and formate (1.8 wt %) from carbon monoxide (CO) and CO, feed-

stocks, respectively.’"'?

Only by introducing CO;, in the gas phase are the mass transport rates associated
with CO, diffusion in aqueous electrolyte overcome. Alkaline flow cells, in which
an alkaline electrolyte (usually potassium hydroxide, KOH) is flowed past the
cathodic gas diffusion electrode (GDE), have achieved high current density produc-
tion of e’chylene,é'7'13”15 ethanol,"® acetate,'” and n-propanolm’20 from CO, or CO
feedstocks. Operation of CO,RR electrolyzers in highly alkaline environments has
shown increased conductivity across the flow cell and improved reaction kinetics
compared to those with less alkaline electrolytes.®?" Although very high current
densities and EEs can be achieved with alkaline flow cells; they suffer from carbonate
salt formation from the undesirable consumption of CO, by the KOH electrolyte.
Neutral electrolytes, such as K;SO4 or KHCO3, can replace alkaline electrolytes,
but these have so far been limited to low EEs due to high ohmic resistance and over-
potentials.””** Maintaining the catholyte stability remains as an especially difficult
issue of the CO2RR system. The electrolyte can be altered by the absorption of
CO, and/or the reaction-driven pH,”*?® leading to salt precipitation on the GDE
and/or ion exchange membrane and can lead to conductivity decreases throughout
the system, decreasing the full cell EE. Moreover, liquid products that are gener-
ated, like alcohols and oxygenates, are diluted into the large volume of electrolyte,
increasing downstream separation costs. Thus, designing a CO,RR electrolyzer that
can overcome these limitations and that is resistant to these electrolyte fluctuations
is critical to developing an industrially suitable system.

Inthe MEA system, the cathodic GDE is pressed up directly against the ion exchange
membrane. By eliminating the catholyte, issues associated with the electrolyte
ohmic losses, electrolyte consumption with CO,, electrolyte impurities fouling the
catalyst, and electrolyte flooding through the GDE can be eliminated. MEA electro-
lyzers have been used to produce C,., products, but so far only at low current den-
sities (<100 mA cm™2) when CO, is used as feedstock?*™" due to the use of proton
exchange membranes which create an acidic catalyst environment, favoring the
hydrogen evolution reaction (HER) over the generation of C,,. products. Moreover,
the formation of large quantities of liquid products at high current densities blocks
CO, diffusion through the commercial carbon paper-based GDEs, leading to
increased HER over time. Developing strategies to overcome the limitations of pre-
vious MEA systems would enable the generation of C,. products in a more energy-
efficient and stable system.

Here, we investigate liquid electrolyte flow cell and MEA systems that generate C,.
products via CO,RR. We design a MEA electrolyzer to overcome the low reaction
rates of previous MEA systems through the generation of a locally basic reaction
environment at the catalyst and the integration of a cathode GDE that remains
robust against liquid accumulation. This MEA electrolyzer strategy outperforms all
liquid electrolyte flow cells in terms of voltage stability and product stability and
significantly outperforms the reaction rate and stability of previous MEA electrolyz-
ers. Next, we explore operating parameters that impact the MEA gas and liquid
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product concentrations, such as low CO; flow rates and elevated temperatures. Sub-
sequently, we design a cathodic Cu catalyst strategy to take advantage of the high
concentration of CO, at the catalyst, uniquely enabled by the MEA system, to
achieve a high FE toward ethylene (~50%), a high FE and EE toward C,.
products (~80% and 23%, respectively), and the generation of concentrated ethanol
(3.9 wt %). Finally, we present the stable and continuous production of these C5.

products for over 100 h at more than 100 mA cm 2.

RESULTS AND DISCUSSION

Comparison of CO,RR Electrolyzer Architectures

Cathode GDEs were prepared by sputtering Cu onto hydrophobic porous polytetra-
fluoroethylene (PTFE) membranes® that were subsequently spray-coated with
conductive layers of carbon black and graphite particles (scanning electron micro-
scopy (SEM) images of the sputtered layer in Figures STA and S1B and diagram of
the cathode in Figure S2). Anodes for the oxygen evolution reaction (OER) were pre-
pared by coating titanium supports with iridium oxide (IrO,, 2 mg cm™%)*? (SEM
images of the anode in Figures S1C and S1D).

An anion exchange membrane (AEM) was used to separate the cathode and anode
compartments of the cell (photographs in Figures S1E and S1F), each side with a
5cm? serpentine flow field. As CO; travels through the flow field, it diffuses through
the PTFE layer to reach the Cu catalyst layer at either the liquid catholyte or polymer
electrolyte (AEM) interface for the liquid flow cells and MEA electrolyzer, respectively.

Three electrolyzer configurations were compared: an alkaline flow cell (1 M KOH
catholyte and anolyte, Figure 1A), a neutral flow cell (0.5 M K,SO4 or T M KHCO3
catholyte and anolyte, Figures 1A and S4, respectively), and a MEA electrolyzer
(0.1 M KHCO3 anolyte, Figures 1A and S2). An additional flow field was used as
the catholyte flow channel to convert the MEA electrolyzer cell into the alkaline
and neutral flow cells (Figure S3) and each 50 mL electrolyte was recirculated. Each
electrolyzer architecture was operated under galvanostatic electrolysis for 2 h at
750 mA (150 mA cm™2), with the non-iR corrected full cell voltage monitored contin-
uously (Figure 1B) and the FE of gas products quantified every 20 min (Figure 1C).

The alkaline flow cell began operating at a full cell voltage of —3.25 V; however, the
voltage increased over the 2-h test to above —4.20 V. The increase in voltage can be
explained by the uptake of CO; into the KOH electrolyte producing bicarbonate and
carbonate. Experimentally, this is observed as a decrease in the catholyte and ano-
lyte pH values and conductivities (Table S1). Despite the voltage instability, the gas
product selectivity remained relatively stable over the 2 h test, with a slight decrease
in ethylene FE (46% to <40%) (Figure 1C).

The neutral flow cell with 0.5 M K,SO,4 remained at a full cell voltage of ~—5.0 V
throughout the experiment. The higher cell voltage was due to electrolyte ohmiclos-
ses of 0.5 M K;SO4 combined with decreased reaction kinetics in the lower alkalinity
environment. The pH gradient that developed between the cathode and anode over
the course of the reaction led to an increase in both the catholyte and anolyte con-
ductivity (Table S1), which may have counteracted the pH gradient-induced polari-
zation losses to lead to this relatively stable voltage. Moreover, throughout the
experiment, the FE toward ethylene and CO decreased, while that of hydrogen
and methane both increased. A similar trend was observed with 1 M KHCO3; electro-
lyte (Figure S4): thus, even with buffering capacity, the neutral flow cell electrolyte
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Figure 1. Voltage and Product Stability for Alkaline Flow Cell, Neutral Flow Cell, and Mea Electrolyzer

(A) Schematic of each cell configuration. The alkaline and neutral flow cells use 1 M KOH and 0.5 M K,SO, for electrolytes in the cathode and anode
compartments. The MEA cell uses 0.1 M KHCOj3 as electrolyte for the anode.

(B and C) Stability of the cell voltage (B) and gas products (C) for 120 min in each cell with an applied current of 750 mA (150 mA cm ). Error bars for gas
products are calculated from the standard deviation of three samples taken at the same time.

environment and cell performance are unstable, an observation that could be ex-

plained through the precipitation of electrolyte salts in the system.

25

We then turned to the realization of a catholyte-free MEA system employing an AEM
along with a neutral anode electrolyte. Recent advances in AEM technology have led
to membranes with lower resistances than previous generations that can be incorpo-
rated into MEAs to produce efficient electrolyzers.®*> We selected an AEM with the
goal of generating a locally high pH at the catalyst by operating at a high current
density. Locally high pH at the catalyst has been found to decrease the onset of
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CO production,”’ and thus promote C-C coupling when a sufficient surface
coverage of this key intermediate for C,, product generation is reached.?**” A car-
bon-based GDE was determined to be unsuitable for MEA integration because of the
flooding of the electrode with water and liquid products during prolonged operation.
This flooding decreased CO, diffusion to the catalyst, as evidenced by increased
HER over time (Figure S5). We integrated our previously demonstrated® flooding-
resistant PTFE GDE into our MEA system. The MEA electrolyzer (0.1 M KHCO3 ano-
lyte) maintained a stable voltage of —4 V, a much lower voltage than the 1 M KHCO;
liquid flow cell. Increasing the concentration of the anolyte for the MEA has a slight
benefit for the voltage but leads to less stable long-term operation.’® The FE for
ethylene increased from 43% to 47% over the 2 h operating time, while the HER FE
remained constant, indicating that the PTFE GDE was more robust than the car-
bon-based GDE at expelling liquids and maintaining short CO, diffusion lengths
through liquid. Measurements of anolyte pH and conductivity reveal that these
were constant over the duration of the experiment to within 2% (Table S1).

The MEA electrolyzer provides the lowest stable voltage performance of the three elec-
trolyzer architectures. It also provides the highest selectivity toward C,.. gas products.
We therefore explored the influence of operating conditions and catalyst tuning on the
performance of the MEA electrolyzer for concentrated C,.. chemical production.

Performance of the MEA Electrolyzer for Multi-carbon Product Generation
We characterized the current-voltage response of the MEA electrolyzer under
ambient conditions (20°C, 1 atm) (Figure 2A). Between —2.8 and —4.2 V, the current
density increased from 11 to over 200 mA cm 2. For the gas products (Figure 2B), the
CO selectivity decreased continuously with increasing cell voltage and current den-
sity. The FE for ethylene increased concurrently, reaching a maximum selectivity of
nearly 50% FE at —4.1 V. The production of methane was negligible over all assessed
voltages (<0.5% FE). The competing HER was decreased to below 5% FE at voltages
more negative than —3 V.

The total gas FE decreased with increasing voltage, corresponding to a shift toward
liquid products at higher voltages. We measured the selectivity for liquid products
generated at the cathode by collecting from the cold trap connected to the cathode
gas outlet and from the anolyte, to detect liquid products that may have crossed
over the AEM with the flow of water and ions (Figure 2C). The production of ethanol
and acetate increased as the voltage increased, reaching FEs of 15% and 7%,
respectively. While most of the liquid products are detected in the anolyte (Fig-
ure S6A), a substantial quantity of the major liquid product, ethanol, was detected
in the liquid collected from the cathode outlet at ~5% FE (0.5 wt %).

The total product FE was near 100%, indicating minimal oxidation of liquid products
that travel to the anolyte (Figure S6B). In addition, a control experiment was
conducted in which the liquid anolyte was spiked with typical concentrations of
generated liquid products and was run for several hours under HER conditions at
the cathode to avoid additional liquid product generation (150 mA cm™?) (Fig-
ure S6C). Minimal loss in the spiked liquid products was observed, with the excep-
tion of formate, suggesting that most products that crossover the AEM to the
anolyte are not oxidized. Iridium-based anode catalysts have shown activity for
formic acid oxidation®”; however, these catalysts show lower activity for alcohol
oxidation.*®*! The electromigration of acetate and formate across the AEM is ex-
pected because of their anionic charge, and formate was detected only in the ano-
lyte (Figure S7); whereas the transport of the neutral alcohol products, ethanol and
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Figure 2. Electrocatalytic CO,RR Performance of an MEA Electrolyzer

(A) Current and cell voltage relationship for the MEA electrolyzer. Error bars represent the standard
deviation of the current density during the entire operation at each cell voltage. Error bars
represent the standard deviation of the current density over three samples.

(B and C) Corresponding gas products (B) and liquid products (C) at each cell voltage. Error bars
represent the standard deviation of three samples measured for each voltage.

(D) Full cell energy efficiency for all CO,RR products and C,. products at each cell voltage. Error
bars represent the relative error from the standard deviation of the FE of three samples measured
for each condition.

n-propanol, is likely due to diffusion and electroosmotic drag.*” Although ethanol is
a smaller molecule than n-propanol and would be expected to diffuse faster through
the AEM to the anolyte, we offer that more ethanol remains on the cathode side of
the electrolyzer because of its higher vapor pressure at room temperature. The full
cell EE for C,., products increased with increasing voltage despite the larger applied
overpotentials due to the increase in C,, FE (Figure Sé6B), reaching a maximum full
cell Co, EE of 20% (Figure 2D).

Flow Rate and Temperature Effects on MEA Performance

Maximizing product gas concentration is important to reduce the costs associated
with the gas separation of dilute product streams. We pursued decreasing the
CO; flow rate into the cell to evaluate the effect of CO, depletion along the gas
channel. At each applied current density, we decreased the flow rate of CO; in incre-
ments from 40 to 2 sccm. The reaction favored a higher FE toward ethylene at lower
CO; flow rates, reaching a peak ~50% FE at 2, 6, and 10 sccm of CO, (Figures
3A-3C) for the current densities of 50, 100, and 150 mA cm 2, respectively. The in-
crease in selectivity toward ethylene is attributed to a higher local pH at the catalyst
layer due to the reduced reaction of CO, with hydroxide ions and a favorable
CO,*/CO* coverage on the Cu catalyst. Similar increases in ethylene selectivity
were observed in the partial pressure experiments at low CO, concentrations (Fig-
ure S8). The selectivity toward ethanol reached a maximum of 20% FE at similar
CO, flow rates as the maximum selectivity for ethylene (Figure S9). As the CO,
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Figure 3. Increasing Gas and Liquid Product Concentrations at the Cathode Gas Outlet

(A-C) The effect of CO; flow rates on gas product selectivity at 50 mA ecm =2 (A), 100 mA cm~2 (B),
and 150 mA cm 2 (C). Error bars represent the standard deviation of three samples measured for
each condition.

(D) Gas composition of cathode outlet gas as a percentage for ethylene and total CO,RR product at
50, 100, and 150 mA cm 2. Error bars represent the relative error from the standard deviation of the
FE of three samples measured for each condition.

(E) Effect of temperature on the current density. Error bars represent the standard deviation of the
current density over three samples.

(F) Amounts and ratios of ethanol FEs that are recovered from the cathode and anode streams at
each temperature. The ethanol FEs were selected for the maximum cathode to anode ratio at each
temperature.

flow rates were further reduced, the CO; single-pass conversion (defined as the ratio
of CO; converted into CO,RR products to the total CO; fed into the electrolyzer)
continued to increase (>30% at 2 sccm) (Figure S9); however, when flow rates
were reduced past the point of peak ethylene selectivity, we observed CO, mass
transport limitations and, consequently, increased hydrogen production. The
maximum concentration of the CO,RR gas products in the gas outlet reached a
peak of 65% at a flow rate of 3 sccm while operating at 50 mA cm 2, with 30% of
the outlet gas composed of ethylene (Figure 3D). This finding suggests that a system
that depletes CO, along the channel could retain high FE performance toward
CO,RR and release concentrated gas products at the outlet.
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Next, we investigated the impact of temperature on the MEA performance and
liquid product concentration. The current densities for the MEA system increased
(Figure 3E) with temperature, a finding we assign to the increase in membrane ionic
conductivity with temperature and improved reaction kinetics.** As a result, the par-
tial current densities toward hydrogen (Figure S10A) and ethylene (Figure S10B)
each increased with temperature, with a higher rate of increase for hydrogen. How-
ever, when considering the changes in kinetics of all the different reactions, it is
observed that the peak ethylene FE decreased and shifted to less negative voltages
(Figures S10C and S10E) with elevated temperatures. At higher temperature, we
observed an increased recovery of generated ethanol at the cathode outlet
compared to the amount that crossed to the anode (Figures 3F, S10D, and S10F),
a finding we attribute to increased water transport from the anode to the cathode,
and increased vaporization of ethanol from the higher temperatures. The maximum
concentration of ethanol was achieved at 40°C and was measured to be 2.3 wt %
(or 0.5 M), a significant enhancement in recovered product compared to the
0.5 wt % collected at 20°C.

Catalyst Tuning and MEA Stability

We hypothesized that the high availability of CO; in the MEA system would allow us
to further tune the Cu catalyst toward maximal C,, EE. Increasing the thickness of the
Cu catalyst increases the active surface area for CO,RR by taking advantage of the
three-dimensional network of PTFE fibers in the GDL and allows for higher current
densities. This catalyst modification is possible in an MEA based-system because
of the elevated CO; concentration at the Cu catalyst compared to the alkaline
flow cell (Figure S11). The alkaline flow cell has a short CO, diffusion length where
a thin catalyst would be preferred to avoid HER?; however, the MEA is not as limited
by CO; solubility, and reactant can diffuse further into the catalyst layer.

To develop a catalyst strategy for this MEA environment, we varied the thickness of
the sputtered Cu to 50 and 250 nm, while screening the voltage to assess the activity
of each catalyst (Figure 4A). Increasing the thickness of the sputtered Cu layer in-
creases the coverage of the catalyst on the fibrous PTFE membrane support (SEM im-
ages of the catalysts of different thicknesses; Figures STA, S11A, and S11B), account-
ing for increased electrical connection and decreased sheet resistance (Table S2).
This increased interconnectivity of the catalyst also increases the available reaction
area for CO2RR. The 250 nm Cu catalyst reached peak ethylene at —3.9 V (Figure 4C)
and achieved a high C,. FE of ~80%, corresponding to an increase in the C,., EE to
23% (Figure 4D). The ethanol that was recovered on the cathode when operating at
room temperature reached ~2 wt % in the liquid cold trap (Figure 4F), a 4-fold in-
crease in ethanol concentration compared to the 150 nm Cu catalyst also at 20°C.

By combining the optimized catalyst with higher temperatures, concentrated
ethanol was generated which dissolved parts of the membrane and formed a hole
within a couple hours of operation. Substituting the Sustainion X37-50 membrane
with an Aemion AF1-CNN8-60-X membrane, we achieved 3.9 wt % (0.85 M) ethanol
and 1.3 wt % (0.2 M) n-propanol on the cathode side while operating at 40°C with the
250 nm catalyst (schematic shown in Figure 4G). This represents the most concen-
trated alcohol production from CO,RR reported to date. In addition, ethanol con-
centrations >1 wt % are required for energetically feasible distillation from aqueous
solutions, with energy costs decreasing with increasing alcohol concentration.'®

The stability of the MEA with the 250 nm Cu catalyst was evaluated through poten-
tiostatic electrolysis at a cell voltage of —3.75 V. Gas products were collected
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Figure 4. Catalyst Layer Optimization and Performance Characterization in an Mea Electrolyzer
(A) Relationship between current density and applied cell voltage for 50, 150, and 250 nm thick
copper catalyst layers. Error bars represent the standard deviation of the current density over three
samples.

(B and C) Gas product selectivity for 50 nm (B) and 250 nm (C) thick copper catalyst layers at each
cell voltage. Error bars represent the standard deviation of three samples measured for each
voltage.

(D) Liquid product selectivity from both the cathode and anode streams for the optimal 250 nm
thick copper catalyst layer at each cell voltage.

(E) Energy efficiency for CO,RR products and C,, products at each cell voltage using the optimal
250 nm thick copper catalyst. Error bars represent the relative error from the standard deviation of
the FE of three samples measured for each condition.

(F) Concentration of ethanol in the liquids collected from the cathode side for the 250 nm copper at
each cell voltage.

(G) Schematic of the MEA electrolyzer for concentrated product generation.
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with the 250 nm thick copper catalyst.

(B) Stable ethylene partial current density for more than 24 h while operating at —3.9 V with the
250 nm thick copper catalyst. Total current density was >200 mA cm 2 at this applied cell voltage.
(C) Distribution of voltage losses measured in the MEA electrolyzer at 150 mA cm 2 (cell voltage
of =3.7 V).

periodically and a single 200 mL volume of 0.1 M KHCOj3 anolyte was recirculated
throughout the entire 100-h experiment. The MEA displayed a steady current den-
sity of approximately 120 mA cm ™2, as well as continuous ethylene production above
40% FE, throughout 100 h of operation (Figure 5A). Other gas products maintained
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their FE across the experiment. In addition, the MEA electrolyzer used here is more
similar to a commercial system with smaller electrolyte volume per area that is recir-
culated rather than refreshed, and a larger electrode area than previous C.

electrolyzers 71343

This duration of uninterrupted operation time is 2 orders of magnitude longer than in
prior MEA electrolyzer reports of CO,RR C,.. production. Itis accomplished at one order
of magnitude higher current density than in all prior MEA reports (Table S3). These im-
provements in ethylene stability were enabled by the combination of the robust Cu
catalyst and PTFE GDE with the locally alkaline environment of the cathode. The MEA
strategy was also assessed at a higher current density, >200 mA cm™2 by operating
at a cell voltage of —3.9 V. The partial current density of ethylene was
maintained >100 mA cm~2 throughout the entire 24 h operation (Figure 5B). Taken
together, these results indicate that MEA systems enable increased stability in C,,. chem-
ical production toward the ultimate target of commercially viable CO; electrolyzers.

The operating voltage of the MEA presented here is over 2 V higher than the
thermodynamic potential of the cell based on the product distribution at
150 mA cm 2 (~1.2 V). We performed an analysis to decouple all the sources of los-
ses in our cell and highlight areas that could be reduced to further improve the sys-
tem VE (Figure 5C). While operating at a current density of 150 mA cm™2, we
measured the cathode and anode overpotentials to be ~0.71 and ~0.70 V, respec-
tively, accounting for the majority of the losses in the system. The overpotential at
the cathode is similar to that of other C5.. alkaline liquid electrolyte flow cells,” how-
ever, the anode could be improved further. At the same current density, we deter-
mined the voltage loss at the membrane and interfaces to be ~0.16 and ~0.17 V,
respectively, and the Nernstian pH losses to be ~0.53 V. We have approximately
~0.23 V of unassigned losses which can be attributed to errors in our determination
of the other voltage loss sources in the system. We believe the accounting of the full
MEA system losses presented here will help direct future efforts to decrease the en-
ergy demand of operating similar systems.

Conclusion

We developed a CO,RR MEA electrolyzer strategy that outperforms incumbent
liquid electrolyte flow cells in terms of voltage and product stability, as well as prod-
uct concentration in the generation of C,, products. The MEA electrolyzer operates
at industrially relevant current densities while simultaneously achieving high selec-
tivity toward multi-carbon products. The current densities reported here are at least
an order of magnitude greater than other CO; to C,. MEA electrolyzers.

Increasing operating temperature and decreasing CO, flow rate, enables concen-
trated output liquid and gas product streams, respectively. To take further advan-
tage of the high CO; availability provided by the MEA, we designed a cathodic cop-
per catalyst strategy to achieve a high FE and EE toward C,. products (~80% and
23%, respectively), while effectively shedding concentrated liquid products (3.9 wt
% ethanol and 1.3 wt % n-propanol).

Finally, the stability of the MEA strategy was demonstrated through operation at
industrially relevant current densities for 100 h while maintaining steady, high selec-
tivity ethylene production. This is the only system, among all prior reactor reports,
that has been reported to maintain current densities above 100 mA cm~2 for over
100 h with high and stable selectivity toward ethylene with continuously recirculated
electrolyte.
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EXPERIMENTAL PROCEDURES

Electrode Preparation

Cathodes were prepared by sputtering 150 nm of Cu (99.99%) onto a porous PTFE
membrane (0.45 um pores), then airbrushed consecutively with carbon nanoparticle
and graphite powder inks, as previously reported.® The anodes were prepared by
depositing IrO; on a titanium support (0.002" thickness, Fuel Cell Store) by a dip
coating and thermal decomposition method.* Briefly, the titanium mesh was first
degreased with acetone and Dl water, then etched in a 6 M HCI (Reagent Grade, Bio-
shop) solution heated to 80°C to 90°C for 45 min before dip coating. The dip coating
solution consisted of 30 mg of IrCl3-xH,O (Alfa Aesar) dissolved in 10 mL of an iso-
propanol solution with 10% concentrated HCI. Subsequently, the etched titanium
mesh was dipped into the IrCl; solution, dried in an oven at 100°C for 10 min before
calcination in a furnace at 500°C for 10 min. The dipping and calcination process was
repeated until a suitable loading was achieved (2 mg cm ™).

Electrolyzer Configuration

The CO; reduction experiments in the MEA configuration were performed in a CO,
electrolyzer cell (Dioxide Materials, grade 2 titanium anode, and 904L stainless steel
cathode) with an active area of 5 cm? accessed with a serpentine channel. The exper-
iments in the liquid flow cell configuration were performed in the same CO; electro-
lyzer with an additional 3 mm thick, laser cut PMMA catholyte flow chamber, sealed
by two 1.5 mm silicone gaskets, resulting in a 6 mm electrode spacing (Figure S3). All
the electrolyzer components were verified to be chemically resistant to all the reac-
tants and products under the CO,RR reaction potentials prior to experiments. An
anion exchange membrane (Sustainion X37-50 Grade RT, Dioxide Materials, or
Aemion AF1-CNN8-60-X, lonomr) was inserted between the cathode and the IrO,
coated titanium mesh. Throughout all experiments, unless otherwise specified, 80
sccm of humidified CO, was fed into the cathode flow channels using a mass flow
controller (Sierra SmartTrak 100), while the anode side was fed with 0.1 M KHCO3
electrolyte recirculated at 5 mL min~" with a peristaltic pump. The cell was heated
in the elevated temperature experiments using two heaters (Dioxide Materials),
one on each side of the cell, connected to a temperature controller.

Electrochemical Measurements

An electrochemical workstation (Autolab PGSTAT204 with 10 A booster and FRA32
module) was used to measure the electrochemical response. The cell voltages re-
ported in all figures were recorded without iR correction.

The analysis of the voltage losses in the MEA electrolyzer was conducted at
150 mA cm 2. The cathode overpotential was measured using an Ag/AgCl reference
electrode with 100% iR compensation in a flow cell with 0.5 M K,COj3 electrolyte. The
anode overpotential was measured with an Ag/AgCl reference electrode with 100%
iR compensation while in an H-cell with 0.1 M KHCOj3 electrolyte. In both cases, the
iR compensation was calculated using the ohmic resistance determined through
electrochemical impedance spectroscopy (EIS). The voltage losses in the membrane
was determined as the difference in the full cell potential running with and without a
membrane using 0.5 M K,COj3 electrolyte to ensure that the charge carrier through
the membrane is the same as in the MEA cell, as determined by other modeling
work?® and supported with our COMSOL model. The voltage losses through inter-
faces in the MEA cell were calculated by subtracting the membrane losses from
the full cell ohmic losses as determined using EIS between the anode and cathode
of the MEA cell. The Nernstian pH losses were calculated from the difference in
modeled local pH between the cathode and anode.
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CO2RR Product Analysis

The gas products from CO; reduction were taken from the cathode outlet in 1 mL vol-
umes after at least 20 min of cell operation at a constant voltage or current to ensure sta-
ble performance. Flow rates and currents were measured just prior to collecting the gas
sample. The gas samples were analyzed with a gas chromatograph (PerkinElmer Clarus
590) coupled with a thermal conductivity detector (TCD) and flame ionization detector
(FID). The gas chromatograph was equipped with a Molecular Sieve 5A Capillary Column
and a packed Carboxen-1000 Column with argon as the carrier gas. To determine the vol-
ume fraction of the gas products in our outlet, the peaks are integrated and compared to
a calibration from known concentrations of a standard gas.

The liquid products were collected dripping from the gas side of the MEA using a
cold trap (Supelco, Sigma Aldrich) cooled in a water bath at 0°C to also condense
vapor-phase liquid CO,RR products. The liquid products from the contents of the
cold trap and the anolyte were quantified using proton nuclear magnetic reso-
nance spectroscopy (1H* NMR) on an Agilent DD2 500 spectrometer in D,O using
water suppression mode, with dimethyl sulfoxide (DMSO) as the internal standard.

Calculations for FE and EE can be found in the Supplemental Information.

Electrode Characterization

The Cu catalyst surface and IrO; on Ti mesh were characterized using scanning elec-
tron microscopy (SEM) at Centre For Nanostructure Imaging at the University of Tor-
onto using the Hitachi S-5200 high resolution scanning electron microscope.

COMSOL Continuum Transport Modeling

The system was modeled as a one-dimensional electrochemical cell for the reduction of
CO,and H,0Oin 0.1 M KHCO3 with an AEM between the cathode and anode. The model
assumed a constant supply of CO, into the catalyst layer from the GDE and a diffusion
boundary layer thickness of 100 pm in the anolyte. The model made every attempt to
mimic the experimental setup: the GDE was covered with a porous Cu catalyst layer,
which was stabilized by carbon nanoparticles and graphite. The AEM separated the cath-
ode and anode, after which anolyte was present. The species modeled include aqueous
CO,, CO3*", HCOs_, OH™, H*, K*, and H,0.

An in-depth model overview is outlined in previous literature,**** but, briefly, we
modeled all physics in COMSOL (COMSOL Multiphysics v5.4, Stockholm, Se) in
one dimension. The model incorporated polarization losses (ohmic, diffusive, Nerns-
tian), CO; solubility (pressure, temperature, and Sechenov effects), species trans-
port (diffusive, reactive, and electromigrative), current density, and charge-transfer
reactions at the cathode and anode toward CO,RR, HER, and OER. The simulated
charge-transfer reactions were matched to the experimentally observed rates.
Feature conductivities and porosities were taken from empirical values. More details
in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
2019.07.021.
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