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® A framing setup for scaling a separator-based CO
electrolyzer with uniform compression

e Approach demonstrated in an 800 cm? single cell, the largest
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In brief

Industrial-scale electrochemical CO
reduction faces mechanical challenges
that hinder performance. We
demonstrate a separator-based CO
electrolyzer operating at 800 cm? using a
rigid framing support that enables
uniform compression across the active
area. The single-cell device achieves 125
A of ethylene current at 52% Faradaic
efficiency and retains ~65% of the bench-
scale energy efficiency, suggesting a
practical route toward large-area CO
electrolysis.

September 16, 2026 © 2026 Elsevier Inc. All rights are reserved, including those

for text and data mining, Al training, and similar technologies.
https://doi.org/10.1016/j.joule.2026.102441

¢ CellPress


mailto:ruikai.miao@mail.utoronto.ca
mailto:dave.sinton@utoronto.ca
https://doi.org/10.1016/j.joule.2026.102441

Please cite this article in press as: Sun et al., Areal uniformity enables scaled separator-based CO electrolyzers, Joule (2026), https://doi.org/10.1016/
j.joule.2026.102441

Joule ¢? CellPress

Areal uniformity enables
scaled separator-based CO electrolyzers

Puhua Sun," Colin P. O’Brien,® Hyun Sik Moon,-? Tevin Devasagayam,' Yuxuan Gao,' Roozbeh Alishahian,’
Haoyang Deng,' Panagiotis Papangelakis,’ Jieyuan Liu,’ Jiexin Zhu," Qian Sun,” Zunmin Guo,' Prasad V. Sarma,’
Tanushree Ghosh,' Yuxuan Che,’ Chenggian Wu,' Qiyou Wang,' Jeff Parkey,® Jonathan Raisin,*° Shaffiq Jaffer,'-5
Cao-Thang Dinh,® Rui Kai Miao,’-* Edward H. Sargent,? and David Sinton™-"-*

1Department of Mechanical and Industrial Engineering, University of Toronto, Toronto, ON, Canada

2Department of Electrical and Computer Engineering, University of Toronto, Toronto, ON, Canada

3Department of Chemical Engineering, Smith Engineering, Queen’s University, Kingston, ON, Canada

4SUNCAT Center for Interface Science and Catalysis, Department of Chemical Engineering, Stanford University, Stanford, CA, USA
5TotalEnergies E&P Research & Technology USA, LLC, Houston, TX, USA

8CERT Systems Inc, Toronto, ON, Canada

7Lead contact

*Correspondence: ruikai.miao@mail.utoronto.ca (R.K.M.), dave.sinton@utoronto.ca (D.S.)
https://doi.org/10.1016/j.joule.2026.102441

CONTEXT & SCALE Electrochemical methods of converting carbon monoxide into multi-carbon products,
such as ethylene, hold potential as a path to low-carbon fuels and chemical feedstocks, particularly if the
method includes upstream CO production from captured CO,. While the field has seen substantial labora-
tory-scale advances, efficient CO reduction at an industrial scale has remained elusive. Electrolyzer cells
must be made to operate more efficiently and reliably across active areas spanning hundreds or even thou-
sands of square centimeters. At these scales, mechanical and electrical inconsistencies pose a considerable
challenge. Separator-based electrolyzers enable high energy efficiency and are structurally robust, but
scaling introduces new problems. In this work, we focus on overcoming an important mechanical limitation
in such a setup by using a rigid framing support to maintain uniform compression in an 800 cm? electrolyzer.
Demonstrating stable, high-current ethylene production at this scale suggests a viable route to CO electrol-
ysis at an industrial scale.

SUMMARY

Electrochemical CO reduction (COR) to multi-carbon products enables low-carbon fuels and chemicals, partic-
ularly when coupled with efficient upstream CO generation from CO,. Industrial implementation will require effi-
cient operation over large areas, on the order of 100-1,000 cm? per cell. Separator-based electrolyzers combine
high energy efficiency with greater mechanical robustness than anion exchange membrane (AEM) cells, making
them well suited for large-area operation. At 800 cm?, however, non-uniform compression across the active area
led to puncture of the separator, localized short circuit, and losses in current and efficiency. Protective spacers
used in prior large-area designs can shield thin components but add ohmic resistance and cell voltage. We
engineer a rigid framing support that preserves areal uniformity across the active area of the scaled sepa-
rator-based electrolyzer. We thus report an 800 cm? single-cell COR electrolyzer delivering 125 A total ethylene
current at 52% Faradaic efficiency and retaining ~65% of the bench-scale energy efficiency.

INTRODUCTION

Electrochemical reduction of CO, (CO2R) can convert CO, emis-
sions into valuable multi-carbon (C,,) fuels and chemicals.’
When powered by low-carbon electricity, CO,R can contribute
to the decarbonization of chemical production.”™

Substantial progress at laboratory-scale CO,R (<10 cm?
active areas) now enables ethylene (C,H,4) Faradaic efficiencies

(FEs) exceeding 50% and total C,, FE surpassing 90% at high
current densities (>100 mA/cm?).°~ The field has also addressed
carbonate formation, achieving single-pass CO, conversion
efficiencies above 80%.

Among electrosynthesis approaches, a particularly promising
strategy is cascade CO;R, which combines CO,-to-CO conver-
sion followed by CO reduction (COR), leveraging mature, indus-
trially available CO,-to-CO technologies.®'° Unlike CO,, CO
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Figure 1. Schematic of cascade CO,R and results comparison
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(A) Schematic illustration of the cascade CO,R process and the associated scaling strategy.
(B) Comparison of EE toward C,, products reported in the literature versus this work.
(C) Comparison of total partial current to C,, products reported in the literature versus this work.'®2?

does not react with hydroxide, enabling stable COR operation in
alkaline conditions that favor C—-C coupling kinetics and minimize
Nernstian pH losses. COR integrates effectively into a zero-gap
membrane electrode assembly (MEA), reducing ohmic resis-
tance and offering scalability. State-of-the-art COR systems
have demonstrated C,H, FE exceeding 80%, near-complete
selectivity for C,, products, and full-cell voltages ~2.5 V—corre-
sponding to energy efficiencies (EEs) >35% for C,H4 and >40%
for C,, products.>''"°

These advances make scaling COR systems to industrially
relevant sizes increasingly attractive (Figure 1A). Several studies
report CO, and CO electrolyzers with single-cell active areas of
50-100 cm? that match <10 cm? performance.'62%21:2-27 How-
ever, industrial electrolyzers typically target much larger cells; for
example, water-electrolysis stacks operate ~1,000 cm? per cell
with hundreds of cells per stack, consuming megawatts of elec-
tricity.'®*®7*° Scaling challenges —including maintaining uniform
current distribution, effective mass transport, heat management,
and mechanical stability—increase exponentially with electrode
area, often resulting in performance losses. Previous CO,/COR
demonstrations at 800 cm? showed partial currents limited
to 20 A for C,Hs, and 60 A for C,, products.”® We
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therefore aim to scale COR electrolysis beyond existing demon-
strations—targeting high EE at elevated partial current
(Figures 1B and 1C)."%?"

RESULTS

Maintaining performance during scale-up to 50 cm?
Membrane selection strongly impacts COR performance due
to differing ion transport behavior, product crossover, and
water management. We began by benchmarking the system
in a MEA configuration at 1 cm? (Figures S1 and S2), using a
copper oxide (CuO) cathode and IrOy anode,”® and different
membrane types to assess their effects on performance
(Figures 2A-2C).%°

Cation exchange membranes (CEMs) facilitate proton and
cation transport and typically offer higher conductivity and
mechanical robustness (Figure 2A) than anion exchange
membranes (AEMs).'%?*?” These advantages have enabled
CEM-based COR systems to scale-up to 800 cm? for alcohol
production, effectively mitigating product crossover. However,
CEMs tend to promote hydrogen evolution reaction (HER) due
to increased proton availability and water drag at high current
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Figure 2. Comparison of CEM-, AEM-, and separator-based systems and scaling from 1 to 50 cm?

(A-C) Schematic illustration of (A) CEM system, (B) AEM system, and (C) separator system.

(D and G) Full-cell voltage (D) in CEM, AEM, and separator systems, and (G) in 1 and 50 cm? separator systems.

(E and H) FE to all products (E) in CEM, AEM, and separator systems, and (H) in 1 and 50 cm? separator systems.

(F and I) EE to C,, products (F) in CEM, AEM, and separator system, and () in 1 and 50 cm? separator systems.

Experimental conditions in (D)—(F): 1 mg/cm?, same batch of commercial CuO (Sigma), spraying on the same commercial carbon paper (H23C3 from Fuel Cell
Store); anode: IrO,; membranes: CEM (Nafion 117), AEM (Sustainion 37-50), Separator (PTFE unlaminated membrane filters, hydrophilic, 1.0 micron); electrolyte:
2 M NaOH.

Experimental conditions in (G)~(l): 1 mg/cm?, same batch of commercial CuO (Sigma), spraying on the same commercial carbon paper (H23C3 from Fuel Cell
Store); anode: NiFe-Ni foam; membrane: Separator (PTFE unlaminated membrane filters, hydrophilic, 1.0 micron); electrolyte: 2 M NaOH.

densities. At 100 mA/cm?, we achieved 88% C,, FE at a full-cell Uncharged hydrophilic separators enable efficient, ambi-
voltage of 2.4 V, corresponding to a C,, EE of 39%. However, polar ion transport through the bulk alkaline electrolyte
flooding quickly occurred at current densities exceeding (Figure 2C). Recent studies show such separators can deliver
200 mA/cm?, reducing Co, EE to ~7.4% (Figures 2D-2F). higher EE than AEM-based CO,R/COR systems.'>*'=%° Posi-

In contrast, AEMs transport hydroxide from cathode to anode, tioned between the electrodes, these separators can effec-
and thereby reduce flooding and improve FE (Figure 2B). At200 tively block gas crossover to the opposite electrodes. We
mA/cm?, the AEM-based cell achieved 89% C,, FE at afull-cell therefore evaluated a hydrophilic polytetrafluoroethylene
voltage of 2.4 V (C,, EE of 38%) and sustained this performance  (PTFE) separator for electrode separation. At 200 mA/cm?,
at higher current densities (Figures 2D-2F). the separator-based MEA achieved 92% C,, FE at a
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full-cell voltage of 2.3 V, corresponding to a C,, EE of 41%
(Figures 2D-2F).

Incorporating a hydrophilic separator also offers practical ad-
vantages over AEMs for scale-up: separators can provide
greater mechanical strength and retain structural integrity even
when dry, simplifying handling and cell assembly. We thus
selected the separator-based system for scaling high-perfor-
mance COR. We further optimized the anode by loading NiFe
onto Ni foam, achieving further ~200 mV improvement in full-
cell voltage at 200 mA/cm?, which led to an improved EE
(Figure S3). Owing to its lower voltage and cost, we adopted
this NiFe-Ni foam anode for scaling from 1 to 50 cm?, and ulti-
mately to 800 cm?.25-36-4

As an intermediate step, we expanded the system to a 50 cm?
active area using the same electrode materials and PTFE sepa-
rator (Figures S1 and S4). The cell featured a four-channel
serpentine flow field with channel dimensions matched to those
used in the 1 cm? system to maintain comparable pressure
drops and ensure uniform gas delivery. The 50 cm? cell showed
no loss in performance, achieving a C,, FE of 84% at a full-cell
voltage of 2.2 V at 200 mA/cm?, corresponding to a C,, EE
of 41%. These results demonstrate that the system could
be moderately scaled without compromising performance
(Figures 2G-2l).

We further evaluated temperature effects using 1 and 50 cm?
cells operated between 25°C and 60°C. As the temperature
increased from 25°C to 50°C, C,H, FE increased slightly but
declined at 60°C (Figure S5A). Over the same range, the full-
cell voltage decreased by ~0.12 V (Figure S5B).

Scaling challenges with the 800 cm? cell

We next scaled the system to an 800 cm? active area
(20 cm x 40 cm), a size chosen based on commercially available
electrode and membrane dimensions. The cell has an eight-
channel serpentine flow field designed to balance pressure
drop and ensure uniform reactant/product distribution to the
catalyst.**" The cell was sealed with a sealing ring, consistent
with the approach used in the 1 and 50 cm? setups (Figures 3A,
3B, S4, S6, and S7). During assembly, we applied a uniform tor-
que of ~40 N-m.

Initial tests at this scale showed poor performance, with the
highest observed C,H, FE being 23% at 200 mA/cm?
(Figures 3E-3G). In addition to low selectivity, we observed un-
usually low full-cell voltages at low current densities (<1.9 V at
50 mA/cm?), which sharply increased with the current,
exceeding 2.4 V at 300 mA/cm?.

Quantification of liquid products (Figures S8 and S9) showed
that the total FE across all products summed to only ~50%,
with no significant gas product crossover detected between
electrodes (Figure S10A). Thus, nearly half of the applied current
was unaccounted for. The oxygen evolution reaction (OER) rate
at the anode likewise reached only ~50% of the theoretical value
(Figure S11), suggesting the cause was systemic current loss
from localized short circuits, affecting both electrodes, rather
than analytical limitations.

Upon disassembly, we observed punctures in the separator
that we suspect created unintended current pathways
(Figure S12), causing localized thermal damage on electrodes
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and flow plates at low-resistance spots (Figure S13). These short
circuits likely contributed to the low full-cell voltages and
reduced FE at low current densities. As the current density
increased, a greater fraction of the current was forced through
the electrochemical path, modestly improving FE and increasing
voltage, but overall performance remained well below that of
smaller cells.

Repeated tests consistently showed low FE trends, although
both voltage and total FE varied considerably across three inde-
pendent trials (Figure 3E), indicating challenges in achieving uni-
form areal pressure across the large electrode area during as-
sembly. We lowered the compression torque (28-34 N-m) to
prevent puncturing the separator; however, this caused sealing
failures, electrolyte leakage, and low FE and short-circuiting per-
sisted (Figure S14).

To assess compression uniformity, we measured variations in
the cell thickness at multiple locations before and after assem-
bly. The thickness changes revealed uneven compression, with
certain edges showing considerably greater thickness differ-
ences—indicating higher local compression—whereas other
areas showed smaller changes. Pressure-sensitive film mea-
surements showed similar non-uniformity, with one side more
compressed than the other (Figures S15 and S16; Table S1). In
contrast, pressure distribution appeared uniform in the 1 and
50 cm? electrolyzers under similar testing (Figures S17 and S18).

We hypothesized that the sealing ring along its perimeter—a
narrow line of contact around the cell edge—does not offer suf-
ficient mechanical support across the large 800 cm? active area.
While effective for smaller cells, this perimeter-only sealing
makes the system highly sensitive to small assembly variations,
causing uneven compression, which we attributed to perfor-
mance losses. Regions experiencing excessive pressure can
locally puncture the thin (~50 pm) separator, while other areas
suffer from insufficient compression, resulting in poor interfacial
contact and gas or electrolyte leakage. Membrane puncture is a
common issue in prior large-scale studies using thin (~50 pm)
AEMs sealed with sealing rings.?>*>*® Spacers between the
AEM and the anode have been used to provide mechanical sup-
port and prevent membrane puncturing; however, these spacers
increased ohmic resistance, raising cell voltage and reducing
overall efficiency.?**°:

Overcoming compression challenges for reliable large-
scale COR

To avoid the added ohmic resistance associated with spaces—
and thereby to improve EE—we explored a flat compliant gasket
(Young’s Modulus ~0.0036 GPa)*® as an alternative sealing
method (Figures 3, S19, and S20). Gaskets are a common me-
chanical sealing solution in industrial applications such as
piping, machinery, and pressure vessels because their elastic
compliance accommodates surface irregularities and assembly
tolerances.'**9°" Compared with perimeter sealing rings, the
gasket provides larger-areal mechanical support and greater
tolerance to assembly variations, which is especially important
for protecting thin-cell components. To accommodate the
increased gasket thickness while maintaining proper compres-
sion and electrical connectivity of all electrode components,
we introduced an additional support current collector layer
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Figure 3. Scaling from 50 to 800 cm? with sealing ring and gasket setup

(A and C) Configuration of (A) using a sealing ring, and (C) using a compressible gasket in an 800 cm? separator-based system.

(B and D) The thickness at different spots across the cell of (B) the sealing ring, and (D) the gasket in an 800 cm? separator-based system.

(E) Full-cell voltage in 50 cm?, 800 cm? with sealing ring setup, and 800 cm? with gasket setup.

(F) FE toward all products in 50 cm?, 800 cm? with a sealing ring setup, and 800 cm? with a gasket setup.

(G) EE to C,, products at 50 cm?, 800 cm? with a sealing ring setup, and 800 cm? with a gasket setup.

Experiment conditions: cathode: 1 mg/cm?, same batch of commercial CuO (Sigma) spraying on same commercial carbon paper (H23C3 from Fuel Cell Store);
anode: NiFe-Ni foam; membrane: separator (PTFE unlaminated membrane filters, hydrophilic, 1.0 micron from Sterlitech); electrolyte: 2 M NaOH.

compressed together with the electrodes and separator
(Figures S15B and S21).%*

Pressure-sensitive film tests with the gasket showed
improved pressure uniformity across the cell. We observed
an improved total FE of 82%, with 65% C,, FE and a full-
cell voltage of 3.6 V at 200 mA/cm?, corresponding to a
Co, EE of 19% (Figures 3E-3G). We again measured variations
in cell thickness at multiple points before and after assembly
across the large electrode area. While improved, some uneven
compression remained, which we attributed to the gasket’s
compressibility that, while providing better overall support,
still allowed localized areas of higher or lower compression
(Figure 3C).

To further address this compressibility issue, we designed
a framing support (Figures S22 and S23) made of PTFE (Young’s
Modulus ~0.5 GPa),°>®® which has a higher resistance to
elastic deformation under compression. The rigid PTFE frame
applies targeted compression at the non-active edge regions

to ensure proper sealing, while maintaining moderate and
uniform compression across the 800 cm? active area. Measure-
ments of cell thickness variations before and after assembly
showed consistency across the entire area, and pressure-sensi-
tive film indicated uniform pressure distribution compared with
all other sealing methods (Figures 4A, 4B, and S15C).

With the 800 cm? framing setup, we obtained a total FE of
~90%, with 78% C,, FE, and a full-cell voltage of 3.0 V at
200 mA/cm? (total current of 160 A), corresponding to a C,, EE
of 27%. The system retained 65% of its initial value of C,, EE
when scaling from 1 to 800 cm? at 200 mA/cm?, demonstrating
that high performance can be sustained through careful system
optimization and that mechanical cell architectures are scale-
specific (Figures 4C-4E). This setup also delivered 52% C,H4
FE, 80% C,. FE, and a full-cell voltage of 3.2 V at 300 mA/cm?
(total current of 160 A).

The efficiency shortfall arises mainly from the higher voltage at
scale. To probe the origin of this voltage penalty, we performed

Joule 70, 102441, September 16, 2026 5
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Figure 4. Optimization with PTFE framing setup in an 800 cm? cell and performance comparison

(A) Configuration using PTFE framing in an 800 cm? MEA system.

(B) Thickness at different spots across the cell in the PTFE framing 800 cm? MEA system.
(C and F) Full-cell voltage (C) in the 50 and 800 cm? cell with PTFE framing, and (F) in the separator-based and AEM-based 800 cm? cell with PTFE framing.
(D and G) FE to all products (D) in the 50 cm? cell and 800 cm? cell, and (G) in the separator-based and AEM-based 800 cm? cell with PTFE framing.

(E) EE to C,, products at 50 cm? cell and 800 cm? cell with PTFE framing.

(H) The FE to all products and SPCE under different flow rates in an 800 cm? separator system with the PTFE framing setup.
Experiment conditions: cathode: 1 mg/cm?, same batch of commercial CuO (Sigma), spraying on the same commercial carbon paper (H23C3 from Fuel Cell
Store); anode: NiFe-Ni foam; membrane: separator (PTFE unlaminated membrane filters, hydrophilic, 1.0 micron from Sterlitech); electrolyte: 2 M NaOH.

electrochemical impedance spectroscopy (EIS) measurements
for the 800 cm? system and compared them with the 1 cm?
cell (Figure S24). The EIS results indicate that the observed EE
loss arises from both increased ohmic resistance and the slowed
kinetics and mass transport. The increase in ohmic resistance
likely reflects longer in-plane current paths, higher contact resis-
tance at the current collector/gas diffusion electrodes (GDE)/
separator interfaces, and residual compression non-uniformity.
Because ohmic losses scale with current (iR), these effects
become more pronounced at the high total currents used here.
On the anode, the Ti flow-plate oxidation under OER forms resis-
tive surface films, while a non-optimized serpentine design pro-
motes channeling and maldistribution, increasing concentration
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overpotentials and bubble-related transport losses. Further re-
ductions in voltage are therefore expected from lowering con-
tact/collector resistances (including Ti surface treatments or
alternative materials), improving manifold and channel designs
for uniform reactant transfer/product removal, tightening
compression control, and refining the anode to mitigate trans-
port and oxidation losses.

We also tested COR performance 800 cm? using a conven-
tional AEM in an otherwise similar system. Across matched
conditions, the separator-based cell consistently achieved
higher C,H4 FE and lower full-cell voltage than the AEM setup
(Figures 4F and 4G), aligning with performance trends observed
at 1 cm? The separator-based cell reached EE values
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exceeding those of prior CO,R/COR studies at the same
scale (Figure S25), demonstrating the effectiveness of the
rigid framing optimization over previous spacer-based ap-
proaches used to prevent membrane puncturing, as well as
over CEM-based COR systems. Testing different anodes—
NiFe-Ni foam versus commercial IrO,—showed the NiFe-Ni
foam markedly reduced cell voltage due to improved OER ac-
tivity (Figure S26). Overall, the combined use of the hydrophilic
separator, NiFe-Ni foam anode, and framing support lowered
full-cell voltage, enabling performance at the 800 cm? scale.

We monitored electrolyte outlet temperature during operation
and observed that cases with minimal current loss exhibited
larger temperature rises as current increased, consistent with
modest ohmic heating scaling with iR of the cell (Figure $S27).%*

To ensure thermal stability, we enhanced thermal manage-
ment by implementing a larger radiator and increasing electro-
lyte volume, and evaluated system durability at 200 mA/cm?
(160 A total) using the 800 cm? framing configuration
(Figure S28). With these measures, the electrolyzer temperature
remained below 25°C (Figure S5C), and both voltage and FE re-
mained stable for more than 50 h (Figure S27).

Post-test analysis showed no mechanical degradation of the
separator or GDE. Thickness measurements and structural char-
acterization following stability tests—and across sealing ring,
compressible gasket, and framing configurations—indicate
that both components retained structural integrity, with
no observable microstructural changes after operation
(Figures S29-531). No gas product crossover was detected dur-
ing operation (Figures S10B and S32).

To assess possible contamination arising from anode dissolu-
tion followed by transport to the cathode and redeposition, we
performed inductively coupled plasma optical emission spec-
troscopy (ICP-OES) analysis of the electrolyte, which detected
minor Ni and Fe accumulation during operation (Figure S33C).
We further analyzed the cathode GDE after 50 h using X-ray
photoelectron spectroscopy (XPS). Samples taken from multiple
locations showed only trace Ni and Fe on the cathode surface
(Figures S33A and S33B). These minor deposits may have
contributed to the slight decline in performance observed near
the end of the 50-h operation.

Finally, we evaluated single-pass conversion efficiency
(SPCE) (Figure 4H). Reducing the CO flow rate from 2 L/min to
0.71 L/min increased CO SPCE from 25% to 75%, with total
FE remaining >90% and C,, FE ~80%.

DISCUSSION

Scaling COR to large single-cell areas is essential for translating
catalyst advances into plant-relevant throughputs and costs. In
this work, we demonstrate COR at an 800 cm? scale by over-
coming cell-area-dependent challenges of structure and sealing.
Through a framing-based support design and separator archi-
tecture, we achieved uniform mechanical compression across
an 800 cm? cell, restoring performance to near the lab-scale
benchmark. We achieved 52% C,H,4 FE, 125 A toward C,Hy,
and 192 A toward C,, products.

More broadly, these results establish areal uniformity across
the active area as a central engineering principle for scalable

¢? CellPress

gas-fed electrolysis. In a large-area membrane-electrode-as-
sembly, both under- and over-loading of local contact pressure
degrade performance—under-loaded regions incur interfacial
gaps and mass-transport/ohmic penalties, whereas over-loaded
regions risk damage to thin components and efficiency loss.
The framing/separator platform presented here offers a
practical route to high-rate, energy-efficient COR at industrially
relevant active areas, and provides a blueprint for extending
these principles to other gas-to-molecule electrochemical
technologies.

METHODS

Electrode preparation

Gas diffusion electrodes were fabricated by airbrushing a cata-
lyst ink onto a commercial gas diffusion layer—carbon paper
(Fuel Cell Store, Freudenberg H23C3). For the 800 cm? cell
tests, the catalyst ink was prepared by mixing 2,000 mg of
CuO nanoparticles (Sigma Aldrich, 544868) with 6 mL of Nafion
dispersion (Fuel Cell Store, PFSA Dispersion D5, 5 wt%) and
36 mL of methanol. For 1 cm? (20 mg CuO + 60 puL Nafion +
3 mL methanol) and 50 cm? electrodes, the ink composition
was scaled proportionally to maintain the same CuO-to-
Nafion ratio. The resulting ink was sonicated in an ultrasonic
bath for 2 h and then uniformly sprayed onto the gas diffusion
layer using an airbrush to achieve a catalyst loading of
~1 mg/cm?,

The NiFe-Ni foam anode was synthesized via heterogeneous
nucleation following an established method.?® Briefly, 285 g of
nickel nitrate hexahydrate (Ni(NO3),-6H,0) and 39 g of iron(ll) sul-
fate heptahydrate (FeSO4-7H,0) were separately dissolved in
4,800 mL of isopropanol (i-PrOH) and 1,600 mL of deionized
water. The two solutions were then combined under vigorous
stirring to form a homogeneous NiFe precursor solution. A pre-
cleaned nickel foam (20 cm x 40 cm) was fully immersed in
this solution and maintained at 25°C for 24 h. After deposition,
the foam was thoroughly rinsed with deionized water and dried
in a vacuum oven at 25°C for 12 h to yield the NiFe-Ni foam
anode (Figure S34).

System setup and sealing

COR electrochemical experiments were conducted in MEA cells
with active areas of 1, 50, or 800 cm?. Each cell featured a
serpentine flow field on both the cathode and anode sides, fabri-
cated from titanium (grade 2) for the cathode and anode. The
MEA assembly included either a 35 pm-thick porous PTFE
membrane (pore size 1 um, porosity 83%, PTFE unlaminated
membrane filters, hydrophilic, Sterlitech, H100A330R) used in
separator configurations, a 50 pm-thick Sustainion 37-50 AEM
in AEM-based configurations, or a Nafion 117 (Fuel Cell Store)
for CEM. The membrane was positioned between a CuO-coated
cathode and either a commercial Ir-mixed metal-oxide-coated
titanium felt anode (Magneto Special Anodes) or a self-synthe-
sized NiFe-Ni foam anode.

The 1 and 50 cm? cells were sealed with 254 pm silicone gas-
kets (High-Temperature silicone rubber sheet, 86435K121,
McMaster-Carr) on both the cathode and anode sides. For the
800 cm? sealing ring-based configuration, the cell was sealed
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using a 3/16” Buna-N rubber sealing ring (Buna-N rubber,
9452K381, McMaster-Carr). For the 800 cm? gasket-based
configuration, the cathode side was sealed using a 3/16”
Buna-N rubber sealing ring (Buna-N rubber, 9452K381,
McMaster-Carr), while the anode side used a 1/32” thick
fluorosilicone rubber gasket (Chemical-Resistant fluoro-
silicone rubber sheet, 2183722, McMaster-Carr). This sealing
setup—comprising the sealing ring, gasket, and additional me-
chanical support—was designed to compensate for differences
in electrode thickness and the depth of the flow field channels.

For anode gas analysis and OER testing, a gas-tight electro-
lyte reservoir was employed. This system utilized a PTFE tank
sealed by compressing a flexible silicone cap (Figures S35-
S38). To check the gas-tight integrity of the 800 cm? cell, all out-
lets were closed, and air was introduced at 10 psi; the system
was considered gas-tight if pressure remained stable for 20 min.

In the framing-based setup, each structural layer was
composed of rigid PTFE materials (Chemical-Resistant slippery
PTFE sheet, 9266K21, McMaster-Carr) rather than compressible
gaskets, as described in the main text. The thicknesses of the
layers used in both the gasket and non-compressible framing
setups are listed in Table S2.

To mitigate liquid product loss, a liquid trap was installed on
the cathode side and a radiator on the anode side (Figures S8
and S9). The cathode-side liquid trap consisted of a sealed col-
umn containing 200 mL of deionized water and a single-pass
valve to collect condensed liquid products. The anode-side
cold trap comprised a stainless-steel radiator equipped with a
fan, through which the electrolyte was circulated for condensa-
tion and recovery of volatile species.

The gap between the 800 cm? cell plates was measured using
a vernier caliper. Ten positions across the cell were selected to
evaluate uniformity (Figures 3B, 3D, and 4B). The change in the
gap before and after cell assembly, denoted as At, was calcu-
lated as follows:

At =t —t),

where t; is the gap between the 800 cm? cell plates before setup
of cathode, anode, membrane, and anode support inside the
cell; t, is the gap between the 800 cm? cell plates after the setup
of all the components inside the cell.

Electrochemical measurements

The CO gas feed was supplied to the cell at flow rates of 20 sccm
for the 1 cm? cell, 90 sccm for the 50 cm? cell, and 0.7-3 L/min for
the 800 cm? cell using mass flow controllers (MFCs). For the
800 cm? system, MFC control was integrated via a data acquisi-
tion box that coupled the MFCs and the high-capacity power
supply using a LabVIEW-based interface. The anolyte, consist-
ing of 2 M NaOH, was delivered to the anode compartment at
a flow rate of ~50 mL/min for 1 cm?, ~200 mL/min for 50 cm?,
and ~5 L/min for 800 cmZ.

Electrochemical measurements were conducted in galvano-
static mode using either an electrochemical workstation (Autolab
PGSTAT204) equipped with a 10 A booster or a programmable
DC power supply (Magna-Power SL Series, 10 V, 250 A) for
high-current operations.
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The FE of the liquid and gas products was calculated as
follows:

FEliquigs = Ni X 216’: x 100%

Zj FPQ o
0 % 100%,

where n; is the number of moles of each liquid product, F is the
Faraday Constant, z; is the number of electrons transferred for
each product, Q is the total charge passed during liquid product
collection, x; is the volume fraction of each gas product, v is the
gas flow rate, Py is atmospheric pressure, R is the ideal gas
constant, and T is the temperature.

The total partial current (TPC) to the target product is calcu-
lated by using the total current multiplied by the total FE toward
the target product:

FEGaS = Xi XV X

TPCeihyiene = total current x FEgwyene = Current Density

x total area x FEgiyene.-

The EE of the C,, was calculated as follows:

E/‘D

n
EEc, = FE;
Cer Zi e E, applied -

The SPCE was calculated as follows:

CO consumption

SPCE = CO Input

x 100%.

Product analysis

The gas products generated from the COR reaction were
analyzed using a gas chromatograph (PerkinElmer Clarus 590)
equipped with a thermal conductivity detector and a flame ioni-
zation detector. The system employed a Molecular Sieve 5A
capillary column and a packed Carboxen-1000 column, with
argon used as carrier gas. Gas flow rates were quantified either
using a bubble column, the water-displacement method, or a
Coriolis mass flowmeter (Endress and Hauser).

Liquid products from the COR reaction were quantified via
proton nuclear magnetic resonance spectroscopy (1H NMR).
Liquid-phase products that crossed over to the anode side
were sampled directly from the anolyte. Cathode-side liquid
products were collected using a downstream liquid trap con-
nected to the cathode gas outlet. This trap consisted of a column
containing ~200 mL of deionized water at room temperature,
into which the cathode gas stream was bubbled to dissolve
and capture condensable species.

For NMR analysis, liquid samples were diluted with DO, and
dimethyl sulfoxide was used as the internal standard. Spectra
were acquired using an Agilent DD2 600 MHz NMR spectrometer
operating in water-suppression mode.
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