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Cu Catalysts for Selective and Stable Electrosynthesis of
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Electrochemical CO, reduction is of tremendous interest for storing chemical
energy from renewable sources while reducing CO, emissions. While copper
is one of the most effective catalysts, it suffers from low selectivity and limited
long-term durability. Here, these limitations are overcome by engineering
Nafion coatings on CuO nanoparticle-based catalysts supported on glassy
carbon. By tuning the Nafion thickness and internal structure, it is shown that
both the selectivity to multicarbon (C,, ) products and long-term stability can
be dramatically enhanced. Optimized catalyst layers reach Faradaic
efficiencies for C,, products of 86% during long-term testing for 200 h, with
no evidence for performance degradation. Indeed, the C,, Faradaic efficiency
increases during testing, which is attributed to favorable in situ
electrochemical fragmentation of catalytic nanoparticles. Finally, the
optimized Nafion/Cu catalytic coatings are utilized to create scalable
membrane electrode assemblies for CO, electrolysis, yielding significantly
enhanced C,H, selectivity (~58%) and activity at technologically-relevant
currents of 1-2 A. These results highlight the potential for creating
multi-functional Nafion coatings on CO, reduction catalysts to favorably tune
the reaction environment, while also promoting in situ transformations to
active and selective nanoscale structures and morphologies, not just on
model surfaces but also in state-of-the-art gas diffusion electrodes.

considerable interest in the current
transition to a carbon-neutral society.!!
A number of metal-based electrocatalysts
have been developed to catalyze CO,
reduction reactions (CO,RR) in aqueous
solutions. Among them, copper (Cu)-
based materials have received the most
attention due to their unique ability to
produce a range of multicarbon (C,,)
products, including ethylene (C,H,),
ethanol (C,H;OH), acetate (CH,COO"™),
and n-propanol (C;H,OH).[?! Despite in-
tensive efforts to optimize Cu-catalyzed
CO,RR over the past decades, the low
selectivity toward desired value-added
chemicals and their poor long-term
durability remain critical challenges.[3]
Overcoming these challenges is particu-
larly difficult due to the complex reaction
network associated with CO, electrolysis,
in which subtle modifications of the
catalytic system during continuous oper-
ation can lead to substantial changes in
the product distribution, often resulting
in increasing production of hydrogen at
the cost of valuable C,, products. Indeed,

1. Introduction

Electrochemical CO, reduction (CO,R) to value-added feed-
stock chemicals using electricity from renewable energy is of

both the structure of Cu-based catalysts and the local reaction en-
vironment near the catalyst surface have significant impacts on
selective electrosynthesis of C,, products in CO,RR.? Flat Cu
foils tend to favor generation of single carbon products, especially
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methane (CH,), rather than multicarbon products.P’! In contrast,
rough Cu structures, often formed via the reduction of copper ox-
ides or the electrochemical reconstruction of initially smooth sur-
faces, display particularly high selectivities toward C,, products.
Such surfaces are characterized by an abundance of undercoordi-
nated sites that can strongly bind important intermediates, such
as *CO, thereby enhancing C-C coupling.*’] Moreover, the C,,
selectivity can be tuned by varying the size and shape/facet of Cu
nanostructures. For example, a high Faradaic efficiency (FE) of
41% for C,H, has been demonstrated on Cu nanocubes with an
optimal size of 44 nm.[®!

In addition to the engineering of catalyst structures and mor-
phologies, C,, selectivity can be further enhanced by modifying
the reaction microenvironment, including the electrolyte cation,
pH, and molar ratio of CO, /H, O in the vicinity of the Cu surface.
For example, compared to larger hydrated cations of Li*, Na*, and
K*, smaller hydrated ions of Cs* and Rb* induce a larger surface
charge density and stronger interfacial electric field, which en-
hances adsorption of CO, and C,, intermediates, thereby facili-
tating C,, production.[’) Furthermore, recent studies have shown
that adjusting the local pH and CO, /H, O availability by tailoring
organic coatings (binders or ion conductive polymers, ionomers)
on Cu also influences the activity and selectivity of CO,RR. In par-
ticular, increasing the hydrophobicity of organic binder coatings
can enhance the local OH™ concentration and CO,/H,0O con-
centration ratio, which contributes to improved selectivity.[1*12]
In another example, a double layer of both anion- and cation-
conducting ionomers was introduced on the Cu surface to regu-
late the water concentration and to increase local pH by trapping
hydroxide ions (OH™), which resulted in significant suppression
of the hydrogen evolution reaction (HER) and a record high 90%
Faradaic efficiency of C,, products.*3]

Alongside product selectivity, the poor long-term durability of
Cu-based catalysts introduces another significant barrier to sus-
tainable generation of C,, products from CO,R. Indeed, bare Cu-
based catalysts have been shown to be unstable when subjected
to continuous CO, electrolysis. Severe structural and morpho-
logical changes of catalyst layers, including their delamination
from substrates, the agglomeration of catalyst particles, and facet
reconstruction, lead to degradation of catalytic performance.l'*]
Therefore, it is of crucial importance to develop strategies to im-
prove the durability of Cu-based catalysts for selective synthesis
of C,, products.

Although various inorganic or organic coatings have been ex-
plored to enhance both the C,, product selectivity and stabil-
ity of Cu-based catalysts,['"'>] understanding the impact of the
most widely used binder—Nafion-is only now emerging.[1216-23]
Recently, we reported that the activity, selectivity, and stability of
CO,R can be drastically impacted by engineering the internal
structure and properties of Nafion ionomer coatings on oxide-
derived Cu catalysts supported on carbon paper.l**] Importantly,
thin layers of Nafion can beneficially stabilize the catalyst and cre-
ate favorable microenvironments for CO,R, but can also lead to
the blocking of active sites or introduce undesired mass transport
limitations. In that previous study, we found that increasing the
solvent dielectric constant by increasing the water content leads
to thinner Nafion coatings with improved network connectivity,
which results in an increased molar ratio [CO,]/[H,0] and, thus,
increased CO, availability and suppressed HER.[?*] In addition,
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the reduced water content within the Nafion films may have a sig-
nificant impact on the local pH, yielding more alkaline microen-
vironments that promote C-C coupling. While that study pro-
vided important insights into the function of Nafion binders for
CO,R and demonstrated a generalizable approach to optimizing
different reaction outcomes via modification of catalyst ink for-
mulations, the complex microporous structure of the carbon pa-
per support may have contributed to a broadened distribution of
reaction microenvironments near its surface and deeper within
its pores, which could limit the Faradaic efficiency to selected
high value products. Therefore, in the present work, we first ap-
ply the Nafion/solvent engineering strategy to well-defined and
planar glassy carbon substrates in H-type cells, showing that the
resulting Nafion/CuO nanoparticle coatings yield significantly
enhanced C,, product selectivity with exceptional long-term sta-
bility during sustained durability testing. In addition, we show
that the optimized Nafion/Cu catalytic coatings can be trans-
lated to scalable gas-fed membrane electrode assemblies (MEAs)
featuring enhanced production of C,, products under industry-
relevant operating conditions. For the H-cell configuration, opti-
mized catalyst layers on glassy carbon are shown to yield stable
and highly selective electrosynthesis of C,, products, with maxi-
mum C,H, FE of 65% and total C,, FEs of 86% during long-term
CO, electrolysis for at least 200 h. Remarkably, the selectivity of
C,. products is found to increase during the 200 h performance
test, which is attributed to in situ electrochemical fragmentation
of catalyst particles and the favorable reaction microenvironment
provided by Nafion coatings prepared from inks containing op-
timal Nafion contents and solvent compositions. This behavior
stands in contrast to most previous reports of Cu-based CO, R cat-
alysts, in which long-term operation frequently leads to increased
hydrogen evolution at the cost of reduced CO,RR selectivity. Im-
portantly, integration of these Nafion/Cu nanoparticle coatings
into scalable gas-fed MEAs via spray coating of the optimized cat-
alyst inks also results in highly selective and active production of
C,, products, with the C,H, FE and partial current density peak-
ing at 58% and 136 mA cm™2, respectively. Together, these results
reveal the importance of engineering multi-functional Nafion
coatings that not only provide favorable microenvironments and
stabilize electrochemically active interfaces against degradation,
but also promote in situ transformations to desirable nanoscale
structures and morphologies, thereby enabling highly selective
and stable CO,R in H-cell and integrated gas diffusion electrode
(GDE) configurations alike.

2. Results and Discussion

2.1. Effect of Catalyst Ink Composition on CO, Electrolysis

As a starting point for understanding and controlling the activity
of Cu-based catalysts, we first compare their morphologies and
CO, electrolysis characteristics in the presence and absence of
Nafion ionomer. Using commercial CuO nanoparticles (NPs) as
the model pre-catalyst, we utilized various ink compositions con-
taining four different Nafion weight ratios (0, 0.005, 0.05, and
0.5 wt%) and two water volume fractions (0 and 50 vol%, with
isopropanol as balance of solvent). Following preparation of the
inks, working electrodes were fabricated by drop casting catalyst
layers on glassy carbon substrates with a constant mass loading
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Figure 1. Electrochemical and structural characterization of electrodes prepared from inks with different Nafion/solvent compositions. a—c) The average
Faradaic efficiencies (FEs) of H, during 1h chronoamperometric CO, electrolysis at-1.0 V vs. RHE on electrodes produced in the absence of Nafion, with
ink compositions of 0 vol% H,0-0 wt% Nafion and 50 vol% H,0-0 wt% Nafion (a) and corresponding SEM images of the electrodes before and after
CO, electrolysis (b, c). d—f) The potential-dependent H, FEs during chronoamperometric CO, electrolysis on electrodes produced from inks possessing
two H,O volume fractions (0 and 50 vol%) and three Nafion weight fractions (0.005, 0.05, and 0.5 wt%) of Nafion (d), along with the corresponding

SEM images of electrodes obtained before and after CO, electrolysis (e,f).

of 0.255 mg cm™2. Throughout this work, the prepared Nafion
coatings and catalyst layers are denoted by their volumetric water
content in solvent-Nafion weight ratio in the form of, for exam-
ple, 50 vol%-0.5 wt%.

X-ray diffraction (XRD) data and scanning electron microscopy
(SEM) images demonstrate that the pre-catalytic nanoparticles
comprise pure monoclinic phase CuO and have an average size
of ~50 nm, respectively (Figures S1 and S2, Supporting Infor-
mation). In the absence of Nafion, large aggregates of CuO NPs
and extended regions of bare glassy carbon are observed, regard-
less of the water content in the solvent. In contrast, addition of
Nafion into the catalyst inks leads to significantly suppressed par-
ticle aggregation and more uniform CuO NP coatings (Figure S2,
Supporting Information). Notably, the homogeneity of the cata-
lyst layers increases with increasing Nafion content in the ink,
yielding the smoothest and most uniform films for those pre-
pared with 0.5 wt% Nafion. This result is consistent with our
prior findings, indicating the importance of Nafion in the cata-
lyst ink for producing stable dispersions and suppressing NP ag-
glomeration upon catalyst layer formation.?*! In addition, mag-
nified SEM images for a fixed Nafion content of 0.25 wt% indi-
cate the presence of thicker Nafion coatings around CuO NPs
with decreasing water content in the solvent (Figure S3, Support-
ing Information). Complementary measurements of the double
layer capacitances of these electrodes reveal a reduction of the
electrochemically active surface area (ECSA) with decreasing wa-
ter content (Figure S4, Supporting Information), suggesting the
blocking of catalyst surfaces as the Nafion thickness increases.
These observations are consistent with the known dependence
of the internal Nafion structure on solvent polarity. In particular,
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the increasing solvent dielectric constant with increasing water
fraction promotes strong interactions between the hydrophobic
perfluorocarbon backbones of Nafion, resulting in thinner films
possessing improved inner network connectivity.l'*18] In this re-
gard, the presence of Nafion in the solvent ink is necessary to
suppress CuO NP agglomeration and obtain uniform catalyst lay-
ers, whereas increasing water content in the solvent is beneficial
for maintaining thin Nafion coatings with internal structures that
permit facile mass transport without blocking surface active sites.

We next examine the CO, R activities and selectivities of work-
ing electrodes prepared from catalyst inks with different solvent
and Nafion contents in CO,-saturated 0.1 M KHCO, aqueous so-
lutions using an H-type cell. Gaseous products were analyzed by
online gas chromatography during 1 h of chronoamperometric
testing at each fixed potential. Remarkably, electrodes prepared
with Nafion-free inks exhibited negligible activity for CO,R,
with H, being the only major product detected. As shown in
Figure 1a, the measured average FEs of H, were ~100% for
both Nafion-free electrodes, regardless of solvent composition,
as measured at -1.0 V vs. the reversible hydrogen electrode
(Vrup)- To understand this surprising behavior, we performed
post-mortem SEM imaging, which revealed the complete ab-
sence of catalyst layers on the glassy carbon surfaces after sus-
tained operation (Figure 1b,c). Thus, we conclude that poor ad-
hesion of Nafion-free Cu NP films results in exfoliation of catalyst
layers from substrates and, consequently, complete loss of CO,R
activity.

In sharp contrast, electrodes prepared with Nafion-containing
formulations exhibited much lower FEs (i.e., <45%) for H, pro-
duction across a wide potential range, suggesting the possibility
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Figure 2. Effect of the composition of Nafion/solvent inks on potential-dependent CO, electrolysis. The catalytic performance of electrodes prepared
from inks containing different Nafion (0.005, 0.05, and 0.5 wt%) and H,O/isopropanol (0 and 50 vol% H,O) contents, evaluated in terms of total current
density a), as well as Faradaic efficiencies for H, b), CO c), CH, d), and C,H, e), as well as the partial current density of C,H, f).

for appreciable generation of CO,R products (Figure 1d). Indeed,
the minimum H, FE of <20% near -1.0 V; indicates signif-
icant suppression of HER upon addition of Nafion. Consistent
with this observation, post-mortem analysis reveals that catalyst
layers were preserved with no significant exposure of the underly-
ing glassy carbon substrates after the complete set of chronoam-
perometric tests on all Nafion-containing electrodes (Figure 1e,f;
Figure S5, Supporting Information). Such considerable stability
variations between Nafion-free and Nafion-containing electrodes
underscore the necessity of incorporating Nafion in catalyst inks
to ensure robust electrodes with strong interaction between cata-
lyst layers and substrates. Furthermore, we note that this behav-
ior differs from previous experiments with Nafion-free CuO NPs
on porous carbon paper substrates, ] where significant catalyst
restructuring was observed but catalytic CO,R activity was re-
tained even in the absence of Nafion. This difference indicates the
challenge of stabilizing catalytic NPs on planar surfaces, as well
as the ability of porous supports to inhibit catalyst detachment
due to physical confinement. Thus, we conclude that Nafion plays
an especially important role in ensuring the durability of catalyst
layers on planar supports, such as the glassy carbon substrates
used here.

To quantify the dependence of CO,R performance on the cata-
lyst ink composition, potential-dependent total current densities
(TCDs), FEs, and the partial current density for individual prod-
ucts were analyzed during chronoamperometric testing of 5 h,
as shown in Figures 2 and S6 (Supporting Information). Over-
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all, the TCDs increased with decreasing Nafion content in the
catalyst ink (Figure 2a). The maximum TCDs of ~-20 mA cm™
near -1.05 Vyy; were achieved at the lowest Nafion content of
0.005 wt%, regardless of water content in solvent. However, for
the highest Nafion content of 0.5 wt%, the electrode prepared
with 50 vol% water exhibited significantly larger TCDs across the
entire potential range than the analogous one prepared without
water. We ascribe this enhanced TCD at higher water content to
the larger electrochemically active surface areas of catalyst layers
produced from high water content inks, as previously reported
and discussed above.[?*]

The potential-dependent FEs of gaseous products from the set
of cathodes prepared from different solvent ink compositions are
plotted in Figure 2b—e and Figure S6 (Supporting Information).
For all electrodes, C,H, and H, were detected as two major prod-
ucts. While HER was significantly suppressed near -1.0 Vg,
reaching a minimum H, FE of £16% for most electrodes, a high
C,H, FE was observed near this working potential. In general,
higher C,H, FEs and larger partial current densities of C,H,
were observed on electrodes prepared from high water content
solvents relative to those prepared with water-free formulations.
Indeed, a maximum C,H, FE of x60% at -1.05 Vg, was ob-
served from the electrode prepared from the 50 vol% H,0-0.5
wt% Nafion catalyst ink. However, this beneficial improvement
of selectivity appears to come at the cost of reduced activity, with
the partial current densities of C,H, decreasing with increas-
ing Nafion content (Figure 2f). Nevertheless, the magnitude of
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the activity loss is reduced with increasing water content, thus
motivating further exploration of higher-water-content formula-
tions to improve the activity of producing C,H, or other C,, prod-
ucts, as described in the next section below.

Alongside C,H, and H,, CO and CH, were also detected as
minor products, with increasing Nafion content leading to some-
what increasing CO FEs and decreasing CH, FEs across the in-
vestigated potential range (Figure 2c¢,d). In particular, at -1.05
Viue where the C,H, FE was maximized, the CO FEs were less
than 1% on all electrodes, while CH, FEs were <1% on electrodes
prepared from inks with the highest Nafion content (0.5 wt%).
We note that the CH, FE has been reported to be an indicator
for local pH in CO, electrolysis, as the production of one CH,
molecule from CO, requires the consumption of 8 protons.!**]
The extremely low CH, FE measured on electrodes prepared with
the highest Nafion content implies that thicker Nafion coatings
result in higher local pH, thus suppressing HER and promot-
ing the selectivity of C,, products.[!*?>26] In addition, the over-
all increase of C,H, FE for films prepared with 50 vol% water
compared to those prepared without water is consistent with the
higher inner network connectivity afforded by the higher dielec-
tric constant of the solvent, which has been shown to enhance
the local CO,/H,0O concentration and pH to favor C-C coupling
reactions.

Overall, the catalyst ink composition-dependent CO,R perfor-
mance characteristics on the glassy carbon substrate are consis-
tent with prior findings regarding the role of Nafion structure
and thickness on the local reaction environment.[**! However, im-
portant differences between CO,R on planar glassy carbon sup-
ports compared to previously reported findings on carbon pa-
per supports are apparent.?l In particular, use of glassy carbon
leads to significantly greater suppression of H, and single car-
bon (C,) product generation, along with a pronounced enhance-
ment of C,, products, particularly C,H,. While this could indi-
cate that the planar system provides more homogeneous reaction
microenvironments that promote higher C,, selectivity, these
results motivate a broader exploration of the substrate-specific
trends of CO,R performance on catalyst ink composition, with
the aim of identifying optimal formulations to achieve necessary
combinations of selectivity and stability, as described below.

2.2. Optimized Nafion/Solvent Compositions for Enhanced
Generation of C,, Products

As a next step, we systematically assessed the effect of catalyst
ink composition on the selectivity of CO,R during longer CO,
electrolysis experiments, with the aim of identifying the condi-
tions needed to maximize selective generation of C,, products.
For this purpose, a series of catalyst inks containing six Nafion
weight fractions (0.005, 0.025, 0.05, 0.125, 0.25, and 0.5 wt%) and
four solvent compositions (0, 25, 50, and 75 vol% H, O, with iso-
propanol as the balance) were employed to produce working elec-
trodes. All electrodes were subjected to 5 h chronopotentiometry
tests at a constant current density of -12.8 mA ¢cm=2 and both
gas and liquid products, including H,, CO, CH,, C,H,, formate,
ethanol, acetate, and n-propanol, were quantified. The current
density was fixed at -12.8 mA cm~2, which corresponds to an op-
erating condition that yields lowest HER activity and highest FEs
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for C,H, for the majority of electrodes described above (Figure 2).
The resulting product distribution obtained from each of the 24
independent electrodes is shown in Figure S7 (Supporting In-
formation). For all cases, the three major products were ethy-
lene, ethanol, and hydrogen, with FEs that varied as a function
of catalyst ink composition. All other analyzed compounds (CO,
CH,, formate, acetate, n-propanol) represented minor contribu-
tions (<10%) to the overall product distribution. The total FE for
all products was ~100% in all cases, indicating the lack of signif-
icant quantities of undetected products or corrosion currents.

To further analyze the influence of catalyst ink composition
on the selectivity of each product, the average FEs were individ-
ually compared in heatmaps (Figure 3a—c; Figure S8, Support-
ing Information). For most catalyst ink compositions, the H, FE
was maintained at a low level of ~25%. However, for the case of
high Nafion contents of 0.25 and 0.5 wt%, HER was highly de-
pendent on water content. For example, vigorous HER witha H,
FE of ~40% was measured for the 0 v0l%-0.5 wt% sample, but
was significantly reduced with increasing water content. Overall,
the lowest H, FEs of 16% were recorded with the combination
of relatively high Nafion content of 0.25 wt% and high water con-
tent of 50-75 vol% (Figure 3a). Accordingly, the selectivity toward
CO, R was significantly enhanced in this catalyst ink composition
range, with the FEs of C,H, increasing to ~#58% (Figure 3b). Sim-
ilarly, the production of ethanol, another major C, product, was
also promoted in the region of both high Nafion (0.25-0.5 wt%)
and water content (25-75 vol%), with FEs reaching above 20%
(Figure 3c). The FEs for other C,, products, such as acetate and
n-propanol (denoted as PrOH), were below 5% on all electrodes
and represented a minor contribution to the total CO,R product
distribution (Figure S8fh, Supporting Information). Thus, the
production of C,, products was maximized with a FE of ~84%
and a partial current density of approximately -10 mA cm~2 on
electrodes prepared with inks containing 0.25 wt% Nafion and
>25 vol% water (Figure 3d,e).

In contrast to the case of C,, products, the selectivities of sin-
gle carbon (C,) products such as CO and CH, were very low on
all electrodes, with FEs of <1.8% for CO and <3.7% for CH,
(Figure S8b,c, Supporting Information). Formate was the only
comparatively major C; product and its FE exhibited a strong
dependence on Nafion content. Specifically, increasing Nafion
content resulted in decreasing formate production regardless of
water content, and the corresponding FE was reduced from a
peak value of 7.6% at 0.005 wt% Nafion to 1% at 0.5 wt% Nafion
(Figure S8d, Supporting Information). Considering the minimal
FEs of both CO and CH,, the overall production of C, prod-
ucts was therefore predominantly influenced by Nafion content
(Figure S9b, Supporting Information). Consequently, as shown
in Figure S9d (Supporting Information), the ratio of C,, FE to C,
FE (C,,/C,) also displayed a strong dependence on Nafion con-
tent.

As discussed above, increased Nafion content leads to thicker
Nafion coatings, suggesting that the competition between C,,
and C, reaction pathways can be modulated by tuning the thick-
ness of Nafion coatings. Indeed, it has been shown that thick
Nafion films can raise local pH values by trapping hydroxide
ions (OH™) generated during CO, electrolysis and preventing
buffering bicarbonate species from entering the local microenvi-
ronment, thereby enhancing C,, selectivity.'3] However, thicker
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Figure 3. Analysis of the impact of catalyst ink composition on selectivity, activity, and thickness of Nafion coatings. Heatmaps of Faradaic efficiency for
H, a), C,H, b), ethanol ), and C,, products d), as well as partial current density for C,, products e), during chronopotentiometric CO, electrolysis at
-12.8 mA cm~2 on glassy carbon compared to the thickness of Nafion coatings f), prepared from dispersions with varied Nafion contents and solvent

compositions.

ionomer coatings can also block active sites, as evidenced by elec-
tric double layer capacitance measurements (Figure S4, Support-
ing Information) and may also leads to inefficient mass trans-
port at the catalyst/electrolyte interface. To better understand
these competing effects on C,, FE, Figure 3f shows a heatmap
of Nafion thickness as a function of catalyst ink composition. As
expected, the thickness increases with increasing Nafion and de-
creasing water content. Comparison of the thickness heatmap to
the product distribution heatmaps reveals a clear trend of increas-
ing H, and decreasing C,, product generation with increasing
Nafion thickness, indicating that thicknesses of >10 nm are detri-
mental. In contrast, while the yield of C,, products is enhanced
for catalyst inks containing both high water and Nafion contents,
resulting in Nafion films of #2.5-7.0 nm (Table S1, Supporting
Information), no clear trend between thickness and electrocat-
alytic properties is observed. However, as previously reported,
the increasing solvent dielectric constant with increasing water
content also leads to improved network connectivity and reduced
water uptake within the Nafion films, which is consistent with
atomic force microscopy (AFM) analysis (Figure S10, Support-
ing Information). Thus, the C,, product partial current density
peaks at -10.8 mA cm™?, realized with an ink composition of 75
vol% H,0-0.25 wt% Nafion (Figure 3e), which yields a favorable
balance of thickness and internal Nafion structure.

Finally, we note that the heatmap profiles for both C,H, and
ethanol exhibit a striking similarity, which is reasonable consid-
ering that they share the same critical intermediate, *CO, in their
respective reaction pathways. This aligns well with the observed

Adv. Energy Mater. 2024, 14, 2303936 2303936 (6 of 13)

trends seen in heatmaps for all C,, products (Figure S9, Support-
ing Information), where the hot spots (with high FEs) for each
C,, product are consistently located in the regions with low CO
FEs, suggesting efficient C-C coupling rather than release of CO.
Overall, we find that the optimal catalyst ink compositions for not
only selective CO,R but also enhanced production of C,, prod-
ucts involve a combination of high water content (>50 vol%) and
relatively high Nafion content (i.e., 0.25 wt%).

2.3. Stabilized C,, Selectivity During Long-Term CO, Electrolysis

Having obtained a maximum C,, FE of 84% during 5 h of contin-
uous CO, electrolysis using the working electrode prepared from
a catalyst ink containing 75 vol% H,0-0.25 wt% Nafion, we sub-
sequently assessed its durability during 200 h of chronopotentio-
metric CO, electrolysis at-12.8 mA cm™2. As described in the Ex-
perimental Section, this long-term stability test was performed in
five sequential experiments of ~40 h duration, immediately fol-
lowing one another, in order to allow the electrolyte to be periodi-
cally refreshed. For comparison, a second electrode was prepared
from a catalyst ink containing 0 vol% H,0-0.25 wt% Nafion and
was tested under identical conditions. Immediately prior to the
long-term electrolysis experiments, the potential-dependent per-
formance characteristics of both electrodes were confirmed by
performing 5 h chronoamperometric tests (Figure 4a—c). Com-
pared to the 0 vol%-0.25 wt% electrode, the 75 vol%-0.25 wt%
electrode delivered higher TCDs over the potential range from
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Figure 4. a—c) Potential-dependent performance of two electrodes prepared with 0.25 wt% Nafion and different water contents (0 and 75 vol%) in terms
of total current densities (a) and Faradaic efficiencies (FEs) of gas products (b, c). d,e) Evaluation of durability in 200 h chronopotentiometric CO,
electrolysis at -12.8 mA cm™2 on the electrode prepared from the ink containing 75 vol% H,O and 0.25 wt% Nafion. The dynamic change of cathodic
potential (d) and FEs of gas products measured every 20 min over 200 h (e). f) The average FEs of all products in each cycle of ~40 h.

-0.9 to -1.1 Vg, as well as higher C,H, FEs and much lower H,
FEs across the complete range of investigated potentials. These
findings are consistent with the conclusions discussed above that
high water content catalyst inks contribute to suppressed HER
and enhanced generation of C,, products.

Throughout the entire course of the 200 h long-term durability
test, the 75 vol% H,0-0.25 wt% Nafion electrode exhibited high
FEs for CO,R (Figure 4e,f). The corresponding operating poten-
tial was also stable, near -1.10 Vy,,;, decreasing slightly to approx.
-1.05 Vgyyp with time (Figure 4d). Surprisingly, the C,H, FE in-
creased from ~55% at the beginning of the chronopotentiometric
experiment to 2#60% after 40 h of operation, eventually reaching
a peak average FE of 65% during the last 30 h of testing. This
represents an overall relative increase of the C,H, FE of #19%
(=10% absolute increase) during 200 h of sustained operation.
The increased C,H, FE was accompanied by progressively de-
creased FEs for the production of both H, and ethanol, with the
averaged FEs of H, decreasing from 17% to 13% and of ethanol
decreasing from 20% to 17%.

Previous mechanistic studies have revealed that the selec-
tive production of C,H, and ethanol is determined by the C-
C coupling process and the subsequent hydrodeoxygenation of
C, intermediates, respectively.””l The C,H, selectivity can there-
fore be enhanced by engineering catalyst structures (facets, de-
fects, nanostructures) to promote C-C coupling, as well as by
modulating local reaction environments at the catalyst inter-
face (pH, CO,/H,O availability, CO coverage, and electrolyte
cation).[*131627-31] Tn contrast, achieving high ethanol selectivity
is difficult on pure Cu catalysts and typically requires bimetal-
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lic synergy or surface modification strategies to enhance the C-
O bond strength or the relative stability of intermediates on the
ethanol-forming pathway.[”32-35] Given the pure CuO-derived
catalysts used here, as well as the comparatively minor decrease
of ethanol FE with operational time, we infer that the constant
rise of C,H, selectivity during the 200 h chronopotentiometric
test is primarily driven by enhanced C-C coupling rather than
an increase of the hydrodeoxygenation efficiency. In addition, we
note that the production of all other minor products, including
CO, CH,, formate, acetate, and n-propanol, was maintained at
minimal levels, accounting for FEs in the range of just 0.5% to
3%. The FE of C,, products hence exhibited a steady increase
over the course of 200 h and reached a remarkable value of 86%
by the conclusion of the experiment. As summarized in Table 1,
this represents one of the highest C,, FEs and longest stabili-
ties for long-term liquid phase aqueous CO,R reported to date.
Importantly, the majority of studies report durability tests of Cu-
assisted CO, electrolysis for operational periods of less than 10 h
due to the inevitable degradation of catalytic activity. In contrast,
we find no evidence for degradation during 200 h of testing and,
on the contrary, observe an increase of selectivity and decrease of
operating potential during extended testing.

To better understand the remarkable combination of selectiv-
ity and stability achieved by these Nafion-coated Cu nanoparti-
cle catalyst layers, we compare the long-term performance char-
acteristics of the optimal 75 vo0l%-0.25 wt% electrode with that
of the 0 vol%-0.25 wt% electrode (Figure S11, Supporting Infor-
mation). While the cathode formed from the 0 vol%-0.25 wt%
ink composition also demonstrated reasonable stability, the FEs
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Table 1. Comparison of optimized production of C,, products on various Cu-based catalysts in neutral-pH aqueous electrolyte.
Catalyst Nafion wt%/Water Electrolyte Substrate Cathode FE % Current Density ~ Durability [h] Refs.
vol% Potential [Vgyye]  CoH4/Coy [mA cm™2]
Cu foil 0/N/A 0.1 M KHCO, Cu foil —0.98 30/42 -5 0.5 5]
0.1 m KCl -1.03 47.8/73.3 -5 0.5
Oxidized Cu foil 0/N/A 0.1 M KHCO, Cu foil -1.0 9.9/18.5 -5 12 36]
Plasma treated Cu foil 0/N/A 0.1 M KHCO;, Cu foil —-0.92 57/N/A -12 5 [37]
CuO NPs 0/N/A 0.5 M KHCO;, glassy carbon —-0.95 20/57 -30 5 [38]
Branched CuO NPs 5/0 0.1 M KHCO;, glassy carbon -1.05 65/65.5 —20to -30 12 [39]
Cu,O-derived Cu NPs, 0/N/A 0.1 M KHCO, Cu disc -1.03 43/NJA -312 12 40]
18 nm -1.03 10/N/A 312 12
41nm
Cu,O NPs, 2-4 nm 0.15/0 0.1 M KHCO;, glassy carbon -1.10 57/74 =17 10 [47]
Cu NPs, 10-40 nm 0/0 0.1 m CsHCO, carbon paper -0.75 30/50 -20 10 [42]
Plasma treated Cu 0/N/A 0.1 M KHCO; Cu foil -1.0 44/64 —-34 1 [43]
nanocubes
Cu,,CeO, 0.12/50 0.1 M KHCO;, glassy carbon -1.10 >40/N/A -3.2 6 [44]
Boron-doped Cu 0.10/0 0.1m KHCO;3, glassy carbon -1.10 52/79 —60 to 40 [45]
0.1 m KCl —-100
Cu nanowires 0.05/0 0.1 M KHCO;4 glassy carbon -1.01 61-72/N/A —22.4 205 [46]
Defective Cu nanosheets 0.24/0 0.1 M K,SO, glassy carbon -1.18 80/N/A —60 14 [47]
CuO NPs, 50 nm 0.25/75 0.1 M KHCO; glassy carbon -1.05 60-65/86 -12.8 200 This work

of both C,H, and ethanol were significantly lower than those
measured on the 75 vol%-0.25 wt% cathode, exhibiting stabi-
lized values over the 200 h test of ~#50% and 12%, respectively
(Figure S11b,c, Supporting Information). Furthermore, this elec-
trode was characterized by a nearly 2x larger H, FE, which grad-
ually increased from 28% to 31% during the long-term stability
test (Figure S11b, Supporting Information). The FE of C,, prod-
ucts was ~65%, which is more than 20% lower than that found
for the 75 vol%-0.25 wt% electrode as described above (Figure 4f;
Figure S11c, Supporting Information). Importantly, the sole dif-
ference between these two electrodes is the water content of the
solvent used in the catalyst ink, which is known to have a pro-
found impact on the internal structure and thickness of the re-
sulting Nafion coating. In particular, electrodes prepared from
high water content solvents possess thinner Nafion coatings with
improved inner network connectivity, resulting in significantly
enhanced CO,/H,0 local concentration ratios and greater OH~
accumulation that favors CO,R over HER and promotes C-C cou-
pling, respectively. In contrast, those prepared without water in
the solvent tend to be thicker and are characterized by greater
water uptake, resulting in lower CO,/H,O concentration ratios
and increased HER. While detection of Nafion by transmission
electron microscopy (TEM) after stability testing was challeng-
ing (Figure 5a,b) due to the ultrathin and amorphous nature of
the coatings, complementary detection of fluorine by energy dis-
persive X-ray (EDX) spectroscopy verifies that Nafion is retained
on both electrodes following sustained CO, electrolysis for 200 h
(Figure S12, Supporting Information).

Although the favorable reaction microenvironment accounts
for higher C,, selectivity on the electrode prepared with 75 vol%
water compared to that prepared with 0 vol% water, the reason
for the progressive enhancement of the FE of C,, products, es-
pecially C,H,, during the course of 200 h chronopotentiometric

Adv. Energy Mater. 2024, 14, 2303936 2303936 (8 of 13)

testing is not obvious. Here, we note that most previous studies
on the stability of Cu-based catalysts report increasing HER and
decreasing CO,RR selectivity during sustained operation, typi-
cally on the order of 10 h (Table 1). A notable exception to this
can be found in the work of Jung et al., who reported the in situ
electrochemical fragmentation of Cu,O NPs, with decreased par-
ticle size leading to a doubling of the FE of C,H,, from 27% to
57%.41 Importantly, TEM analysis of catalysts from the two dif-
ferent electrodes indicates the presence of small particles (< 20
nm) in both cases (Figure 5a,b), suggesting that electrochemical
fragmentation may proceed to some extent on both electrodes.
To determine whether such a mechanism could be responsible
for the increase of C,, FE with time for our Nafion-coated CuO
nanoparticles, we collected SEM images of the 75 vol%-0.25 wt%
and the 0 vol%-0.25 wt% electrodes before and after 200 h of op-
eration (Figure 5c,d). In both cases, the starting CuO NPs are
well dispersed and are characterized by an average diameter of
~50 nm (Figure S13, Supporting Information). While SEM indi-
cates that this morphology and average size is largely preserved
for the case of the 0 vol%-0.25 wt% electrode (Figure 5c), which
exhibited increasing HER activity during sustained operation, a
notable decrease of the average particle diameter is observed for
the 75 vol%-0.25 wt% cathode (Figure 5d), with a large fraction
of particles possessing diameters below 20 nm. This finding sug-
gests that a similar electrochemical fragmentation process may
Dbe responsible for the improved performance of the 75 vo0l%-0.25
wt% electrode during 200 h of electrolysis. Furthermore, the com-
paratively low degree of electrochemical fragmentation for the 0
v01%-0.25 wt% electrode is consistent with its more common be-
havior, with increasing H, FE over a similar operational time.
Here, it is important to note that electrochemical fragmenta-
tion comprises two distinct processes: the breaking of Cu NPs
into smaller particles and the growth of small Cu NPs through the
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Figure 5. Characterization of catalyst layers and electrolytes after 200 h of CO, electrolysis. TEM a,b) and SEM c,d) images of catalyst layers prepared
from inks with 0 vol% H,0-0.25 wt% Nafion (a, c) and 75 vol% H,0-0.25 wt% Nafion (b, d). e) Concentrations of dissolved Cu ions in electrolytes
collected before electrolysis and after each cycle of CO, electrolysis measured by ICP-MS.

re-deposition of dissolved Cu species. These processes can collec-
tively contribute to the overall fragmentation behavior. To better
understand these phenomena, we analyzed the dissolved Cu?*
content in electrolytes as a function of electrolysis time using in-
ductively coupled plasma mass spectrometry (ICP-MS). After the
first cycle of ~40 h, we detected a high Cu content for the best-
performing electrode (75 vol%-0.25 wt%), with a Cu’** concen-
tration of 19.1 ug L~! (Figure 5e). This concentration was nearly
twice as large as the value of 9.8 ug L' obtained for the elec-
trode prepared with the water-free formulation. Nevertheless, fol-
lowing continued operation, the dissolved Cu ion concentration
dropped to lower levels of &5 pug L=! Cu?* for both electrodes,
indicating redeposition on the cathode surfaces. These results
indicate that catalyst particles with Nafion coatings fabricated
from high water content ink formulations undergo a greater de-
gree of dissolution and redeposition at the beginning of electrol-
ysis, resulting in the generation of smaller nanoparticles. It has
been demonstrated that such fragmentation or reconstruction of
Cu catalysts can produce abundant undercoordinated sites near
the surface, functioning as active sites to promote C-C coupling
and, thus, enhancing the selectivity C,, products, particularly
C,H, [67:284146] Tp the present case, such a mechanism can also
explain the observed increase of CO,R performance during long-
term operation for at least 200 h. It has been previously reported
that such electrochemical fragmentation of Cu NPs typically oc-
curs in the initial 5-6 h of operation and is closely related to three
main factors, including the negative applied potential, the inter-
action between surface Cu atoms and intermediates in CO,RR,
and the local reaction environment (e.g., electrolyte).*!] Although

Adv. Energy Mater. 2024, 14, 2303936 2303936 (9 of 13)

the specific mechanism by which the catalyst ink composition
and associated Nafion properties impact the electrochemical frag-
mentation process is not yet known, it is possible that the thicker
Nafion films with poor inner network connectivity generated
from water-free inks inhibit fragmentation by reducing the inter-
action between surface Cu atoms and CO, R intermediates. While
this hypothesis is consistent with the decreased electrochemi-
cally active surface area with reduced water content, additional in
situ studies will be required to further clarify the complex inter-
actions that govern fragmentation of hybrid Nafion/Cu catalyst
layers.

2.4. Translation to Gas Diffusion Electrodes for Scalable CO,
Electrolysis

Due to the low solubility of CO, in aqueous environments, CO,
electrolysis is increasingly performed in flow cells or gas-fed
MEAs incorporating GDEs, which enable significantly larger op-
erational currents in scaled devices that are relevant for indus-
trial applications. With this in mind, we next examined the gen-
eral applicability of using optimized Nafion/solvent formulations
to spray-coat Nafion/Cu nanoparticle catalyst layers onto GDEs
and assessed their performance for CO, electrolysis in gas-fed
MEAs. Based on the findings reported above, we chose to com-
paratively assess the performance characteristics of two such
MEAs, derived from catalyst inks containing 75 vol% H,0-0.25
wt% Nafion and containing 0 vol% H,0-0.25 wt% Nafion. As
shown in Figure 6a, the full cell voltages at the specified current
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Figure 6. Current-dependent performance characteristics of gas-fed MEAs (active area 5 cm?) using 0.1 M KHCOj aqueous solution as the anolyte. The
cathodes were prepared with inks of 0.25 wt% Nafion and different water contents (0 and 75 vol%). The resulting cells were evaluated in terms of full cell
voltages a), the partial current density of C,H, b), and FEs of gas products c,d) examined in the galvanostatic mode at five different current densities,

of 100, 150, 200, 300, and 400 mA cm~2.

densities (100, 150, 200, 300, and 400 mA cm~2) were similar
in both cases, to within the experimental uncertainty. However,
the high water content formulation yielded significantly higher
partial current densities for C,H, (Figure 6b), which were asso-
ciated with dramatically suppressed FEs for H,, CO, and CH,
compared to the water-free ink formulation (Figure 6¢,d). Quan-
titatively, the MEA produced with the optimal ink formulation
reached a maximum C,H, FE of 57.5% at a total current of 1
A (200 mA cm™?), while the corresponding partial current den-
sity peaked at 136 mA cm™2, measured at a total current of 1.5
A (300 mA cm™?). This represents a 1.8-fold enhancement in
the C,H, yield rate compared to the maximum value (74 mA
cm™~2) obtained on the electrode produced from the water-free sol-
vent formulation (Figure 6b—d). Thus, we conclude that Nafion
in high water content catalyst inks can positively influence C,,
selectivity, particularly C,H,, at industry-relevant current den-
sities. As indicated by Table S2 (Supporting Information), the
measured CO,R to C,H, performance characteristics reported
here represent notable progress in scaling-up CO, electrolysis
from proof-of-concept level (1 cm™?) to larger area MEA CO,
electrolyzers (5 cm~2). While full optimization of such MEAs is
outside the scope of the present work and is likely to also de-
pend on a complex set of cell parameters within the complete
cell, these results suggest that solvent-engineered Nafion/Cu
nanoparticle catalyst layers can be applied to scalable CO, elec-
trolysis systems operating at high current densities, including
gas-fed MEAs.
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3. Conclusion

In conclusion, we find that the exceptional CO,R performance of
Nafion-coated Cu-based catalysts arises from a complex interplay
of several beneficial and synergistic factors that can be tuned via
the catalyst ink composition. In particular, appropriately formed
Nafion coatings can strike a careful balance between providing
enhanced particle adhesion and reduced agglomeration to stabi-
lize long-term performance, while also enabling in situ morpho-
logical reconstructions to achieve more active fragmented parti-
cle nanostructures. At the same time, the Nafion coatings provide
favorable reaction microenvironments for suppressing HER and
promoting C-C coupling. Here, the combination of high Nafion
content and high water fraction in the solvent of the catalyst ink
yields Nafion coatings possessing high inner network connectiv-
ity without significant blocking of surface sites, which is known
to enable enhanced CO, /H, O concentration ratios and pH values
in the local reaction microenvironment. Compared to our previ-
ously reported carbon paper supports, planar glassy carbon sup-
ports yield significantly higher FEs for C,, products, which may
be a consequence of the more homogeneous nanoscale structure.
Overall, optimization of the Nafion content and the solvent com-
position of the catalyst ink yielded glassy carbon-supported CuO
NP catalysts with Nafion coatings exhibiting remarkable FEs of
65% for C,H, and 84% for C,, products, along with excellent
durability during 200 h of operation. Notably, the CO,R perfor-
mance, especially for the production of C,, products, showed
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continuous improvement over the 200 h testing period, reaching
a total C,, FE of 86% with no indications of performance degra-
dation. This combination of high selectivity and durability is at-
tributed to an increased loading of active sites for C-C coupling
resulting from the electrochemical fragmentation of catalyst par-
ticles.

Despite the remarkable combination of selectivity and stabil-
ity enabled by tailored Nafion coatings, we note that use of pla-
nar glassy carbon electrodes in an H-cell configuration intro-
duces fundamental limitations to the maximum achievable cur-
rent densities during CO, electrolysis. To overcome these restric-
tions, we extended this approach to MEA-based CO, electroly-
sis at industry-relevant current densities. In particular, we show
that optimized catalyst ink formulations can be used to spray coat
MEAs, resulting in scalable electrochemical CO, reduction sys-
tems featuring significantly enhanced C,H, selectivity and ac-
tivity. Thus, our findings present a straightforward and effective
approach to engineer catalyst layers for highly selective and sta-
ble CO, electrolysis, including in gas diffusion electrode-based
reactors.

4. Experimental Section

Preparation of Nafion Coatings and Working Electrodes: ~Catalyst inks
were prepared using commercial Nafion ionomer dispersions (5 wt%
in alcohol-water mixture containing 45% water + 55% propanol and
methanol, Sigma-Aldrich), which were first diluted into 100% isopropanol
or isopropanol-water solutions to achieve Nafion dispersions with differ-
ent defined Nafion weight ratios. For example, 2 uL of the commercial
Nafion dispersion was added to a solvent comprising 999 uL deionized
water and 999 pL isopropanol, followed by 30 min of ultrasonic treatment,
to make a specific Nafion dispersion with 50 vol% H,0 and 0.005 wt%
Nafion. To complete the catalyst ink preparation, 10 mg of CuO powder
(50 nm average diameter, Sigma-Aldrich) was added to each 2 mL Nafion
dispersion.

To prepare cathodes, catalyst inks were deposited onto glassy carbon
substrates (diameter of 5 mm, Gauss Union) with a working area of 0.196
cm?. The mass loading of CuO catalyst was fixed at 0.255 mg cm™2, which
was obtained by drop-casting a total of 10 uL (2 uL, 5 times) of the catalyst
ink onto the substrate. After drop casting, the electrodes were baked at
80 °C in air for 10 min on a hot plate. The Nafion weight ratios studied
in this work were 0 wt%, 0.005 wt%, 0.025 wt%, 0.05 wt%, 0.125 wt%,
0.25 wt% and 0.5 wt%, and the investigated water contents in the solvent
were 0 vol%, 25 vol%, 50 vol%, and 75 vol% (with the remaining fraction
being isopropanol). Throughout this work, the prepared Nafion coatings
and catalyst layers are denoted by their volumetric water content-Nafion
weight ratio in the form of, for example, 75 vol%-0.25 wt%.

Physical and Chemical Characterization: ~ Scanning electron microscopy
(SEM, Zeiss NVision40 FIB-SEM) and transmission electron microscopy
(TEM, FEI Titan ThemisG2 60-300, 300 kV) were used to analyze the mor-
phologies of Nafion coatings and catalyst layers. For TEM analysis, the
catalyst layers on the glassy carbon support were gently scratched away
after 200 h of CO, electrolysis and transferred to a TEM grid (Cu grids
from Plano, mesh 400 um, 3 nm carbon film on lacey carbon). In a typi-
cal process, the catalyst coating was suspended in 10 L ethanol, and 1
uL of the dispersed solution was dropped on the grid, followed by drying
under an infrared lamp for ~1 min. The collected grids were stored in a vac-
uum desiccator until TEM characterization. In addition, energy-dispersive
X-ray (EDX) spectra were recorded using a four-quadrant Bruker SuperX
chemiSTEM system to assess the presence of Nafion.

A Cu anode-equipped X-ray diffractometer (SmartLab, Rigaku) was uti-
lized for crystallographic characterization in grazing incidence. The Cu
content in electrolytes after long term CO, electrolysis was measured by
inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900 ICP-
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MS) in the He-collision mode. The ICP-MS samples were prepared by di-
luting the electrolyte 5 times with a solution mixture of 2% HNO; and
0.5% HCl prepared from 70% HNO; and 35% HCl stock solutions (both
CarlRoth, ROTIPURAN Supra, < 1ppb trace metals) and 18.2 MQcm DI-
water. The Cu calibration series was prepared from a certified multielement
standard (TraceCERT, Transition Metal Mix 1) and the same mixture of 2%
HNOj; and 0.5% HCI.

Electrochemical Characterization: For CO, electrolysis in an H-type
cell, an air-tight two-compartment H-type cell (C023-2, Gauss Union) with
a Nafion 115 membrane separating the catholyte (45 mL) and anolyte
(35 mL) was employed. All electrochemical measurements were per-
formed using a potentiostat (Biologic VSP-300) connected in a three-
electrode configuration, with a Ag/AgCl (filled with 3 m KCI) electrode
(Gauss Union) and a Pt foil (99.99%, Gauss Union) electrode as the refer-
ence electrode and counter electrode, respectively. The working electrode
and the reference electrode were placed at a defined constant distance
from one another for all measurements.

The series resistance (R), measured by electrochemical impedance
spectroscopy and the current interrupt method, was compensated by 85%.
All potentials were converted to the RHE scale using the equation below,
in which i was the current recorded during CO, electrolysis:

Erie = Engjagc + 085 Ri + 0207V + 0.059 pH )

Prior to CO, electrolysis measurements, the 0.1 m KHCO; (99.95%,
Sigma-Aldrich) aqueous electrolyte was continuously purged with CO, gas
(99.999%, Linde) for 1 h, ensuring CO, saturation. Continuous CO, bub-
bling was maintained during all CO, electrolysis experiments at a constant
flow rate of 40 sccm, controlled by a mass flow controller (MKS). The elec-
trochemical activation of working electrodes was carried out by 20 cycles of
cyclic voltammetry (CV) scans between -1.0 and -1.8 V versus the Ag/AgCl
reference electrode. Chronopotentiometry tests were conducted for 5 h or
200 h, as indicated in the text, at a constant current density (-12.8 mA
cm™2) and chronoamperometry tests were conducted for 1 h at each of
the fixed potentials. For long-term chronopotentiometric CO, electrolysis
over a period of 200 h, the electrolytes in both the cathodic and anodic
compartments were refreshed after each cycle of ~40 hours. Notably, to
minimize the influence of oxygen in air on the catalyst layers, the working
electrode was quickly transferred into degassed electrolytes when refresh-
ing electrolytes. Afterwards, both compartments were purged with CO,
gas for 1 h before starting the next cycle of durability testing.

For GDE-based CO, electrolysis, the MEA reactor (Sci-Materials Hub)
consists of a titanium anode plate and a cathode plate with flow fields,
along with insulating gaskets, integrated into a compression cell. The ge-
ometric area of each flow field is 5 cm?. An anion exchange membrane
(PiperlON, A40-HCO3, Versogen) was used to separate the anode and the
cathode. The anode was made of iridium oxide coated on titanium mesh
(IrO,/Ti mesh, Suzhou Borui Anodes Industry Inc.). The cathode was pre-
pared by spray-coating of CuO-based catalyst inks (prepared with two dif-
ferent formulations containing 5 mg mL~" CuO powder: 0 vol% H,0-0.25
wt% Nafion and 75 vol% H,0-0.25 wt% Nafion) on gas diffusion layers
(2.3 cm X 2.3 cm carbon paper with micro-structures, JNT20A6L, NTG),
followed by baking at 80 °C for 15 min to achieve a constant loading of ~1
mg cm™2. The 0.1 M KHCO; aqueous anolyte was circulated at a flow rate
of 30mLmin~" using a peristaltic pump. Humidified CO, gas, realized
by flowing CO, gas through a homemade humidifier at room tempera-
ture, was fed into the cathode flow field at a rate of 40 mLmin~' using
a mass flow controller (MC-Series, Alicat Scientific). A potentiostat (PTC-
05100EW, 5 V-100 A, IPS China Ltd.) was used to apply constant currents
to the MEA and record the cell voltages accordingly. No iR compensation
was performed for the electrochemical measurements in of the MEAs. Gas
products were analyzed by online gas chromatography (GC2060, Shen-
zhen Zhentai Tech Ltd.) during CO, electrolysis at each current setpoint
(0.5, 0.75, 1, 1.5, 2 A) for 1 h. The gas flow rate at the outlet of the gas
chromatographer was measured for calculation of Faradaic efficiencies of
gas products.

CO, Reduction Product Analysis:  Gaseous products (hydrogen, carbon
monoxide, methane, ethylene, and ethane) were quantified using an online
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gas chromatograph (GC, SRI 8610C) outfitted with both a thermal con-
ductivity detector and a flame ionization detector. Ar (99.9999%, Linde)
was used as the carrier gas. After CO, electrolysis, cathodic electrolytes
were analyzed using 'H nuclear magnetic resonance (NMR) spectroscopy
(Bruker AV 500 HD) to identify the yield of liquid products, including
methanol, formate, acetate, ethanol, and n-propanol. For this purpose, 400
uL of electrolyte and 100 uL of D, O with 200 ppm dimethyl sulfoxide as the
internal standard were mixed, after which the concentration of each liquid
product was measured and quantified using predefined calibration curves.
The corresponding Faradaic efficiency (FE) was determined according to:

Fe = M€ 2
0 (2)

where n is the number of electrons required to produce one molecule of
the specified product, F is the Faraday constant of 96,485 C mol~', C'is
the measured quantity of product molecules in mols, and Q is the total
number of electrons consumed by electrolysis.
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