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ABSTRACT: This work utilizes EIS to elucidate the impact of catalyst—ionomer interactions and cathode hydroxide ion transport
resistance (R¢p,on~) on cell voltage and product selectivity for the electrochemical conversion of CO to ethylene. When using the
same Cu catalyst and a Nafion ionomer, varying ink dispersion and electrode deposition methods results in a change of 2 orders of
magnitude for Rcp,on~ and ca. a 25% change in electrode porosity. Decreasing Rcyp,on results in improved ethylene Faradaic
efficiency (FE), up to ~57%, decrease in hydrogen FE, by ~36%, and reduction in cell voltage by up to 1 V at 700 mA/cm?.
Through the optimization of electrode fabrication conditions, we achieve a maximum of 48% ethylene with >90% FE for non-
hydrogen products in a 25 cm® membrane electrode assembly at 700 mA/cm? and <3 V. Additionally, the implications of optimizing
Repon is translated to other material requirements, such as anode porosity. We find that the best performing electrodes use ink
dispersion and deposition techniques that project well into roll-to-roll processes, demonstrating the scalability of the optimized
process.

KEYWORDS: electrode fabrication, CO reduction, ionomer coverage, hydroxide transport, membrane electrode assembly

H INTRODUCTION large-scale electrochemical devices approaching 1000 cm?,
significantly beyond what is often observed today in literature.”

As renewable electricity continues to become more cost- e / ‘
Historically, the most common electrochemical device for

effective, an abundance of intermittent, low-cost electricity
opens the opportunity for electrochemical reactions to provide
cost-effective alternatives to current chemical processes. For
example, the Fischer—Tropsch reaction, where CO and H, at
high temperatures and pressures produce liquid hydrocarbons,
could be replaced with electrochemical processes powered by
renewable energy." Electrochemical CO reduction (COR) and
CO, reduction (CO,R), occurring at lower temperatures (30—
80 °C) and pressures (1 atm), can produce C,, products such

CO reduction have been H-cells, where the electrode is
immersed in an electrolyte saturated in CO. However, these
systems achieve only modest current densities (~10—100 mA/
cm?) due to low CO solubility and corresponding high mass
transport of CO.® Such studies, while allowing relative catalyst
improvements, have achieved a maximum of 38 mA/cm?”
ethylene partial current density.” More recently, reactors
utilizing gas diffusion electrodes as catalyst supports and

as ethylene, acetate, ethanol, and n-propanol. While these flowing liquid electrolytes have shown increased partial current
products can be formed in CO,R or COR, COR can improve densities through the introduction of a triple-phase boundary
carbon utilization by avoiding carbonate formation and could

be incorporated in tandem reactors (where CO,R produces Received: August 8, 2023 E—
CO and COR produces C,, products).z_5 Among the various Revised: ~ December 26, 2023

products resulting from COR, ethylene is particularly of Accepted: December 28, 2023

interest with the largest market share of the candidate products Published: January 8, 2024

aside from n-propanol.’ Providing an alternative to industrial

reactions such as the Fischer—Tropsch reaction will require
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Figure 1. (A) Ethylene FE vs lothylene (mA/cm?*) from COR publications organized according to focus on process conditions,
and this work focused on electrode fabrication. The closed symbols indicate a flow cell
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configuration, and open symbols indicate an MEA configuration. The data from this work are at a current density of 700 mA/cm” and were
fabricated with different catalyst deposition methods. (B) Schematic demonstrating factors (interfaces, catalyst layer structure) that affect partial
current densities of electrochemical devices and their associated length scales.

where the gaseous CO and liquid electrolyte meet at the solid
interface of the catalyst on the electrode. These systems,
utilizing a liquid electrolyte, have shown increased partial
current densities to ethylene (iqpylene) currently as high as 808
mA/cm? (Figure 1A)."7 Although these systems have desirable
partial current densities, the high Ohmic drop across the
electrolyte layer drastically decreases the overall energy
efficiency of the cell In order to be cost competitive,
electrochemical systems need to operate at >200 mA/cm?
with cell voltages less than 4 V.'" To that end, membrane
electrode assemblies (MEAs), in which electrodes are pressed
directly against polymer electrolyte membranes (similar to fuel
cells), have been targeted by the research community. For
CO/CO, electrolyzers, anion exchange membranes (AEM),
such as Aemion+,"” are utilized instead to promote a more
alkaline environment at the cathode. However, many studies
are still being performed in electrochemical cells having an
active area of 5 cm? or less, where the focus has been on
screening different catalysts/conditions for CO,R/
COR_ 5101321

To increase the physical scale of CO electrolyzers, it will be
necessary to fabricate electrodes with high-throughput scalable
processing techniques, capable of producing electrodes at rates
approaching 50,000 m*/yr to reduce both stack and balance of
plant (BOP) costs.” To accelerate the technology readiness
level for electrochemical CO conversion, we have studied the
transition from lab level electrode production to scalable ink
processing and electrode coating methods and the impact on
the CO Faradaic efficiency (FE) toward ethylene and an
undesirable hydrogen byproduct. Furthermore, we aim to
examine this process translation impact in 25 cm? cells at high
current densities (700 mA/cm?), which are physical and
energetic scales closer to industrial applications. In this study,
we examine various ink preparation methods including ink
mixing (sonication and ball milling) and ionomer content (0—
10% Nafion) as well as catalyst deposition methods (hand
painting, ultrasonic spray coating, and Mayer rod coating) to
understand their impact on electrode level properties that
subsequently dictate device level selectivity. The use of
commercially available components (Cu nanoparticles and
Nafion) was used to ensure the availability of material
components in large quantities.
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Currently, lab-level, state-of-the-art electrodes for CO/
CO,R are made using electrodeposition, sputtering, hand
painting, or spray coating (aerosol or ultrasonic). While such
techniques are useful for tailoring electrode interfaces for
devices on the order of 10 s of cm?, they will not translate to
roll-to-roll (R2R) production rates on the order of 100 s of m”
per minute. Contrary to those methods, the Mayer rod coating
method utilized here is an intermediate step to the R2R
coating of electrode materials methods (such as slot-die,
gravure, and knife) as the ink formulation, viscosity, and drying
rates are similar to the R2R coating processes. It is relevant to
note that the effects of different electrode preparation
techniques on the electrode structure and performance have
previously been examined in fuel cell literature, with
parameters such as drying rate and ink solvent ratios affecting
ionomer distribution within the catalyst layer”> and electrode
mass transport, respectively.“’25

In an effort to visualize the progress of the field and
showcase the opportunity to improve key performance metrics
relevant to increasing the physical and energetic scale of CO
electrolysis toward industrial levels utilizing scalable processes,
Figure 1A plots the ethylene FE for COR versus ethylene
partial current density (imyene (MA/cm’)) obtained across
COR publications. The data are sorted according to the
methodology used to increase performance: catalyst develop-
ment (morphology, surface facets), ionomer/polymer over-
layers, process conditions, and electrode fabrication methods
(this work). While catalyst development primarily affects FE,
process conditions (CO flow rates, temperature, electrolyte
composition) and ionomer overlayers, in addition to reactor
architectures, have increased state-of-the-art iopyiene. Some
techniques may increase ethylene FE, but these effects may not
persist at high current densities, thus keeping the performance
at lower igyyieqe Values. As we will discuss in this article, the
electrode fabrication method has the ability to increase
ethylene FE and these effects continue to high current
densities, thus also increasing ipyiene- Correspondingly, Figure
1B shows the compounding factors that affect partial current
densities of electrochemical devices and their associated length
scales. On the pA scale, while the reaction is under kinetic
control, catalyst development, electrolyte and ionomer
interfaces dominate performance, as has been noted in recent
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studies and reviews.”*~>° However, to achieve higher current
densities on the micrometer scale where the reactions will be
diffusion-controlled, catalyst/ionomer interactions, catalyst
aggregation, and mass and ionic transport through the catalyst
layer need to be addressed, all while being achieved through
scalable electrode fabrication processes.

In a typical MEA system (without a flowing electrolyte), the
ionic conductivity is controlled by the ionomer network in the
electrode. In this reactor architecture, a continuous ionomer
network is necessary for complete catalyst utilization, along
with a high exchange current density and low gas transport
resistance, as was demonstrated for fuel cell electrodes
previously.”” In contrast, when the electrode is in contact
with an electrolyte, as in many COR and CO,R configurations,
ionic accessibility to catalyst sites can be dictated by the
electrolyte and the ionomer’s role is not as vital.”' While this is
true for the abundance of configurations that employ a flowing
catholyte, we recently demonstrated that even for pure gas
phase cathodes, anolyte crossover dictates ionic accessibility of
the cathode catalyst.”> Here, we extend that prior diagnostic
development effort and understanding to examine the impact
of catalyst ink dispersion and deposition techniques on
electrode level OH™ conduction and catalyst/ionomer
interactions in pressed MEA systems. Using a combination
of techniques, we describe fundamental characteristics that
COR electrodes should possess to promote catalyst utilization
and increase product selectivity for MEA style COR devices.
The focus of this work is to augment the breakthroughs in
catalyst and ionomer development and provide a more direct
pathway for scalable component integration.

B RESULTS AND DISCUSSION

Catalyst Ink Processing and Deposition Conditions.
In order to test the effects of various electrode and ink

m<—CO

Gas products
— 274 "2
Liquid products
ethanol, n-propanol,
acetate

Figure 2. Schematic of the 25 cm® COR cell used in this work,
cathode PTL on the right (black) with the Cu catalyst layer atop
(brown) separated by the AEM in green from the anode PTL (gray)
with an IrO, catalyst layer (black). The anode has a flowing 1 M
KOH electrolyte and performs the oxygen evolution reaction (OER).
The cathode inlet is humified CO gas, and the COR forms gas
(ethylene) and liquid (ethanol, n-propanol, and acetate) products, in
addition to a hydrogen byproduct.

preparations, we first compared the performance of electrodes
made with different ink mixing processes. Two ink mixing
techniques, sonication and ball milling (see the Supporting
Information for details), were selected due to their ubiquitous
appearance in lab-scale and mass production processes.” Ink
mixing techniques can impact the desired ink particle size and
viscosity, which can then influence the resulting electrode
morphology and properties, such as electrochemical surface
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area, ionic conductivity within the catalyst layer, and electrode
mass transport.”>**"*° While investigations into ink mixing
effects and the resulting electrode performance have been
common in the fuel cell literature using carbon-supported Pt
particles, this has not been investigated on unsupported (or
carbon-free) catalyst materials. For these studies, a common
loading (2.7—3.0 mg/cm?) of copper catalyst with an oxide
content of <32% CuO (Figures S2 and S3) was used along
with a constant ionomer content of 0.06 (ionomer/catalyst by
mass) and solvent system [1:1 isopropyl alcohol (IPA) and
water]. To isolate the impact of ink mixing, ultrasonic spraying
(at a flow rate of 0.5 mL/min, denoted as slow spray or SS)
was used to fabricate all electrodes. Electrodes were placed in
an MEA configuration (see Figure 2) performing COR, where
gaseous products were measured by GC and liquid products
were measured by HPLC. The full range of FEs can be seen in
Figure S5; however, due to product crossover and subsequent
oxidation at the anode, it proved difficult to account for all
nongaseous products as discussed in prior publications.'**” As
an aside to the main focus of this work and to demonstrate the
full product distribution, the FE results from an electrode [ball
milled ink, rod coated (BM-RC)] run in the H-cell with 1 M
KOH are shown in Figure S6. It is relevant to note that recent
literature has shown that the product distributions for ethylene
and hydrogen do not change significantly from MEA to H-cell
testing, though this is likely to depend more on how specific
electrochemical properties (e.g,, ionic conductivity, gas trans-
port, etc.) vary across testing platforms.”’

Nevertheless, the FE of ethylene and hydrogen from COR in
an MEA with sonicated ink, slow flow rate ultrasonic spray
(Son-SS) and ball-milled ink, and slow flow rate ultrasonic
spray (BM-SS) electrodes are shown in Figure 3A. The
ethylene FE of both ink processing techniques is consistently
around 30—35%, even at high current densities (700 mA/cm?).
However, the hydrogen FE is on average 15—20% higher for
the Son-SS sample across the entire current density range (the
details of which will be discussed in subsequent sections). Due
to the lower hydrogen FE, ball milling was used as the ink
dispersing technique to examine the impact of various
deposition techniques on COR selectivity.

To bridge the gap between more common lab-scale
electrode deposition techniques and scalable processes, hand-
painting, ultrasonic spray coating (at two different flow rates),
and Mayer rod coating were all used to fabricate electrodes,
and their performances were compared. It is noteworthy that
Mayer rod coating is a commonly used technique for electrode
coatings in fuel cell electrode fabrication (decal and direct
catalyst coatings); however, it is not common in the COR and
CO,R literature (see Supporting Information Figure S7 for
more details).”?

Figure 3B shows the FEs for ethylene and hydrogen
resulting from hand-painted (BM-HP) and fast flow rate (1.0
mL/min) ultrasonically sprayed (BM-FS) electrodes. Figure
3C displays the same information for rod coated (BM-RC) and
slow flow rate (0.5 mL/min) ultrasonic sprayed (BM-SS)
electrodes. These techniques were overlaid to show similarities
in FE relative to electrode drying behavior. Both the BM-RC
and BM-SS create conditions where the IPA and water inks dry
more rapidly after deposition on the gas diffusion electrode.
The BM-HP and BM-FS electrodes, however, were deposited
under conditions where the catalyst ink remains wet after
initial deposition, affording opportunities for the ionomer—
electrocatalyst interactions and aggregation to change from
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Figure 3. (A—C) FE vs current density (mA/cm?) of (A) ball milled (BM) and sonicated (Son) inks deposited by slow spray (0.5 mL/min)
ultrasonic spray (SS) (denoted as BM-SS and Son-SS, respectively). (B) BM inks coated by hand painting (HP) and fast spray ultrasonic spray
coated at 1.0 mL/min (FS) (denoted as BM-HP and BM-FS, respectively). (C) Mayer rod coated electrodes (RC) and slow flow rate ultrasonic
spray-coated inks at 0.5 mL/min (denoted as BM-RC and BM-SS, respectively). (D—F) Cell voltage as a function of current density (mA/cm?) for
the data in (A—C), respectively. Error bars are the standard deviation from 3 different electrode samples.
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Figure 4. (A) Ethylene and hydrogen FE in BM-RC electrodes as a function of Nafion ionomer loading (0—10% by mass) at 100—700 mA/cm’.

(B) Cell voltages from data in (A).

their ink level behavior. These can be categorized as fast (BM-
SS, BM-RC) and slow catalyst drying deposition (BM-HP,
BM-FS) techniques, relatively speaking. It is interesting to
observe that regardless of the drying time, FE trends across the
four techniques remain similar at a 300 mA/cm? total current
density with an ~30—35% ethylene FE and an ~20—-30%
hydrogen FE. However, at higher current densities (500—700
mA/cm?), the fast-drying techniques (Figure 3C) further
increase in ethylene FE, with corresponding decreases in
hydrogen FE. In contrast, electrodes made with slow drying
techniques show a decrease in ethylene and increase in
hydrogen (Figure 2B). Commensurate with the discrepancy in
ethylene and hydrogen FE is a disparity in operating voltage,
with electrodes made with slow drying techniques yielding
significantly higher voltages at 700 mA/cm? (3.5 and 4.5 V for
BM-ES and BM-HP, respectively, compared to 3.0 V for BM-
RC and BM-SS). Since all MEAs examined above utilize the
same anolyte KOH concentration, membrane, and porous
transport layer (PTL) set, the added overpotential would
indicate that the resulting variations in electrode morphology
impact electrochemical properties, namely, OH™ conductivity
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within the cathode as well as the extent of ionomer/
electrocatalyst interfacial contact and distribution.

Recent literature has described a correlation between
electrode cracking and diminished electrode flooding, and
therefore, we have employed both micro-CT (Figure S8) and
SEM to characterize such behavior. However, no apparent
connection between crack filling or inclusion of the catalyst
within the gas diffusion electrode and the ethylene and
hydrogen FE is observed in this study.’® Figures S8—S13
contains cross-sectional and top-down SEM images from the
electrodes in Figure 3. Figure S14 shows energy-dispersive X-
ray spectroscopy (EDS) mapping of the F content, i.., the
Nafion ionomer. It was observed that the F concentration is
higher along the surface cracks in the BM-HP sample, a stark
contrast to the other electrodes that had a more uniform
distribution. Here, it is worth noting that such cracking
features apparent in the deposited electrodes stem from the
propagation of features on which they were deposited. The
diffusion media material utilized here has cracks in the
microporous layer of the same sizes as those observed for the
electrodes (Figure S15). Nevertheless, while there is some
ionomer aggregation near the cracks for the BM-RC sample,
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Figure 6. Ethylene and hydrogen FE over time at 500 mA/cm” with
BM-RC of 6% using either a higher porosity Ti PTL (70—73%) or a
lower porosity Ti PTL (53—56%).

the rest of the ionomer distribution appears on par with the
BM-SS sample. While the Son-SS electrode has a more even
Nafion distribution, there is more surface ionomer content
than the BM-SS. Figure S16 shows the normalized intensities

3247

(to Cu) of F from the EDS spectra. The relative Nafion
content is as follows—Son-SS > BM-HP > BM-ES > BM-SS ~
BM-RC where the Son-SS electrode has the most surface
ionomer content, and the lowest ionomer content is from fast-
drying deposition techniques, BM-RC and BM-SS.

There are several reports where increased mixing time for
inks (for our study, sonicated inks are mixed for 30 min and
ball milled inks are mixed for 20—24 h) and alternative
deposition methods, other than hand painting, show an
increased electrode performance. For example, previous work
on fuel cell electrodes reported increased mass activity with
increased ink mixing, both energetic and temporal.’* In
addition, ionomer distribution in decal transferred fuel cell
electrodes was found to be influenced by the particular
manufacturing method, where multiple layer deposition
techniques like hand painting creates an ionomer film, whereas
single layer deposition blade coating did not.”” Jhong et al. has
compared the performance of aerosol spray coating and hand
painting and found an increase in CO selectivity and CO
partial current density from CO,R on Ag with the spray
coating method.** This increase in performance was attributed
to an increase in the coverage of the gas diffusion electrode by
the Ag catalyst and a decrease in exposed carbon, but no
investigation of the resulting electrodes’ electrochemical
properties was performed. For the work presented in this
article, the decrease in hydrogen FE between the electrodes
with sonicated and ball-milled inks could be related to the
resulting ionomer dispersion due to mixing as seen by F-EDS
mapping. Although microscopy is a valuable tool, it does not
explicitly correlate with the electrochemical properties of the
electrodes. For example, although the BM-HP and BM-FS
samples appear to have denser electrodes from the SEM top-
down images, only electrochemical investigations of ionic
conductivity within the electrode can correlate electrode
morphology to device level operation, which we discuss in a
later section.

Nevertheless, from the data above, the best performing
electrodes with the highest ethylene FE at current densities
above 300 mA/cm? are from ball-milled inks that are deposited
by the Mayer rod or ultrasonic spray at 0.5 mL/min (BM-RC
or BM-SS). Despite having similar performances, the rod
coating method is preferable, as this method is ~100x faster
with higher throughput than using an ultrasonic spray
deposition system.

Impact of lonomer Loading on FEs for Ball-Milled,
Mayer Rod-Coated Electrodes. The ability of Nafion to
promote the formation of C,, products from CO/CO,R
reactions has been previously reported and attributed to
trapping of electrochemically generated OH”, thereby
increasing the local concentration of OH™, which promotes
CO dimerization.”””*" This increase in the concentration of
OH™ has been shown, in a binary sense, to increase C,,
products in CO, reduction.”'”*”**** However, the precise
trade-off between Nafion content and selectivity for the MEA
style CO reduction system has yet to be investigated. As such,
we utilized the down selected BM-RC electrodes to examine
the impact of ionomer content on COR selectivity and
performance.

Figure 4A shows the ethylene and hydrogen FEs for
electrodes fabricated with a range of Nafion weight percentages
(0—10%) assessed across a range of applied current densities
from 100 to 700 mA/cm® The ethylene FEs are comparable at
all Nafion percentages (0—10%) studied here in the range of
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35—40%. This outcome is similar to CO,R studies performed
by Kim et al,, where they observed no net chan§e in ethylene
production for bare and Nafion1100-coated Cu.”” Conversely,
hydrogen FEs are significantly impacted by the change in the
Nafion content. For electrodes with 1% Nafion and below,
hydrogen FE increases to >25% due to the reduced ionomer
surface coverage on the Cu electrocatalyst. However, as the
Nafion content is increased, there is a significant reduction in
the hydrogen FE. For electrodes with >3% Nafion, hydrogen
production is suppressed below 15% FE. Due to the promising
results of Nafion content >3% and to test our electrodes’
ability to maintain high selectivity at 1 A/cm? we tested the
BM-RC 6% electrodes at this current density and obtained
42% ethylene and 14% hydrogen FEs. Again, while the reactant
molecule differs from the CO, utilized in the study by Kim et
al,, the observed impact of Nafion was the same; hydrogen FE
was suppressed from ~20% to 9%, with C,, products
increasing from 60 to 70%.’

Due to the negative charge on the Nafion side chains, the
addition of this polymer to the catalyst layer may enable a
more alkaline pH environment due to the Donnan exclusion of
OH", effectively trapping the OH™ locally produced by
COR.”” From this study, the extent of this effect appears to
be limited to ~3% Nafion, though variations in ink formulation
and ionomer chemistry may change the optimum content. The
trends observed with respect to Nafion content utilize one ink
mixing and deposition method, but they also shed light on the
FE trends from Figure 3A, where the Son-SS electrode had a
higher hydrogen FE than the BM-SS electrode. The observed
disparity could be due to ineffective mixing of the inks, leading
to a relatively higher Nafion content on the surface of the Son-
SS electrode (Figure S14), resulting in less Nafion associated
with the Cu catalyst throughout the electrode, yielding a
fundamental change in both the electrocatalyst microenviron-
ment and the electrochemical properties of the electrode.

Electrochemical Diagnostics to Elucidate Fundamen-
tal Limitations. As mentioned above, differences in electrode
performance, and ethylene FE in particular, at higher current
densities for the various catalyst ink dispersion and deposition
methods cannot be explained by microscopy alone. This is
exemplified by the fact that the 0% Nafion electrodes maintain
high ethylene FE at high current densities (Figure 3). We have
previously published a method to measure electrode-scale
properties of a Cu cathode that utilizes EIS.>* These properties
include, but are not limited to, capacitance (a qualitative
measure of catalyst utilization), ionic conductivity (Repyom),
and catalyst—ionomer interactions (gleaned from the ratio of
capacitance at low and high RH). Here, we extend the original
technique development to elucidate the impact of ink mixing
and deposition on these properties. In an effort to keep the
discussion concise, more specific details of the analysis are
provided in Supporting Information Figure S17.

When a porous electrode is in contact with an ion-
conducting membrane (or liquid electrolyte), ion flux to or
from the electrode is maximized at the electrode—membrane
interface.*”** Moving away from this interface and toward the
diffusion media, the ion flux (OH™ flux in this case) decreases,
which increases IR drop and thus cell voltage and lowers the
reaction rate. Consequently, the rate of electrochemical
reactions is also maximized at the electrode—membrane
interface and decreases toward the gas side of the diffusion
media. When an electrode has very low ionic conductivity, ion
flux inside the electrode drops faster and most of the electrode
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remains unutilized.”® Alteration of electrode fabrication
conditions (e.g., deposition rate and type, drying rate) leads
to a change in the electrode 3D structure (e.g, different
particle and agglomerate sizes, different ionomer distributions)
that inevitably impacts fundamental properties such as ionic
conductivity. Increasing the catalyst utilization will increase the
exchange current density” for both COR and HER on Cu. If
the electrode has low ionic conductivity, then the COR is
confined to the membrane electrode interface, increasing the
kinetic overpotential. The competing reaction, HER, only
requires water, which should be in abundance and its rate will
increase at higher current densities, especially since the
reaction can be facilitated on bare carbon,*® even in the
form of a microporous layer or diffusion media. Thus,
electrodes with low ion conductivity (or a high resistance to
ion conduction (Rcy,on~)) will have lower catalyst utilization
and will yield less ethylene.

Figure SA—C shows R¢y oy~ (determined from EIS in the
presence of 1 M KOH, configuration shown in Figure S17B)
plotted vs average FE for ethylene, hydrogen, and C,, products
at 700 mA/cm?. Repon varies widely (nearly 40X) based on
the deposition technique. From Figure S, the samples BM-HP
6% and BM-FS 6% have ionic conductivities (higher Reyp o)
an order of magnitude lower than those of the electrodes Son-
SS, BM-RC 0%, BM-RC 6%, and BM-SS 6%. The result is a
much lower catalyst utilization for BM-HP 6% and BM-FS 6%,
netting a lower ethylene FE and higher hydrogen FE at 700
mA/cm? Repon affects not only the FE but also the cell
voltage, which is ~1 V higher at 700 mA/cm? for these fast-
drying electrodes. For the second group of electrodes in 5A,
when Rep o < 7 Q em® (Son-SS, BM-RC 0%, BM-RC 6%,
and BM-SS 6%), the ethylene FE varies only by $%. However,
when Repoy > 7 Q cm’, the hydrogen FE varies more
considerably, from 12 to 34%, being the highest when no
ionomer is present within the electrode.

Nano-CT was utilized to examine the changes in porosity
resulting from the fabrication methods (Figure S18).
Specifically, the best and worst performing electrodes (BM-
RC 6% and BM-HP 6%) were examined to bracket the
extremes for Rep oy~ Figure S18 shows the pore volume
distributions and calculated porosities, 56.5 and 30.8%, for the
BM-RC 6% and BM-HP 6% electrodes, respectively. The
increased porosity for the BM-RC 6% can simultaneously
improve gas transport from up to the catalyst sites while also
increasing void space near the membrane interface, further
promoting back diffusion and transport of the anode
electrolyte.

The largest differences in Rcy, oy~ can be explained from the
slow- versus fast-drying deposition methods, which can be
partially attributed here to porosity; however we wanted to
investigate differences of the slow-drying electrodes with
Repon <7 Q cm? as it relates to ionomer catalyst interactions.
These electrodes (Son-SS, BM-RC 0%, BM-RC 6%, and BM-
SS 6%) were made with different ink mixing techniques and
ionomer content. To further our analysis, we wanted to probe
the catalyst—ionomer interactions of these electrodes. These
EIS data were taken without the electrolyte in order to isolate
the ionomer interactions. Figure SE shows the ionomer
coverage for these electrodes. The ionomer coverage gives a
qualitative estimate of the catalyst—ionomer interfacial area or
adsorption interaction. At low RH in this configuration (i.e., no
electrolyte), the only available electrochemical interfaces are
from the ionomer and not from electrolyte or adsorbed water
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Figure 7. Schematic showing the various processes within the COR cell described here. The cathode reaction, COR, is on the right separated by
the AEM (green) from the anode performing the OER. For COR to occur and ethylene to be produced (purple), CO gas (red) must travel through
the PTL and the catalyst layer to the reaction site (orange). Additionally, electrons (gray), water (blue), ions OH™ (white), and K* (blue) all need

to have access to the reaction site.

and this is the only contribution to the double layer
capacitance (Cp;).”** However, at higher RH, due to the
water content in the electrode, more ionically conductive
pathways are present. Thus, the ratio of Cp; at 10% RH and
Cpy, at 100% RH relates to the catalyst—ionomer interaction.
To account for any residual water at 10% RH, we normalized
the Cp,, values of the other electrodes to the BM-RC 0% (see
Supporting Information Figure S19) as there is no ionomer
present in this electrode. Interestingly, as seen in Figure SE, the
ionomer coverage does not appear to be a factor in the FE of
the C,, products, with Son-SS 6% and BM-SS 6% having the
highest ionomer coverage values. We had originally expected a
correlation to ionomer coverage and C,, selectivity due to
Nafion’s ability to suppress hydrogen FE. Unexpectedly, the
Son-SS 6% electrode has high values for ionomer coverage.
Potentially, these improved values for Son-SS 6%, but lack of
selectivity, can be explained by the distribution of the ionomer,
which lies mostly on the surface.

Although the ionomer content obviously has an effect on the
selectivity, the spatial distribution is likely important, and this
is not completely encapsulated in the values of ionomer
coverage. Regardless, the Ry oy~ is an excellent indicator for
electrode performance (Figure SD). Overall, the COR FE and
performance for a given electrode must be analyzed by
considering the sum of the implications from these
fundamental properties. The diagnostics utilized here are
especially important when studying electrodes to be used in an
MEA type system. When interfacing electrodes with electro-
lytes, such as an H-cell configuration or a flow cell with a
catholyte, bulk OH™ transport through the electrolyte, and the
concentration of OH™ in the electrolyte will dominate the
effects observed here.
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Anode PTL and the Impact on FE, Performance, and
Durability. To test the durability of the BM-RC 6% Nafion
electrodes, constant current experiments were performed at
500 mA/cm’ for S and 10 h intervals. The electrochemical cells
all used Ti PTLs with an IrO, coating to mitigate anode
contributions and isolate cathode degradation. During the
initial 10 h experiments, we observed that a break-in time of
2—3 h was required to achieve low hydrogen FE and peak
ethylene FE (Figure S20). This contrasts with previous
experiments using anodes supported on Toray diffusion
media, where we did not observe a needed break-in period
for the same performance. Leveraging the understanding
revealed both from our prior work, which highlighted the
impact of anolyte crossover on catalyst utilization and Rep,ox~
inside the cathode® as well as the insight gleaned here,
showcasing the relationship between R¢p,on~ and ethylene FE,
it is apparent that the lower porosity Ti PTLs (53—56%)
prevents fast KOH crossover across the membrane to the
cathode and slows down the wetting of cathode pores. This
decreases the OH™ conductivity and catalyst utilization inside
the electrode. To facilitate a faster break-in, higher porosity
(70—73%) Ti PTLs were examined, and the comparison can
be seen in Figure 6. From the outset, the higher porosity Ti
PTLs showed significantly lower hydrogen FEs and 10—15%
higher ethylene FEs. The impact of the anode PTL porosity
dissipates after ca. 3 h, which we attribute to the eventual
equilibration of OH™ accessibility. This was confirmed through
subsequent EIS measurements (Supporting Information for
details, Figure S17C). To test our hypothesis of OH~
accessibility, we ran in situ EIS at 1 h of operation at 500
mA/cm’. After 1 h, the Rey o of the Cu electrode with high
porosity titanium anode is 0.19 Q cm? whereas the R¢ o in
the cell with a low porosity titanium anode is 0.66 £ cm?.
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Additionally, the capacitance of the cathode paired with the
high porosity anode is almost twice (2.3 mF/cm?) than that of
the cathode paired with the low porosity anode (1.3 mF/cm?).
This further demonstrates that the crossover from the anolyte
is a key parameter in the electrode utilization in an MEA
system and that the anode morphology can influence this.**

An increase in anolyte concentration (thus anolyte cross-
over) has been seen in the work by Ozden et al.” As seen in
Figure S22, the cell performance from this study increases
unilaterally upon increasing the anolyte concentration from 1
to S M KOH. This can be attributed to the importance of the
electrolyte crossover in changing the [OH™] in the catalyst
layer, thereby increasing ethylene FE and decreasing ohmic
resistance, reducing cell voltage, and increasing energy
efficiency.

B CONCLUSIONS

For COR to take place and outcompete hydrogen production,
reactants (CO, H,0), ions (OH™), and electrons must be
present simultaneously to provide an electrochemical active
site (Figure 7). Utilizing EIS, we found that Rej o~ was a
major driver for increased ethylene FE, decreased hydrogen
FE, and lower cell voltages at high current densities (>300
mA/cm?). This parameter plays a key role in improving
catalyst utilization for porous (nonplanar, i.e., sputtered)
electrodes. When Ry, is high, the electrode suffers from
ion transport deficiencies at higher current densities and, as a
result, hydrogen FE increases and C,, FE decreases.

Here, we demonstrated that catalyst ink mixing, catalyst
deposition techniques, Nafion content, and anode porosity can
all influence COR product selectivity by influencing OH™
transport within the catalyst layer. Nafion’s ability to provide
OH"™ trapping, through Donnan exclusion, is nonbinary and
depends on the extent to which the ionomer is in contact with
the electrocatalyst surface. Jonomer coverage was examined
here for a variety of electrodes by using EIS. While significant
variations in ionomer coverage on Cu catalysts were observed,
trends in C,, FE correlated more with R¢p,on- and electrode
porosity, gleaned from nano-CT. Both OH™ transport and
electrode porosity are impacted by the catalyst deposition
method, highlighting the need to focus not only on catalyst
optimization and ionomer material sets but also on integration
methodology that projects to scalable fabrication for scalable
device architectures.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.3c11743.

Experimental details for electrochemical measurements,
electrode fabrication, and characterization data including
XPS, SEM, micro-CT, and nano-CT (PDF)

B AUTHOR INFORMATION

Corresponding Author
K. C. Neyerlin — National Renewable Energy Laboratory,
Golden, Colorado 80401-3393, United States; ® orcid.org/
0000-0002-6753-9698; Phone: +1(303) 275 3845;
Email: Kenneth.Neyerlin@nrel.gov

3250

Authors

Danielle Henckel — National Renewable Energy Laboratory,
Golden, Colorado 80401-3393, United States

Prantik Saha — National Renewable Energy Laboratory,
Golden, Colorado 80401-3393, United States

Fry Intia — National Renewable Energy Laboratory, Golden,
Colorado 80401-3393, United States

Audrey K. Taylor — National Renewable Energy Laboratory,
Golden, Colorado 80401-3393, United States; ® orcid.org/
0000-0003-0985-5120

Carlos Baez-Cotto — National Renewable Energy Laboratory,
Golden, Colorado 80401-3393, United States

Leiming Hu — National Renewable Energy Laboratory,
Golden, Colorado 80401-3393, United States

Maarten Schellekens — Shell Global Solutions International,
B.V.,, Amsterdam 1030 BN, Netherlands

Hunter Simonson — National Renewable Energy Laboratory,
Golden, Colorado 80401-3393, United States; Department of
Chemical and Biological Engineering and Renewable and
Sustainable Energy Institute RASEIL, University of Colorado
Boulder, Boulder, Colorado 80303, United States

Elisa M. Miller — National Renewable Energy Laboratory,
Golden, Colorado 80401-3393, United States; ® orcid.org/
0000-0002-7648-5433

Sumit Verma — Shell International Exploration & Production
Inc, Houston, Texas 77082, United States; © orcid.org/
0000-0001-8365-180X

Scott Mauger — National Renewable Energy Laboratory,
Golden, Colorado 80401-3393, United States; ® orcid.org/
0000-0003-2787-5029

Wilson A. Smith — National Renewable Energy Laboratory,
Golden, Colorado 80401-3393, United States; Department of
Chemical and Biological Engineering and Renewable and
Sustainable Energy Institute RASEI, University of Colorado
Boulder, Boulder, Colorado 80303, United States;

orcid.org/0000-0001-7757-5281

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.3c11743

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was authored in part by Alliance for Sustainable
Energy, LLC, the manager and operator of the National
Renewable Energy Laboratory for the U.S. Department of
Energy (DOE) under Contract no. DE-AC36-08G028308.
Experimental work was supported by Shell’s New Energies
Research and Technology (NERT) Dense Energy Carriers
program under agreement no. ACT-18-00038. The authors
acknowledge the Energy Systems Integration Facility (ESIF)
and its operations team at NREL for enabling this research.
They also gratefully acknowledge the relevant knowledge and
training from Holly Gadpaille, Jacob McCloud, Cole Delery,
Tim Van Cleve, Yingying Chen, and Ellis Klein. The views
expressed in the article do not necessarily represent the views
of the DOE or the U.S. Government. The U.S. Government
retains and the publisher, by accepting the article for
publication, acknowledges that the U.S. Government retains
a nonexclusive, paid-up, irrevocable, worldwide license to
publish or reproduce the published form of this work, or allow
others to do so, for U.S. Government purposes.

https://doi.org/10.1021/acsami.3c11743
ACS Appl. Mater. Interfaces 2024, 16, 3243—-3252


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c11743/suppl_file/am3c11743_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11743?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c11743/suppl_file/am3c11743_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+C.+Neyerlin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6753-9698
https://orcid.org/0000-0002-6753-9698
mailto:Kenneth.Neyerlin@nrel.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danielle+Henckel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prantik+Saha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fry+Intia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Audrey+K.+Taylor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0985-5120
https://orcid.org/0000-0003-0985-5120
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+Baez-Cotto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leiming+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maarten+Schellekens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hunter+Simonson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisa+M.+Miller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7648-5433
https://orcid.org/0000-0002-7648-5433
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sumit+Verma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8365-180X
https://orcid.org/0000-0001-8365-180X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+Mauger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2787-5029
https://orcid.org/0000-0003-2787-5029
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wilson+A.+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7757-5281
https://orcid.org/0000-0001-7757-5281
https://pubs.acs.org/doi/10.1021/acsami.3c11743?ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c11743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

B REFERENCES

(1) Davis, B. H. Fischer—Tropsch Synthesis: Current Mechanism
and Futuristic Needs. Fuel Process. Technol. 2001, 71 (1-3), 157—
166.

(2) Hori, Y.; Takahashi, R,; Yoshinami, Y.; Murata, A. Electro-
chemical Reduction of CO at a Copper Electrode. J. Phys. Chem. B
1997, 101 (36), 7075—7081.

(3) Jouny, M; Luc, W,; Jiao, F. High-Rate Electroreduction of
Carbon Monoxide to Multi-Carbon Products. Nat. Catal. 2018, 1
(10), 748—755.

(4) Li, C. W,; Ciston, J.; Kanan, M. W. Electroreduction of Carbon
Monoxide to Liquid Fuel on Oxide-Derived Nanocrystalline Copper.
Nature 2014, 508 (7497), 504—507.

(5) Ozden, A,; Wang, Y.; Li, F.; Luo, M; Sisler, J.; Thevenon, A;
Rosas-Herndndez, A.; Burdyny, T.; Lum, Y.; Yadegari, H.; Agapie, T.;
Peters, J. C.; Sargent, E. H.; Sinton, D. Cascade CO2 Electroreduction
Enables Efficient Carbonate-Free Production of Ethylene. Joule 2021,
S (3), 706—719.

(6) Jouny, M.; Luc, W.; Jiao, F. General Techno-Economic Analysis
of CO2 Electrolysis Systems. Ind. Eng. Chem. Res. 2018, 57 (6),
2165-2177.

(7) Badgett, A,; Ruth, M; Crow, A; Grim, G; Chen, Y.; Hu, L,
Tao, L.; Smith, W,; Neyerlin, K. C.; Cortright, R. An Economic
Analysis of the Role of Materials, System Engineering, and
Performance in Electrochemical Carbon Dioxide Conversion to
Formate. J. Clean. Prod. 2022, 351, 131564.

(8) Rabiee, H; Ge, L.; Zhang, X;; Huy, S.; Li, M; Yuan, Z. Gas
Diffusion Electrodes (GDEs) for Electrochemical Reduction of
Carbon Dioxide, Carbon Monoxide, and Dinitrogen to Value-
Added Products: A Review. Energy Environ. Sci. 2021, 14 (4),
1959—-2008.

(9) Li, J; Chang, K; Zhang, H,; He, M.; Goddard, W. A.; Chen, J.
G.; Cheng, M.-J,; Lu, Q. Effectively Increased Efficiency for
Electroreduction of Carbon Monoxide Using Supported Polycrystal-
line Copper Powder Electrocatalysts. ACS Catal. 2019, 9 (6), 4709—
4718.

(10) Li, J; Wang, Z; McCallum, C; Xu, Y,; Li, F; Wang, Y;
Gabardo, C. M,; Dinh, C.-T.; Zhuang, T.-T.; Wang, L.; et al
Constraining CO Coverage on Copper Promotes High-Efficiency
Ethylene Electroproduction. Nat. Catal. 2019, 2 (12), 1124—1131.

(11) Sisler, J.; Khan, S; Ip, A. H; Schreiber, M. W,; Jaffer, S. A;
Bobicki, E. R;; Dinh, C.-T.; Sargent, E. H. Ethylene Electrosynthesis:
A Comparative Techno-Economic Analysis of Alkaline vs Membrane
Electrode Assembly vs CO2-CO-C2H4 Tandems. ACS Energy Lett.
2021, 6 (3), 997—1002.

(12) Moreno-Gonzéilez, M.; Mardle, P.; Zhu, S.; Gholamkhass, B.;
Jones, S.; Chen, N,; Britton, B.; Holdcroft, S. One year operation of
an anion exchange membrane water electrolyzer utilizing Aemion+
membrane: Minimal degradation, low H2 crossover and high
efficiency. J. Power Sources Adv. 2023, 19, 100109.

(13) Pang, Y.; Li, J; Wang, Z.; Tan, C.-S.; Hsieh, P.-L.; Zhuang, T.-
T.; Liang, Z.-Q.; Zou, C.; Wang, X;; De Luna, P.; Edwards, J. P.; Xu,
Y,; Li, F; Dinh, C.-T.; Zhong, M,; Lou, Y,; Wu, D.; Chen, L.-J;
Sargent, E. H,; Sinton, D. Efficient Electrocatalytic Conversion of
Carbon Monoxide to Propanol Using Fragmented Copper. Nat. Catal.
2019, 2 (3), 251-258.

(14) Overa, S.; Crandall, B. S.; Shrimant, B.; Tian, D.; Ko, B. H;
Shin, H.; Bae, C,; Jiao, F. Enhancing Acetate Selectivity by Coupling
Anodic Oxidation to Carbon Monoxide Electroreduction. Nat. Catal.
2022, S (8), 738—745.

(15) Ozden, A; Li, F.; Garcia de Arquer, F. P.; Rosas-Hernandez, A.;
Thevenon, A;; Wang, Y.; Hung, S.-F; Wang, X; Chen, B; Li, J;
Wicks, J.; Luo, M.; Wang, Z.; Agapie, T; Peters, J. C.; Sargent, E. H.;
Sinton, D. High-Rate and Efficient Ethylene Electrosynthesis Using a
Catalyst/Promoter/Transport Layer. ACS Energy Lett. 2020, S (9),
2811-2818.

(16) Zhuang, T.-T.; Pang, Y.; Liang, Z.-Q.; Wang, Z; Li, Y.; Tan, C.-
S.; Li, J; Dinh, C. T.; De Luna, P.; Hsieh, P.-L.; Burdyny, T.; Li, H.-
H.; Liu, M; Wang, Y,; Li, F.; Proppe, A.; Johnston, A,; Nam, D.-H,;

3251

Wu, Z.-Y; Zheng, Y.-R; Ip, A. H,; Tan, H; Chen, L.-]; Yu, S.-H,;
Kelley, S. O.; Sinton, D.; Sargent, E. H. Copper Nanocavities Confine
Intermediates for Efficient Electrosynthesis of C3 Alcohol Fuels from
Carbon Monoxide. Nat. Catal. 2018, 1 (12), 946—951.

(17) Ripatti, D. S.; Veltman, T. R.; Kanan, M. W. Carbon Monoxide
Gas Diffusion Electrolysis That Produces Concentrated C2 Products
with High Single-Pass Conversion. Joule 2019, 3 (1), 240—256.

(18) Luc, W.; Fu, X.; Shi, J; Lv, J.-J.; Jouny, M.; Ko, B. H,; Xu, Y,;
Tu, Q; Hu, X;; Wy, J; et al. Two-Dimensional Copper Nanosheets
for Electrochemical Reduction of Carbon Monoxide to Acetate. Nat.
Catal. 2019, 2 (5), 423—430.

(19) Li, J; Che, F.; Pang, Y.; Zou, C; Howe, J. Y.,; Burdyny, T,;
Edwards, J. P.; Wang, Y.; Li, F.,; Wang, Z.; et al. Copper Adparticle
Enabled Selective Electrosynthesis of N-Propanol. Nat. Commun.
2018, 9 (1), 4614—4619.

(20) Zhy, P; Xia, C.; Liu, C.-Y,; Jiang, K; Gao, G.; Zhang, X.; Xia,
Y.; Lei, Y,; Alshareef, H. N.; Senftle, T. P.; et al. Direct and
Continuous Generation of Pure Acetic Acid Solutions via Electro-
catalytic Carbon Monoxide Reduction. Proc. Natl. Acad. Sci. U.S.A.
2021, 118 (2), No. e2010868118.

(21) Tran, N.-H.; Duong, H. P.; Rousse, G.; Zanna, S.; Schreiber, M.
W.; Fontecave, M. Selective Ethylene Production from CO , and CO
Reduction via Engineering Membrane Electrode Assembly with
Porous Dendritic Copper Oxide. ACS Appl. Mater. Interfaces 2022, 14
(28), 31933—31941.

(22) Wei, P,; Gao, D.; Liu, T,; Li, H; Sang, J.; Wang, C,; Cai, R;;
Wang, G.; Bao, X. Coverage-Driven Selectivity Switch from Ethylene
to Acetate in High-Rate CO2/CO Electrolysis. Nat. Nanotechnol.
2023, 18 (3), 299—306.

(23) Mauger, S. A.; Wang, M.; Cetinbas, F. C.; Dzara, M. J.; Park, J.;
Myers, D. J; Ahluwalia, R. K; Pylypenko, S.; Hu, L.; Litster, S,;
Neyerlin, K. C.; Ulsh, M. Development of High-Performance Roll-to-
Roll-Coated Gas-Diffusion-Electrode-Based Fuel Cells. J. Power
Sources 2021, 506, 230039.

(24) Van Cleve, T.; Khandavalli, S.; Chowdhury, A.; Medina, S.;
Pylypenko, S.; Wang, M.; More, K. L.; Kariuki, N.; Myers, D. J;
Weber, A. Z.; Mauger, S. A.; Ulsh, M,; Neyerlin, K. C. Dictating Pt-
Based Electrocatalyst Performance in Polymer Electrolyte Fuel Cells,
from Formulation to Application. ACS Appl. Mater. Interfaces 2019, 11
(50), 46953—46964.

(25) Osmieri, L.; Wang, G.; Cetinbas, F. C.; Khandavalli, S.; Park, J.;
Medina, S.; Mauger, S. A; Ulsh, M,; Pylypenko, S.; Myers, D. J;
Neyerlin, K. C. Utilizing Ink Composition to Tune Bulk-Electrode
Gas Transport, Performance, and Operational Robustness for a Fe-N-
C Catalyst in Polymer Electrolyte Fuel Cell. Nano Energy 2020, 75,
104943.

(26) Zaza, L,; Rossi, K.; Buonsanti, R. Well-Defined Copper-Based
Nanocatalysts for Selective Electrochemical Reduction of CO2 to C2
Products. ACS Energy Lett. 2022, 7 (4), 1284—1291.

(27) Kim, C; Bui, J. C.; Luo, X.; Cooper, J. K; Kusoglu, A.; Weber,
A. Z; Bell, A. T. Tailored Catalyst Microenvironments for CO2
Electroreduction to Multicarbon Products on Copper Using Bilayer
Ionomer Coatings. Nat. Energy 2021, 6 (11), 1026—1034.

(28) Bui, J. C; Kim, C; King, A. J.; Romiluyi, O.; Kusoglu, A;
Weber, A. Z,; Bell, A. T. Engineering Catalyst-Electrolyte Micro-
environments to Optimize the Activity and Selectivity for the
Electrochemical Reduction of CO2 on Cu and Ag. Acc. Chem. Res.
2022, 55 (4), 484—494.

(29) Nitopi, S.; Bertheussen, E.; Scott, S. B.; Liu, X.; Engstfeld, A. K;
Horch, S.; Seger, B.; Stephens, L. E. L.; Chan, K.; Hahn, C.; Nerskov,
J. K; Jaramillo, T. F.; Chorkendorff, I. Progress and Perspectives of
Electrochemical CO2 Reduction on Copper in Aqueous Electrolyte.
Chem. Rev. 2019, 119 (12), 7610—7672.

(30) Neyerlin, K. C.; Gu, W.; Jorne, J.; Clark, A.; Gasteiger, H. A.
Cathode Catalyst Utilization for the ORR in a PEMFC: Analytical
Model and Experimental Validation. J. Electrochem. Soc. 2007, 154
(2), B279.

(31) Liy, J; Kang, Z.; Li, D.; Pak, M.; Alia, S. M.; Fujimoto, C,;
Bender, G.; Kim, Y. S.; Weber, A. Z. Elucidating the Role of

https://doi.org/10.1021/acsami.3c11743
ACS Appl. Mater. Interfaces 2024, 16, 3243—-3252


https://doi.org/10.1016/S0378-3820(01)00144-8
https://doi.org/10.1016/S0378-3820(01)00144-8
https://doi.org/10.1021/jp970284i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp970284i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-018-0133-2
https://doi.org/10.1038/s41929-018-0133-2
https://doi.org/10.1038/nature13249
https://doi.org/10.1038/nature13249
https://doi.org/10.1016/j.joule.2021.01.007
https://doi.org/10.1016/j.joule.2021.01.007
https://doi.org/10.1021/acs.iecr.7b03514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b03514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jclepro.2022.131564
https://doi.org/10.1016/j.jclepro.2022.131564
https://doi.org/10.1016/j.jclepro.2022.131564
https://doi.org/10.1016/j.jclepro.2022.131564
https://doi.org/10.1039/D0EE03756G
https://doi.org/10.1039/D0EE03756G
https://doi.org/10.1039/D0EE03756G
https://doi.org/10.1039/D0EE03756G
https://doi.org/10.1021/acscatal.9b00099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-019-0380-x
https://doi.org/10.1038/s41929-019-0380-x
https://doi.org/10.1021/acsenergylett.0c02633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.powera.2023.100109
https://doi.org/10.1016/j.powera.2023.100109
https://doi.org/10.1016/j.powera.2023.100109
https://doi.org/10.1016/j.powera.2023.100109
https://doi.org/10.1038/s41929-019-0225-7
https://doi.org/10.1038/s41929-019-0225-7
https://doi.org/10.1038/s41929-022-00828-w
https://doi.org/10.1038/s41929-022-00828-w
https://doi.org/10.1021/acsenergylett.0c01266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-018-0168-4
https://doi.org/10.1038/s41929-018-0168-4
https://doi.org/10.1038/s41929-018-0168-4
https://doi.org/10.1016/j.joule.2018.10.007
https://doi.org/10.1016/j.joule.2018.10.007
https://doi.org/10.1016/j.joule.2018.10.007
https://doi.org/10.1038/s41929-019-0269-8
https://doi.org/10.1038/s41929-019-0269-8
https://doi.org/10.1038/s41467-018-07032-0
https://doi.org/10.1038/s41467-018-07032-0
https://doi.org/10.1073/pnas.2010868118
https://doi.org/10.1073/pnas.2010868118
https://doi.org/10.1073/pnas.2010868118
https://doi.org/10.1021/acsami.2c06068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c06068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c06068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-022-01286-y
https://doi.org/10.1038/s41565-022-01286-y
https://doi.org/10.1016/j.jpowsour.2021.230039
https://doi.org/10.1016/j.jpowsour.2021.230039
https://doi.org/10.1021/acsami.9b17614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b17614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b17614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2020.104943
https://doi.org/10.1016/j.nanoen.2020.104943
https://doi.org/10.1016/j.nanoen.2020.104943
https://doi.org/10.1021/acsenergylett.2c00035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c00035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c00035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-021-00920-8
https://doi.org/10.1038/s41560-021-00920-8
https://doi.org/10.1038/s41560-021-00920-8
https://doi.org/10.1021/acs.accounts.1c00650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/1.2400626
https://doi.org/10.1149/1.2400626
https://doi.org/10.1149/1945-7111/ac0019
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c11743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Hydroxide Electrolyte on Anion-Exchange-Membrane Water Electro-
lyzer Performance. J. Electrochem. Soc. 2021, 168 (5), 054522.

(32) Saha, P.; Henckel, D.; Baez-Cotto, C.; Intia, F.; Hu, L.; Van
Cleve, T.; Neyerlin, K. C. Anolyte Enhances Catalyst Utilization and
Ion Transport Inside a CO2 Electrolyzer Cathode. J. Electrochem. Soc.
2023, 170 (1), 014505.

(33) Dy, S.; Li, W.; Wu, H.; Abel Chuang, P.-Y.; Pan, M.; Sui, P.-C.
Effects of Ionomer and Dispersion Methods on Rheological Behavior
of Proton Exchange Membrane Fuel Cell Catalyst Layer Ink. Int. J.
Hydrogen Energy 2020, 45 (53), 29430—29441.

(34) Wang, M,; Park, J. H.; Kabir, S.; Neyerlin, K. C.; Kariuki, N. N.;
Lv, H.; Stamenkovic, V. R;; Myers, D. J; Ulsh, M.; Mauger, S. A.
Impact of Catalyst Ink Dispersing Methodology on Fuel Cell
Performance Using In-Situ X-Ray Scattering. ACS Appl. Energy
Mater. 2019, 2 (9), 6417—6427.

(35) Pollet, B. G,; Goh, J. T. E. The Importance of Ultrasonic
Parameters in the Preparation of Fuel Cell Catalyst Inks. Electrochim.
Acta 2014, 128, 292—303.

(36) Osmieri, L.; Park, J.; Cullen, D. A.; Zelenay, P.; Myers, D. J;
Neyerlin, K. C. Status and Challenges for the Application of Platinum
Group Metal-Free Catalysts in Proton-Exchange Membrane Fuel
Cells. Curr. Opin. Electrochem. 2021, 25, 100627.

(37) Miao, R. K; Xu, Y.,; Ozden, A;; Robb, A; O’Brien, C. P.;
Gabardo, C. M,; Lee, G.; Edwards, J. P.; Huang, J. E.; Fan, M.; Wang,
X,; Liu, S;; Yan, Y.; Sargent, E. H,; Sinton, D. Electroosmotic Flow
Steers Neutral Products and Enables Concentrated Ethanol Electro-
production from CO2. Joule 2021, S (10), 2742—2753.

(38) Kong, Y.; Liu, M.; Hu, H; Hou, Y.; Vesztergom, S.; Gélvez-
Vizquez, M. d. J.; Zelocualtecatl Montiel, I; Kolivoska, V.;
Broekmann, P. Cracks as Efficient Tools to Mitigate Flooding in
Gas Diffusion Electrodes Used for the Electrochemical Reduction of
Carbon Dioxide. Small Methods 2022, 6 (9), 2200369.

(39) Xie, J; Garzon, F.; Zawodzinski, T.; Smith, W. Ionomer
Segregation in Composite MEAs and Its Effect on Polymer
Electrolyte Fuel Cell Performance. J. Electrochem. Soc. 2004, 151
(7), A1084.

(40) Jhong, H.-R. M,; Brushett, F. R.; Kenis, P. J. A. The Effects of
Catalyst Layer Deposition Methodology on Electrode Performance.
Adv. Energy Mater. 2013, 3 (S), 589—599.

(41) Lees, E. W.; Mowbray, B. A. W,; Salvatore, D. A.; Simpson, G.
L.; Dvorak, D. J.; Ren, S.; Chau, J.; Milton, K. L.; Berlinguette, C. P.
Linking Gas Diffusion Electrode Composition to CO 2 Reduction in a
Flow Cell. J. Mater. Chem. A 2020, 8 (37), 19493—19501.

(42) Dinh, C.-T.; Burdyny, T.; Kibria, M. G.; Seifitokaldani, A;
Gabardo, C. M.; Garcia de Arquer, F. P.; Kiani, A.; Edwards, J. P.; De
Luna, P.; Bushuyev, O. S.; Zou, C.; Quintero-Bermudez, R.; Pang, Y,;
Sinton, D.; Sargent, E. H. CO2 Electroreduction to Ethylene via
Hydroxide-Mediated Copper Catalysis at an Abrupt Interface. Science
2018, 360 (6390), 783—787.

(43) Eikerling, M.; Kornyshev, A. A. Modelling the Performance of
the Cathode Catalyst Layer of Polymer Electrolyte Fuel Cells. J.
Electroanal. Chem. 1998, 453 (1-2), 89—106.

(44) Kulikovsky, A. A. A Physically-Based Analytical Polarization
Curve of a PEM Fuel Cell. J. Electrochem. Soc. 2014, 161 (3), F263—
F270.

(45) Gasteiger, H. A; Panels, J. E;; Yan, S. G. Dependence of PEM
Fuel Cell Performance on Catalyst Loading. J. Power Sources 2004,
127 (1-2), 162—-171.

(46) Oates, R. P.; Murawski, J.; Hor, C.; Shen, X,; Weber, D. J.;
Oezaslan, M.; Shaffer, M. S. P.; Stephens, 1. E. L. How to Minimise
Hydrogen Evolution on Carbon Based Materials? J. Electrochem. Soc.
2022, 169 (5), 054516.

(47) Iden, H; Ohma, A. An in Situ Technique for Analyzing
Ionomer Coverage in Catalyst Layers. J. Electroanal. Chem. 2013, 693,
34—41.

3252

https://doi.org/10.1021/acsami.3c11743
ACS Appl. Mater. Interfaces 2024, 16, 3243—-3252


https://doi.org/10.1149/1945-7111/ac0019
https://doi.org/10.1149/1945-7111/ac0019
https://doi.org/10.1149/1945-7111/acb01d
https://doi.org/10.1149/1945-7111/acb01d
https://doi.org/10.1016/j.ijhydene.2020.07.241
https://doi.org/10.1016/j.ijhydene.2020.07.241
https://doi.org/10.1021/acsaem.9b01037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b01037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2013.09.160
https://doi.org/10.1016/j.electacta.2013.09.160
https://doi.org/10.1016/j.coelec.2020.08.009
https://doi.org/10.1016/j.coelec.2020.08.009
https://doi.org/10.1016/j.coelec.2020.08.009
https://doi.org/10.1016/j.joule.2021.08.013
https://doi.org/10.1016/j.joule.2021.08.013
https://doi.org/10.1016/j.joule.2021.08.013
https://doi.org/10.1002/smtd.202200369
https://doi.org/10.1002/smtd.202200369
https://doi.org/10.1002/smtd.202200369
https://doi.org/10.1149/1.1756887
https://doi.org/10.1149/1.1756887
https://doi.org/10.1149/1.1756887
https://doi.org/10.1002/aenm.201200759
https://doi.org/10.1002/aenm.201200759
https://doi.org/10.1039/D0TA03570J
https://doi.org/10.1039/D0TA03570J
https://doi.org/10.1126/science.aas9100
https://doi.org/10.1126/science.aas9100
https://doi.org/10.1016/S0022-0728(98)00214-9
https://doi.org/10.1016/S0022-0728(98)00214-9
https://doi.org/10.1149/2.028403jes
https://doi.org/10.1149/2.028403jes
https://doi.org/10.1016/j.jpowsour.2003.09.013
https://doi.org/10.1016/j.jpowsour.2003.09.013
https://doi.org/10.1149/1945-7111/ac67f7
https://doi.org/10.1149/1945-7111/ac67f7
https://doi.org/10.1016/j.jelechem.2013.01.026
https://doi.org/10.1016/j.jelechem.2013.01.026
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c11743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

