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THE BIGGER PICTURE Challenges and opportunities:

@ Afossil-free world is essential to prevent climate disasters but would also remove our source of carbon-
based chemicals and feedstocks. Such emissions are then some of the hardest to abate and require
atmospheric carbon sources to be carbon neutral at best.

@ Electrochemical CO, electrolyzers powered by renewable energy are a potential option to replace car-
bon feedstocks at global scales (Mtons/year). To meet these goals, electrochemical systems must be
scaled to substantial sizes.

® At scale, there will then be substantial spatial variations in reactants, products, temperature, pressure,
and ionic species, complicating the scale-up and analysis of such systems. Within this perspective, we
dive into the known and unknown aspects of the spatial effects that define CO, electrolyzers.

SUMMARY

CO, electrolyzers show promise as a cleaner alternative to produce value-added chemicals. In the last
decade, research has shifted from classifying CO, reduction activity and selectivity as a catalytic property
(zero-dimensional [0D]) to one that includes the complex interactions of gas, liquid, and solid species be-
tween the cathode and anode (1D). To scale CO, electrolyzers, however, 2D and 3D spatial variations in prod-
uct selectivity, activity, and stability arise due to the design of reactor components, as well as concentration
variations of the reactants, intermediates, and products. Conventional “black-box” measurement protocols
are then insufficient to characterize CO, electrolyzers. Here, we discuss the critical multi-dimensional phe-
nomena occurring inside these electrochemical systems, which impact the observed performance. Recent
literature is used to demonstrate how a spatial perspective is essential for proper data interpretation,
designing effective catalysts, and prolonging CO, electrolyzer lifetimes. Researchers should then define

CO, electrolysis systems in multiple dimensions (2D and 3D).

INTRODUCTION

Low-temperature CO, electrolysis using renewable energy
sources is an attractive route to generate fossil-free fuels
and base chemicals.'™ After years of rapid advancements in
high-performing catalysts, component integration, and efficient
interface and reactor designs, the electrochemical CO, reduc-
tion reaction (CO,RR) has been scaled to >100 cm? cells and
stacks for products such as carbon monoxide, formate, ace-
tate, and ethylene."® At the core of these developments is
the use of gas-diffusion electrodes (GDEs) as catalyst sup-
ports, which are then assembled in a membrane-electrode
assembly (MEA) configuration. In an MEA, the cathode, mem-
brane, and anode are within ~0.5 mm of each other. The com-
bination of GDEs and MEAs then enables (1) high CO, access
to all cathode sites, allowing for current densities upwards of
200 mA cm™2, (2) substantial extrinsic gains in catalytic perfor-
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mance through a three-dimensional (3D) porous catalyst layer,
and (3) low ohmic losses, providing a pathway to full-cell volt-
ages below 2.5 V.

A consequence of highly confined electrochemical regions
and industrially viable reaction rates, however, is the formation
of enormous spatial variations in CO,, products, charge carriers,
water, and temperature in the 1D direction from the cathode to
the anode.” "° These spatial variations also extend to the 2D
and 3D domains of a cell and stack, implying that the reactivity,
selectivity, and efficiency of a CO, electrolyzer are not the same
everywhere. When we upscale our systems, we then risk that the
performance of our 5 cm? cells will not match a 100 or 1,000 cm?
cell due to differences in local concentrations, temperature,
pressure, and component stability. Such concerns extend to
the different cells within a stack. Translating performance to
larger scales then requires understanding the importance and
sensitivity of each parameter and how they may vary spatially.
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Notably, despite the existence of such 3D effects, the research
field primarily uses 0D data to measure performance metrics.'’
Specifically, our standard electrochemical characterization
techniques and gas/liquid product quantifications are almost
explicitly done using inlet and outlet measurements at periodic
time intervals, providing only a “black-box” perspective of a
highly variable microenvironment. These “device-averaged”
metrics are valuable and currently accepted in the field. Given
the 3D operation of CO, electrolyzers (and 4D including time),
however, the black-box measurement approach can lead to an
incomplete understanding of the underlying behavior of our sys-
tems. The consequences of measurement uncertainty are also
most pronounced in the operational domain of high CO, conver-
sions, reactive products, and larger cell/stack sizes,'>' specif-
ically the conditions that the fast-moving field is heading toward.
An appreciation and understanding of these spatial effects and
their impact on performance metrics is then needed now, com-
bined with approaches to approximate or measure spatial
effects.

In this perspective, we seek to shed light on the criticality of
spatial variations in CO, electrolyzers, highlighting a body of
recent studies employing operando techniques and multi-phys-
ics modeling tools that have identified these effects and their
importance. We then provide instances where spatial effects
can be used effectively to enhance performance and mitigate
instability in order to increase the lifetime of an electrolyzer.

FROM OD TO 4D EFFECTS INSIDE CO,
ELECTROLYZERS

The electrochemical performance (activity, selectivity, effi-
ciency, stability) of CO, electrolyzers is known to be governed
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Figure 1. Study of CO2RR electrolyzers re-
quires a focus shift

Where in recent years, attention has been devoted
to dimension-independent (0D) metrics, like Fara-

[CO,] daic efficiencies of specific catalyst species,
modeling studies have recently picked up on depth
profiles of species (1D). To further advance

" knowledge in our field, more attention is required to

p

be paid to 2D metrics, like special reactant distri-
bution, and 3D aspects, like heat production and
accumulation.

Anode

by several factors. For example, we can
tailor the performance through our choice
of components. These include the type,
deposition, and loading of cathode and
anode catalysts, the type and dimensions
of membrane/ionomers, and the choice
of electrolyte and its concentration. The
assembly and component configuration
further plays a substantial role, as does
the compression and gasketing of the
system. Lastly, operating parameters
such as CO, flow rate, temperature, pres-
sure, current density, and voltage will
directly impact our measured performance. Each of these
choices by themselves alters the initial (t = 0) measurable perfor-
mance. However, as electrochemical reactions occur (t > 0) and
species begin to be transported throughout the system, the
above factors will also separately cause an initially steady-state,
open-cell environment to evolve into a temporally and spatially
varying one. Within this section, we discuss spatial effects
from the perspective of 0D (catalyst particle), 1D (cathode-to-
anode direction), 2D (planar catalyst surface), 3D (multi-layer
stack cells), and 4D (time).

At the core of our CO, electrolyzers is undoubtedly the atom-
istic catalyst surface, with the domain being roughly a nanopar-
ticle, what we describe here as 0D from a macroscopic perspec-
tive (Figure 1A). The rate of the electrochemical CO5RR is
governed by the catalyst, applied potential, and local microenvi-
ronment surrounding the catalyst surface.’'*~'® The intrinsic cat-
alytic activity of a single catalyst particle is, in principle, deter-
mined by the turnover number (TON) and turnover frequency
(TOF)."” However, we are unable to easily characterize the activ-
ity of individual particles and precisely resolve the local electro-
chemical environment, meaning that we must estimate the per-
formance through device-average metrics (e.g., current density
and Faradaic efficiency [FE]) normalized by the electrochemi-
cally active surface area.'® With precisely controlled catalyst
layers (e.g., single crystals) and well-controlled conditions to
more closely link observed device-averaged performances to
0D surfaces (e.g., excess CO, access, highly buffered solutions),
many studies use in situ techniques. For example, online electro-
chemical mass spectroscopy (MS) can survey local FEs, sur-
face-enhanced Raman and infrared spectroscopies can probe
surface-bound species and near-surface concentrations for
small spot sizes, and X-ray absorption spectroscopy and
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neutron diffraction can identify local materials. In most cases,
however, these experiments are performed in fully aqueous en-
vironments (with long CO, diffusion pathways) at low current
densities to avoid interference from gas nucleation.

The next dimensional direction of interest is the 1D regions be-
tween the cathode and anode, which, for an MEA system, en-
compasses the gas-diffusion layers (GDLs) and microporous
layers, catalyst layer, ion-exchange membrane, anode, and ano-
lyte (Figure 1B). This region, constituting less than 1 mm in dis-
tance, has extremely high variations in concentrations of COs,,
products, ions, and water, as evidenced through continuum
transport modeling and observed experimental effects such as
flooding and salt precipitation.®>*'® A deep understanding of
the transport phenomena of this region has directly led to the
development of new anion-exchange membranes (AEMs; e.g.,
Sustainion, PiperlON), the use of Cs+ as a cation, the lowering
of anolyte concentrations, appropriate catalyst deposition pro-
cedures, and optimum cell compression.”>?" While much
greater detail can be discussed regarding the critical 1D domain,
these considerations are well accepted in the research field and
covered elsewhere. For this perspective, we then put greater
emphasis on the 2D-3D spatial effects (Figures 1C and 1D),
which are more underexplored but critical for scale-up efforts
of the technology.

Zooming out from the dominant 1D profile, we can consider a
large variety of 2D planes. The 2D plane of most spatial impor-
tance and performance criticality, however, is assuredly the in-
plane dimension of an individual cell that is perpendicular to the
aforementioned 1D region. Slices of this region include the CO,
gas channel, GDE, catalyst layer, membrane, and anode. For
example, in the anode compartment, a pure liquid anolyte typi-
cally enters a cell, but this quickly becomes a two-phase
mixture of anolyte and CO,/O, gas as products evolve and car-
bonate crosses over the membrane. Near the latter part of the
cell, these gases can block active sites on the anode, as well as
spatially influence the ohmic drops within a system. Combined,
the anode effects can then cause the CO,RR’s local current
densities and electrode potentials to vary, which impact the
observed performance metrics. In small cell research, we
then typically overflow the anolyte (e.g., 20 mL min~" for a
5 cm? anolyte) to avoid high gas-to-volume ratio (e.g., void frac-
tion) issues and boost performance. However, at very large cell
areas, pressure drops and pumping work become important
considerations, and excess anolyte flow may not be a viable
option. To aid in predicting behavior at various scales, we
then use traditional chemical engineering non-dimensional re-
lationships to determine required system pressures and flow
rates to avoid challenges such as high void fractions in the ano-
lyte channel.

We would like to center most of our discussion, however, on
the CO, gas channel, GDL, and catalyst layer spatial variations,
as there are clear reports of how spatial effects impact the
measured performance metrics. Within these three components
from the inlet to the outlet of the reactor, we have CO, being
consumed and products being produced, resulting in a concen-
tration gradient across a singular cell. Additionally, our systems
use flow fields of various patterns to supply gas, remove prod-
ucts, and compress cells together, all of which add additional
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spatial complexities. Here, we briefly discuss three dominant
spatial considerations of the 2D planes of the cathodic side.

Firstly, due to CO, and product gradients across even small
5 cm? cells, the cathodic FE can vary greatly from the inlet to
the outlet of the reactor, particularly for CO, A values (also called
CO, excess) of 2-5. Such local FE values were first shown in our
work for CO, to CO on a silver (Ag) catalyst, where we noticed
through 2D modeling that there were regions of the catalyst layer
that were depleted of CO,, even though the gas channel still con-
tained abundant reactant.’® In this work, we discuss the implica-
tions of local FEs versus device-averaged FEs. We then followed
up this work by utilizing different flow-field patterns (FFPs), which
showed even greater spatial variations in concentrations, and
discussing resistance to blockages of different FFPs due to
single versus multiple gas pathways.?? Recently, further consid-
erations were applied for a copper (Cu) catalyst, where the resi-
dence time of intermediate CO was considered.”® Here, we
showed that the concentration and amount of time that CO re-
sides in the catalyst layer is influenced by both CO, flow rates
and the utilized flow fields. Lastly, in a case of direct CO electrol-
ysis, Simonson et al. measured FEs at different locations using a
copper electrode and a segmented cell reactor.”* Here, spatial
differences in ethylene and H, partial current densities were
observed at various inlet flow rates and CO partial pressures.
Collectively, these examples provide the motivation to contrast
2D FEs versus 0D measured FEs to sufficiently characterize
the phenomena happening within systems.

A second conclusion resulting from acknowledging 2D con-
centration gradients across the gas channel is that there can
be selectivity benefits by varying the composition of the catalyst
layer spatially, which in turn can tune CO,/CO ratios and shift C,.
production. This strategy has been widely shown in a number
of studies employing tandem Ag/Cu or Zn/Cu catalyst systems
to tune CO coverage and enhance C,, or oxygenate produc-
tion.”>” For instance, Zhang et al. designed a Cu/Ag
segmented GDE (s-GDE) and found that a CO-selective catalyst
near the inlet (Ag) of the reactor and a Cu catalyst at subsequent
segments maximizes C,, partial current densities to >1 A/cm?.?8
The strategy of controlling the spatial management of by-prod-
ucts like CO shows how having a spatial perspective of electro-
chemical systems can be beneficial in designing effective cata-
lyst layers for enhanced product formation rates.

A third 2D factor to consider on the cathode side is the water
management. Too much or too little water in the membrane,
catalyst layer, and GDE is problematic. Here, we must admit
that there is still plenty to understand regarding water transport
in CO, electrolysis systems, with both salt precipitation and
flooding common occurrences in experimental testing. Within a
CO, electrolysis system, water can be supplied and taken
away from the cathode through the CO, gas stream, as well as
by transport through the membrane. In an early work on humid-
ification, Wheeler et al. showed that the water concentration at
the catalyst-membrane interface remained constant in an MEA
electrolyzer employing an Ag catalyst, and humidity at the cath-
ode feed was found to affect the production of CO significantly.**
Using humidity sensors in the reactor and a numerical transport
model, they showed that humidity at the cathode inlet feed
modulated the flux of water transport and potassium cation
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Figure 2. A spatial perspective on phenomena observed during operation sheds new light on the complexity of CO,RR electrolyzers
(A) In a zero-gap MEA, the cathode evolves CO, and water to, e.g., C,, products.

(B) A common effect observed in these electrolyzers is the shift in selectivity from ethanol to CO at higher flow rates.

(C) If we read this observation as independent of space coordinates, then we can be tempted to couple selectivity with convection effects.

(D) The reality is, however, that flow rates change the concentration of species in an unequal way along the channel, as do selectivities.

crossover from the anode to cathode. These works have also
been contrasted by Choi et al., who emphasize a net water flux
from the anode.®° Probing directly into the GDE and catalyst
layer, the work by Disch et al. showed the complex variations
in hydration using neutron imaging. Specifically, large water con-
tent differences were observed in a flow field’s land versus chan-
nel areas, at least in part due to differences in the compression of
the GDE and the preferential evaporation of water from the chan-
nel areas.®’ Due to the flow field both supplying gases and
providing cell compression, large water differences were found
between the two regions. This specific example is discussed
more in the next section. Overall, water management in MEA re-
actors is important due to two common failure mechanisms:
flooding of the carbon GDE and (bi)carbonate precipitation at
the cathode. A proper understanding of water management
and the associated trade-offs in water concentrations at the
cathode side is then essential for improving the lifetime of these
electrolyzers. In addition to concentrations of reactants (CO,,
H>0), it is important to emphasize here that variations in the con-
centrations of ions (K*, OH~, HCO3;~, and CO527) at the catalyst
microenvironment also alter reaction rates. For example, a
higher local cation concentration around the catalyst surface is
known to increase C-C coupling and C,, product formation rates
in Cu-based MEA reactors in both alkaline and acidic conditions.

To illustrate how spatial dimensions can lead to differing hy-
potheses, we take the CO,RR on a copper (Cu) catalyst as an
example (see Figure 2). We see from this figure that Cu produces
the highest FE toward C,, products and the lowest FE toward
CO at lower inlet CO, flow rates. Since CO is the intermediate
for the formation of C,, products, interpreting this from a 0D
perspective (as shown in Figure 1A) might lead to a possible
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conclusion that an excessive CO, supply reduces C-C coupling
due to competition between *CO desorption and CO-CO
coupling.®> For example, a previous study by Robert et al.
showed that adsorbate-adsorbate repulsion on Cu can facilitate
*CO desorption and CO evolution.*® In contrast, taking a spatial
perspective might reveal an alternate hypothesis of a higher
reactant residence time inside the electrolyzer (GDE and gas
channel) as an alternate explanation for the observed increases
in C,, selectivity at lower flow rates. This means that as electro-
lyzers are scaled up (>1 cm?), spatial FE distributions arise inside
the reactor, with the regions near the inlet feed predominantly
producing CO,-to-CO and those down the channel producing
CO-to-C,, products (see Figure 2). It is important to understand
these spatial differences, as any variation will further be amplified
when electrolyzers are scaled up.

For 3D systems, we primarily think of an electrolyzer con-
taining multiple cells within a larger stack. There are then con-
siderations of how to feed CO, into all the cells to prevent
transport issues, as well as ensuring that each cell within a
stack performs similarly or close to their optimal conditions.
While assembly and design (e.g., gas headers, sealing, paral-
lel/series power supply, shunt currents, etc.) are critical fac-
tors for having a well-functioning stack, there will still be
spatial variations that can impact behavior. A clear example
of this is spatial temperature and pressure variations that
will be unavoidable as a result of heat evolution and gas evo-
lution, respectively. Controlling for these factors is needed as
we move to large cell areas and numbers of cells that are typi-
cally only powered in a singular series connection. The current
then flows through each cell equally, while the voltage require-
ments of each cell can differ. Means of in-line temperature
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Figure 3. Recent developments in the field have enabled 2D visualization of phenomena occurring in CO,RR electrolyzers
(A) In situ XRD reveals the species dynamics in and around the catalyst layer of an MEA (adapted from Moss et al.®® under a CC BY 4.0 license, copyright 2023

Elsevier B.V.).

(B) A neutron diffraction analysis enables visualization of accumulation of water and salts between the membrane and cathode at relevant current densities
(adapted from Disch et al.*" under a CC BY 4.0 license, copyright 2022 Springer Nature Group).
(C) Infrared imaging of the cathode’s backbone is a valid proxy for activity distribution of the catalyst in an x-y plane (adapted from Iglesias van Montfort et al.*®

under a CC BY 4.0 license, copyright 2023 Springer Nature Group).

management and system control by varying ramp rates and
fluid flow are then ways of ensuring optimal and stable perfor-
mance, emphasizing the necessity of 4D considerations if we
begin to commercialize these technologies.

OPERANDO VISUALIZATION AND MODELING OF
SPATIAL EFFECTS

While spatial variations can be inferred from black-box data and
numerical models or probed with in-cell measurement points us-
ing humidity sensors or in-channel product quantification, these
approaches still approximate or infer spatial effects. Direct mea-
surement of spatial effects both in-plane and through the cata-
lyst layer remains essential.>* Here, operando techniques such
as in situ X-ray diffraction (XRD), neutron diffraction, Raman
spectroscopy, and infrared thermography have just begun to
probe CO, electrolyzers, despite their usage in adjacent electro-
chemical fields. These techniques are often already in use by the
field to study catalysts in a OD fashion but can thus easily be re-
purposed to study spatial effects in an electrolyzer. Here, we will
discuss some of these techniques and encourage their adop-
ted use.

As an example of the application of such techniques, Moss et al.
used in situ XRD studies of a Cu-based AEM electrolyzer held at a
constant current. Here, they observed the formation of bicarbon-
ate salts over time within the GDE. These precipitated salts
blocked active sites on the catalyst for the CO,RR and, subse-
quently, caused a decline in the FEs of the products. Interestingly,
though, the authors observed this decline in the FEs of CO,RRs to
be temporary, and during the increase in hydrogen evolution,
excess water caused the bicarbonate salts to dissolve, reopening
CO, access to the catalyst and again increasing CO-RR FEs. A
constant drop and rise of FEs was observed over fixed intervals,
resulting in an oscillatory decline in the FEs of CO,RRs (Fig-
ure 3A).%° This same technique also served to show the influence
of alkali cation effects on the precipitation of carbonates and
flooding in GDEs.*® These results not only provide insights into
the flooding of the GDE and the subsequent decline in perfor-
mance but also help to understand ion transport mechanisms in
AEMs under CO,RR conditions, which are beneficial for designing
AEMs specifically suited for CO, electrolyzers. Disch et al. used
the neutron diffraction technique in a zero-gap MEA reactor and
revealed that areas under the rib/land regions showed higher
CO5RR activity than at the gas flow-field regions due to higher
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water concentrations at the rib regions (Figure 3B).>” Considering
that the gas flows in the gas channels at the back of the GDE, it is
likely that these channels are drier than the rib regions. This means
that higher the water concentration under the rib regions enables
lower rates of salting-out effects as compared to the channel re-
gions. Additionally, our previous work on the influence of the
gas FFP on CO production showed that a higher pressure drop
at the cathode side generated by a serpentine flow pattern resists
electrolyte flooding the GDE, prolonging the lifetime of the electro-
lyzer.?? The design of proper gas flow-field designs, rib spacing,
and humidification are then crucial considerations for the develop-
ment of stable CO, electrolyzers.

In addition to these spatial variation in species concentrations,
proper quantification of pH gradients around the catalyst-coated
GDL are essential, as the competing hydrogen evolution reaction
(HER) and products like CH, are known to be pH dependent, as
well as CO, utilization and deposition of carbonates on the cata-
lyst layer. This is where 1D reaction diffusion models have greatly
enabled researchers to estimate pH gradients at various operating
conditions and reactor configurations.” ! A few studies have
used operando techniques to estimate pH gradients around the
catalyst surface in GDE flow cells in a 2D manner. A study by Lu
et al. using operando Raman spectroscopy in a GDE flow cell
showed the direct observation of pH gradients, and the results
were in good agreement with their reaction diffusion models.*
For example, a similar study by Bohme et al. showed maps of local
pOH around the catalyst surface using confocal laser scanning
microscopy (CLSM) and observed a higher pH in the micro-
trenches of the GDE.*® While each of these techniques comes
with its own advantages and limitations in terms of cell design
and spatial resolution in space and time, we posit that combining
experimental measurements with reaction diffusion modeling can
allow for greater conclusions to be made. This is particularly the
case for techniques like CLSM, where the depth and distancing
from the catalyst can be better resolved by varying focal depth.

Additional means of probing local electrochemical activity are,
for example, through infrared thermography (Figure 3C), where
thermal responses in time are a proportional result of electro-
chemical activity. In our previous work, we used infrared ther-
mography to probe the local heat generated in a catalyst-coated
GDL during operation under various conditions.**** At higher
current densities during CO-RRs at ambient temperature, we
found an Ag catalyst to be >10 K hotter than the comparable
electrolyte temperature. Such an observation has implications
for modeling and kinetic studies whose properties (CO, solubil-
ity, reaction rates, diffusion, etc.) are strongly tied to tempera-
ture. As industrial CO, electrolyzers are likely to be operated at
much higher current densities, it is important to understand
that catalyst, during operation, might be significantly hotter
than the electrolyzer itself. Once again, this study shows why
considering electrochemical reactions in multiple dimensions is
beneficial for proper data interpretation and understanding of
the phenomena occurring inside the electrolyzer.

LOOKING FURTHER: THE GDE AS A 3D REGION

An important realization, in addition to the variation of the nature
of catalyst in the 2D plane, is the intrinsic complexity of the cata-
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lyst layer in the third dimension. The plethora of deposition
methods reported in the literature result in an equally complex
landscape of electrode topologies. In a system that is very sen-
sitive to local concentration of reactants,*® tortuosity of the fluid
phase,*® and basicity,”” this leads to a blurred understanding
of the observed effects at play during CO,RRs. For added
complexity, some catalysts, like copper, show an inherent insta-
bility that results in shifting product selectivities in time. These is-
sues highlight the importance of understanding the role of our
catalyst layer in the reaction system and the influence the depo-
sition technique has on the performance metrics.

In a drive to tackle the instability of some catalysts, it can be
enticing to “overload” the electrode with active particles. This
prevents the catalyst activity from being a bottleneck in bench-
top tests in a lab environment. Since catalyst loading is
often overlooked as a variable in electrode development for
CO2RRs, this practice goes mostly unnoticed. If one imagines
a catalyst layer as a region with a progressively deactivating
regime, a thicker catalyst layer benefits the stability of the system
overall. This comes at a cost of a thicker catalyst layer, but the
reduced increase in this dimension relative to the overall cathode
size seems a valid compromise. For context, Cu catalysts are
diverse in the literature, and reported loadings are in the range
of 0.1-3 mg cm~2, spanning two orders of magnitude.*®%° The
main impacts of this practice are, for one, a skewed representa-
tion of the partial current density toward a certain product, and
two, misleading reporting on the stability of the catalyst, as the
active region may be allowed to progress through the layer dur-
ing the experiments.

The problem of this blind spot in literature comes when con-
stant-potential tests are performed. Two electrodes with the
same active catalyst but dissimilar loadings will display different
current densities when subjected to the same polarization. The
reason for this is simply that there are more electrochemically
active sites per unit area (Figures 4A and 4B). In addition, the
common practice in the CO,RR field is to condense current
densities to a 2D geometric area, disregarding the active electro-
chemical surface area. This draws unrealistic performance met-
rics of the catalytic materials by ignoring the third depth dimen-
sion in electrode development. A richly loaded catalyst layer
allows for an appropriate level of activity at the gas-liquid inter-
face, where gaseous CO, dissolves into the electrolyte phase
and then reacts at the catalyst surface (Figure 4C).*®> Deeper
into the catalyst layer, CO, availability decreases due to con-
sumption and longer diffusion distances, leading to variable
CO,RR activity through the catalyst layer. Conversely, by oper-
ating at lower current densities, CO, penetration increases,
and more material can be used to facilitate the reaction. Thus,
even if catalyst layers deactivate over time, there is ample mate-
rial to continue reacting (Figure 4D).5*

As a separate issue, catalyst layer thickness directly impacts
the local availability and penetration depth of aqueous CO..
While CO, solubility is generally high enough for industrially rele-
vant current densities,*® this metric is considerably affected by
environmental factors like the presence of ions, temperature,
and pressure of the gas phase.®>°® CO, availability and average
concentration in the aqueous phase of a thin catalyst layer of,
say, 50 nm is then much more uniform than that of a 5 um
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Figure 4. Catalyst loading directly affects the performance metrics of a CO,RR GDE

(A) Sketch of the proximity of the catalyst layer in a low-loading GDE.
B) Same sketch for a high-catalyst-loaded GDE.

(
(C) A high loading enables a high presence of active species at the regions with highest CO, concentrations.
(

D) During stability tests, GDEs with a high loading show increased stability.

catalyst layer.”®®” This phenomenon is even more influential
considering the dependance of certain catalysts like copper to
the local ratio between reactant CO, and other intermediates
like CO.%® Furthermore, the tortuosity and complex structure of
the active region of the GDE might result in varying pH condi-
tions: a region with less convective or diffusive transport will
result in the accumulation of carbonate species. Besides
affecting the structural integrity of the catalyst,®° this can result
in a shift in the product selectivities.

The ideal catalyst layer thickness is then subject to different
contrasting constraints. On one side, higher current densities
would benefit from greater catalytic surface areas to boost activ-
ity extrinsically. However, higher current densities limit the pene-
tration depth of CO,, and excess material only limits ion/water
transport while acting as a hydrogen evolution catalyst. The ideal
catalyst layer is then likely one that is current density dependent
or facilitates CO, throughout the entire depth.

Considering the historical influence of water electrolysis and
fuel cell fields in CO,RR literature, it is striking that most spatially
resolved analysis techniques remain unexplored for this applica-
tion. While tomography is beginning to make an appearance as
an imaging technique for 2D variations in time,”®"? using this
technique to back-relate observations to hypotheses is still far
from mature. Efforts from electrolyzer and fuel cell studies
have, in this regard, led to abundant modeling resources that
could easily be translated toward efforts for CO,RRs.”*"*

CURRENT DENSITY DISTRIBUTION IN GDEs

An often overlooked spatial variability in GDEs is current density
across the catalyst layer.®® Typically voltage from a power
source is provided to cables which proceeds through a current
collector (e.g., a metal flow field or copper tape), then the GDL
and into the catalyst layer. However, current flowing through
any substrate will encounter resistance and potential loss. As a
current collector typically plays a dual role as gas distributor, cur-
rent passing into the catalyst layer must go laterally through the

GDL in some places. While carbon GDLs are considered to be
sufficiently conductive, they are far from perfect conductors,
and potential variations occur even over short distances. As
larger electrodes are examined, current collection distances
should then not be scaled with the cell area but rather maintained
similar to current 1-5 cm? cells (e.g., 1 mm). Otherwise, the con-
ductivity of carbonous supports will be challenged, leading to
spatial voltage and current density variations across the elec-
trode.”>”"” These issues are further compounded for alternative
GDL materials like expanded polytetrafluoroethylene (ePTFE),
which is non-conductive and requires current distribution pri-
marily through the catalyst layer itself.

Carbonous electrodes have a long-standing history of usage in
the CO,RR field, as their conductive backbone provides a solid
base of conductivity and porosity and (combined with hydropho-
bic particles) an acceptable resistance to flooding. The latter,
however, has been increasingly put under pressure as reports of
flooding and its limited resistance to the CO,RR surfaced.®' For
example, in our previous work, we showed that under potentials
more cathodic than —0.65 versus a reversible hydrogen electrode,
the microporous layer of a GDL will become more hydrophilic and
allow flooding to occur.”® A flooded carbon GDL then resullts in
greater CO, diffusion distances to the catalyst layer, increasing
mass-transfer resistance.*® A portion of the GDE at high potential,
then, experiences more rapid flooding and, thus, a reduction in
selectivity toward CO, products than a relatively drier portion. Im-
aging of these phenomena, especially that of the spatial distribu-
tion of flooding, is a valuable proxy to study current distributions.

In this regard, it may be attractive for the field of CO.RRs to
collect the current at the posterior side of the catalyst—that
is, using a front-contact current collector. This ensures that
the variability of the collected current is not dependent on the
gas-channel design and opens up the opportunity to design a
spatially variable current density to match local reactant condi-
tions. This also relieves the carbonous back layer of any variations
in local potential or current density so that flooding does not
become an interface problem. Alternatively, a less-conducting
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GDL might be compensated for by a robust anterior current
collection system, for example, using flexible nickel meshes.””

A different strategy to avoid microporous flooding involves us-
ing super-hydrophobic MPLs insensitive to the interface potential.
The most widespread application of this is the appearance of
ePTFE GDEs in the CO,RR field. These PTFE meshes avoid
macroscopic flooding by the intrinsic properties of the polymer,
with the obvious caveat that they are non-conductive. This means
that every form of current collection must proceed through the
front, active part of the electrode in an in-plane geometry. Supply-
ing electrons in this manner greatly strains the conductivity of the
electrode and induces great current distribution inequalities,
especially for thin catalyst layers.*® Different strategies to tackle
this have been proposed, from a non-active graphitic sandwich
layer,*® to woven current collecting wires,?° to insulated conduc-
tive plates®’ and non-invasive busbar electrodes.*® The challenge
for this architecture, overall, lies in engineering a technique that is
scalable to industrial, meter-scale electrodes.

The observations in this section are again in stark contrast with
developments in the water electrolysis and fuel cell fields, where
the analysis of current distributions through the usage of so-
called segmented cells has a long-standing history.”®%>8° The
implementation of such technology leads, in our perspective,
to the rapid standardization of designs for testing, enabling a
fairer comparison of performances between different solutions
to the current distribution.

TEMPORAL EFFECTS IN CO, ELECTROLYZERS

While much of the discussion so far has centered around 1D, 2D,
and 3D spatial effects, additional changes related to time can
also occur in the electrolyzer. For example, morphological
changes of the anode/cathode catalysts are often observed dur-
ing electrolysis, which could, in a few instances, cause perfor-
mance deterioration over time. However, these changes are
generally not expected to significantly affect performance, as
maintaining steady-state operation of a CO, electrolyzer is often
desirable for long-term stability. One of such changes that has
been reported in an AEM-based CO, electrolyzer at practical
operating conditions is the stability of the anode catalyst. IrO,
is usually the popular choice of anode catalyst for water oxida-
tion reactions at the anode side, and degradation rates in the
cell potential of 10-50 pV/h are usually reported due to catalyst
leaching from the platinized titanium support.® To alleviate this
issue, it is important to optimize the catalyst loading, ionomer/
solvent ratio during catalyst ink preparation as well as follow
proper protocols for catalyst coated membrane (CCM) prepara-
tion in zero gap CO, electrolyzers. Further, monitoring the leach-
ing of such components during operation using advanced char-
acterization techniques such as x-ray absorption spectroscopy
(XAS) and inductively coupled plasma-MS (ICP-MS) will be
essential to ensure a stable long-term operation (>1,000 h),
much required for practical applications.

CONCLUSIONS

The vast array of overlapping phenomena occurring in CO, elec-
trolyzers will make it an interesting research field for years to
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come. For the technology to be reliably scaled further, however,
greater efforts are required to understand and optimize the 2D,
3D, and 4D effects occurring in CO,RRs. Without such an appre-
ciation, we are likely to continuously run into bottlenecks that
then need to be solved on a case-by-case basis. Here, traditional
chemical engineering scaling principles should be applied to
electrochemical systems to foresee problems ahead of time,
which requires a mixture of older and newer sensing techniques
on multiple dimensions. We hope that this perspective provides
a basis for the multi-dimensional effects occurring and spurs in-
novations as researchers and industry attempt to scale CO,RRs.
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