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ABSTRACT: Electrochemical CO reduction (COR) systems

have increased by orders of magnitude in their accessible g
activities in the past decade, particularly by the implementation %
of the gas diffusion electrode (GDE) architecture. As GDEs are < S
upscaled by active geometric area (cm” to m®), reactor 2H;0+2¢' - 20 +H; g S~
. : . 20 + 6H,0 + 8" 8OH-+ C.H, K o
performance can change due to physical and chemical spatial 2 af
-y Ful gy ® - 804

variations which are complicated by the chemical complexity of )

multiphase and multiproduct electrochemical systems. This —
work measures and evaluates COR performance metrics by a
multiport sampling reactor to measure reactant and product
concentration down-the-channel of a COR GDE. It is found that the faradaic efficiency (FE) toward the hydrogen evolution
reaction (HER) increases down-the-channel, largely driven by a decrease in the partial pressure of CO, while the selectivity for
ethylene remains relatively constant down-the-channel. This work highlights the inhomogeneities in performance as
electrochemical reactors are physically upscaled and has significant implications for future scaling of COR and CO2R systems.

Reactor Path Length

apidly increasing levels of carbon dioxide (CO,) in the As COR electrochemical reactors are increased in physical
R’:ltmosphere due to human activities are poised to cause and energetic scale to achieve higher overall reaction rates,

irreparable damage to the earth’s climate without reactant utilization, quantified by the single pass conversion
technological innovation and intervention." Carbon capture (SPC) becomes uniquely important to the overall cost of
and utilization will play a crucial role in achieving a net-zero operation as well as system performance.'””" Translating
carbon emissions future as outlined in the Paris Agreement. state-of-the-art electrochemical reactor performance from the
The electrochemical reduction of CO, (CO2R) and the lab-scale to pilot-scale is not as facile as increasing the reactant
electrochemical reduction of CO (COR) are maturing conversion, as at reactor sizes beyond the benchtop scale
technologies which hold promise for making chemical previously negligible effects such as heat accumulation, flow

feedstocks from captured carbon emissions and renewable
electricity at economically appealing rates.””" In recent years,
COR has gained considerable attention due to its unique
reactant utilization, equilibration with electrolytes, and product
spectrum, which differ considerably from those of CO2R,
which allows for its own independent understanding,
optimization, and technological value chain.’ Researchers
have innovated catalyst development, electrode design, and
reactor architecture sufficiently to achieve performance bench-
marks for reactor size (400 cm?), stability (500 h), electrode
activity (2.5 A-cm™2), product selectivity (80%), and reactant Received: July 20, 2023
single pass conversion (84%) to justify exploring deployment Accepted: August 16, 2023
of pilot plant-scale technologies.””” While these performance Published: August 21, 2023
metrics were achieved in independent systems, achieving them

together in a large, stable, selective, and active electrochemical

reactor remains a challenging task.

pressure and velocity, water management, and current
distributions can become dominant in driving local reaction
activity and selectivity. To better understand the reaction
activity and selectivity within an electrolyzer, it is essential to
experimentally deconvolute these synergistic variables that
influence scalability within an operating reactor.

One method to accomplish this is to partition the reactor
into subunits that can measure individually quantifiable data
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Figure 1. Schematic of segmented cell used for spatial compositional measurements. (a) Depiction of typical reactor testing hardware, in
sequential order: i. Anode compression plate, ii. Anode current distributor, iii. Anode flow field, iv. Anode porous transport layer, v. Anion
ve fxd exchange membrane vi. Cathode GDE vii. Cathode flow field, viii. Cathode current distributor, ix. Cathode compression plate.
Beneath the hardware blowout is a depiction of the gas sampling adaption to the cathode flow field, which encompasses the segmented cell.
(b) Depiction of the segmented cell flow field (with 1 channel instead of 10 for simplicity), with insets showing the compositional
information that can be collected in each 5 cm? increment of the 25 cm?® active geometric area and a representation of the increased
dimensionality available for compositional measurement. (c) Sampling scheme to collect a segmented polarization curve, where a constant
current density is applied and the gas composition is iteratively sampled along the reactor, from outlet to inlet.

which can break down the performance of the ensemble
reactor into the performance of its constituent compo-
nents."*"> This method, referred to as a segmented cell, has
been used extensively in fuel cells, water electrolysis, and flow
batteries to simulate the performance of a larger electro-
chemical reactor by mapping performance as a function of
reactor size in a lab scale reactor, and translating the results to
develop direct process intensification scaling relations.'®™"*
Reactor segmentation offers a unique platform to study COR
electrolysis at scale, as the partitioned system will have
additional changes along its component segments due to the
product selectivity of COR being less than unity as opposed to
water electrolysis. Initial works have examined the effects of
simulated reactant distributions, humidity, and thermal
gradients on similar chemistries."” ™! Crucially though, the
relationship between reactant conversion, reaction selectivity,
and electrode size has yet to be established for COR systems.

To probe these correlated parameters, we designed and
implemented an augmented flow field to allow for operando
sampling of the concentrations of cathodic gas stream products
and reactant ver a gas diffusion electrode.””** The segmented
cell platform allows for direct measurement of gas
compositions as a function of geometric electrode area,
which can be converted to reaction conversion and selectivity
at individual segments within the reactor under various
reaction conditions. To highlight the platform’s capabilities
and elucidate scaling pathways for COR, electrochemical tests
were performed with the segmented cell performing COR,
with the major product formed being ethylene (C,H,). This
tool provides a unique window to examine the performance of
a GDE based electrolyzer, and the technology can be easily
translated to analogous chemistries such as CO2R, liquid fed
MEAs, or complimented with additional analytical techniques.

A multichannel flow field was modified to accept sampling
ports at each bend in the serpentine pattern of the flow field
design.zz’24 The flow field is a 10 channel (0.5 mm land and
channel width, 0.833 mm channel depth), five-pass serpentine
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design (Figures S1—S2) comprising a total active area of 25
cm?. The sampling ports were located at each bend in the
serpentine pattern of the 10 channels, such that each port
sampled the gas stream after passing over S cm’ of the
electrode area, effectively compartmentalizing the 25 cm?
electrode into five distinct and sequential segments. The
selected small dimensions (0.5 mm width/0.833 mm depth) of
the 10 serpentine channels of the flow field ensure a
homogeneous distribution of reactant among each segment,25
allowing this system to track the reaction conversion and
selectivity down the length of the reactor in regular intervals. A
representation of the electrochemical testing hardware and
modifications made to the cathode flow field to enable
segmented operation is shown in Figure la. A depiction of the
segmented sampling scheme, along with representative
concentration data, is shown in Figure 1b. To probe the
COR reaction, the cathode in all experiments consisted of
copper nanoparticles dispersed in Nafion coated onto a
Sigracet 39BB gas diffusion layer operated in a zero-gap
arrangement, with an Ionomr Aemion 15 gm anion exchange
membrane (AEM) as the separator from a titanium felt anode
coated with IrO, and a perfluorinated anion exchange polymer
which was produced internally,26 over which 1 M KOH was
recirculated. All electrochemical COR experiments were
conducted with a cathode feed of 95% relative humidity
(RH) and held at 60 °C. Reaction performance was quantified
by the Faradaic efficiency (FE) (Supplementary eq 2 - ES2),
which is the electrochemical analogue to selectivity, the partial
current density (J;) (ES4) toward the two main electro-
chemical products (H,, C,H,), which is the electrochemical
analogue to reaction rate, and the SPC of the COR reaction
(ESS).

B SINGLE PASS CONVERSION AND REACTION

SELECTIVITY DOWN-THE-CHANNEL

First, the effect of the CO flow rate and subsequent SPC on
the selectivity for COR was examined for the full 25 cm?®

https://doi.org/10.1021/acsenergylett.3c01489
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Figure 2. Effect of reactant flow rate on reactor performance and down-the-channel analysis. (a—c) Single pass conversion efficiency of the
CO reactant and faradaic efficiencies toward ethylene and hydrogen, respectively, collected with the 25 cm? electrode at multiple inlet flow
rates of CO. (d,e,f) Slice of the data in (a,b,c) respectively, at 0.25 SLPM, expanded using the segmented cell platform, with the same data
now plotted for each iteratively larger electrode area over which the data was collected, plotted as each individual gas concentration. (g,h,i)
Slice of the data in (a,b,c) respectively, at 0.25 SLPM expanded using the segmented cell platform, with the segment-wise single pass
conversion (g) and faradaic efficiencies toward ethylene and hydrogen (h,i) now being plotted for each individual electrode segment where
the data was collected. Lines are added to guide the eye. Insets in panel (d) and (g) are given which show the difference between area-

normalization and segment-normalization.

reactor as the current density of the system was increased in
regular intervals up to 1 A-cm™2. The inlet flow rate of CO was
decreased from 1.0 to 0.5, 0.25, 0.125, and 0.085 SLPM in
individual experiments, each at 95% RH. The backpressure was
controlled in the reactor to maintain a constant CO inlet
partial pressure of 1 bara, which ensures no backflow from later
segments to prior segments (Figures $24, $26). Current holds
were performed at 100, 250, 400, 550, 700, 850, and 1000 mA-
cm™? for 30 min each to collect the reactant and product
distribution at each sampling point, as shown in Figure lc. The
resultant single pass conversion is shown in Figure 2a, and the
faradaic efficiency toward C,H, and H, are shown in Figure 2b
and 2c for the discrete 25 cm? system. Overall, it was observed
that the SPC for COR and the FE toward H, increased with
decreasing flow rate. However, between the highest flow rate
and lowest flow rate, the selectivity for ethylene exhibited a
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slight decrease in FE while the increase in FE toward H,
increased significantly (>50%) across the flow rates measured.
Utilizing the segmented cell, one flow condition from Figure
2a—c can be isolated and expanded to show the concentrations
of products at each sampling point, functionally measuring the
concentrations for each iteratively larger electrode area, as
shown in Figure 2d—f for the 0.25 SLPM condition. By
converting the concentrations were converted into faradaic
efficiencies and the performance was subtracted from the prior
sampling point (shown schematically in Figure S3), the
faradaic efficiency for each sequential 5 cm” segment can be
calculated and compared, as shown for 0.25 SLPM in Figure
2g—i. Normalizing reactor performance by segment increases
the uncertainty in the FE’s due to error propagation from one
segment to the next; however, it also emphasizes down-the-
channel trends, and segment-normalization allows each reactor

https://doi.org/10.1021/acsenergylett.3c01489
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segment to be treated as an individual 5 cm® reactor with a
unique feed composition. An expanded breakdown of the
segmented cell data covering all operational conditions and
normalizations can be found in Figures S3—S9. Isolating the
reaction selectivity for each individual segment within the
electrolyzer shows that the faradaic efficiency toward ethylene
remains relatively constant along the length of the reactor
(Figure 2h). This trend holds true except in conditions causing
high SPC, such as at very low flow rates or moderate flow rates
combined with high current densities. Conversely, the H, FE
increases down-the-channel with the electrode segment in all
cases observed. The magnitude of H, FE increases down-the-
channel is larger than the decreases of the ethylene FE (Figure
S10), showing that there must be a compensatory decrease in
other COR products, such as ethanol, propanol, and acetate.
Additionally, it is unlikely that these effects are purely driven
by inhomogeneities in copper loadings, differences in water
vapor partial pressure between experiments due to humidity, or
voltametric effects, as these have been separately measured and
accounted for (Figures S25, S27, S29).

A potential cause for the observed increase in H, FE down-
the-channel could be due to kinetic or transport limitations
driven by a decrease in the partial pressure of reactant CO. As
the reaction proceeds along the reactor, the feed stream
becomes diluted with H, and the pressure drops in the flow
field due to the loss of reactant from electrochemical
conversion. To decouple the effects of reactor flow path and
CO partial pressure, a series of dilution experiments were
performed using a similar range of CO flow rates as in Figure
2, while diluting the reactor feed stream with N, until a total
feed flow rate of 1 SLPM was achieved, resulting in dry CO
inlet molar concentrations of 8.5%, 12.5%, 25%, 32.5%, 50%,
75%, and 100% CO, all with a total feed gas flow rate of 1
SLPM. The flow dilution data set is plotted in Figure 3a—c and
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Figure 3. Effect of CO partial pressure on main product partial
current densities. (a—c) Partial current density toward hydrogen at
250, 600, and 900 mA-cm ™2, respectively, plotted versus the partial
pressure of CO [atm] present in each respective segment’s flow
channels, with the results of a microkinetic fit plotted as dashed
lines. (d—f) Partial current density toward ethylene at the same
conditions as panels (a—c). Inset in panel (d) shown to emphasize
the segment-specific normalization used.

3d—f as the partial current density of H, and C,H, for each
individual segment versus the average partial pressure of CO in
that segment, respectively. Full dilution data across a larger
range of current densities can be found in Figure S38, as well as
Figures S36—S37, S39—540, for different model parameters.
Expectedly, the hydrogen partial current density increases with
decreasing CO partial pressure, while the partial current
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density toward ethylene exhibits a parabolic relationship with
CO partial pressure, peaking between 0.4 and 0.6 atmco.
These relationships can be understood by applying a
microkinetic model using the COR rate limiting steps, with
the model fit plotted for each current density and segment in
Figure 3. The details of the microkinetic model can be found in
ES33—ES40, which fits the partial current densities of
hydrogen and ethylene to a second order dependence on the
surface coverage of water, and a first order dependence on the
surface coverage of water and CO, respectively.”” The surface
coverages of both water and CO can be calculated from the
partial pressure of CO after accounting for the hydrophobicity
of surface-bound CO, shown in Figure $30.27%8 Solving for the
potential dependent rate constants at each current, the trends
in the partial current densities are well-captured by the model,
for which the resultant data fit is plotted as dashed lines in
Figure 3. The model yields good agreement with the dilution
data for 250, 500, 600, 700, 800, 900, and 1000 mA-cm ™2 as
evident by the coeflicient of determination for each model fit
given in Table S2. Down-the-channel trends are still present in
the dilution data set (Figures S11—S14) shown in Figure 3c;
however, they are less pronounced than in the pure-feed COR
experiments. Significant differences in electrochemical per-
formance between the first and fifth 5 cm” segments still exist
after accounting for the partial pressure differences, particularly
at the higher current densities in Figure 3, shown by the
variability in the resultant rate constants from the microkinetic
model (Figures $31—S35).

The dilution experiments can serve to better understand the
influence of the CO concentration on the reaction FE, as a
lower CO concentration can be achieved without having a high
SPC. A statistical resampling method was applied to the
combined data collected from Figures 2 and 3 to further
separate the effects of reactant concentration and conversion.
In this method, key independent variables were identified (CO
concentration, SPC, reactant stoichiometric coefficient, S29),
HER partial current density, and non-C,H, Jcor (ES30)) and
five partitions of the total data set from Figures 2 and 3 were
taken, with each partition being relatively constant in one of
the analyzed independent variables (varying by less than 1% of
its total range of measurement), shown in Figure S1SA. Then,
the influence of each of the other independent variables on H,
and C,H, FE can be determined for the partition of the data
set where one independent variable is constant. An example of
one iteration in this method would be to look at the influence
of CO concentration on H, and C,H, FE over a region in the
combined data set where CO SPC varies by less than 1% of the
total range of SPC data (Figure SISB—F). After accounting for
the covariances between independent variables, the clearest
trend observed is that the FE toward H, increases with
decreasing CO concentration in every case (Table S3), which
is consistent with the results shown in Figure 3. Similarly, the
FE toward C,H, decreases with increasing H, partial current
density. This relationship is likely not solely an inversely
proportional one, ie., not just C,H, FE decreasing as HER
increases, as this relationship holds true even at a constant
single pass conversion (Figure S15D,xi), implying that regions
of high HER could be further influencing the local reaction
conditions as the reaction proceeds along the reactor. Further
insights are needed to examine this hypothesis, and future
experiments will be necessary to better decouple these
competing effects, which may be causing selectivity gradients
as reactor areas increase.
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An alternative method is still needed to understand the
unexplained decrease in ethylene FE with an increasing H,
partial current density. The conditions local to the COR active
area, i.e., the confluence of reactant CO, buffering electrolyte,
and active catalyst material, referred to as the microenvironment,
could be changing independent of or in concert with the prior
observed process variables, causing the decrease of C,H, FE
with increasing H, partial current density. While electro-
chemical techniques exist to probe characteristics at electrodes
surfaces, observing down-the-channel potential or current
trends with those techniques would require a more advanced
reactor system than is used in this study, and is thus outside
the scope of this work. Instead, a limiting current density
method used extensively for fuel cell GDEs was adapted to
help resolve down-the-channel trends in the COR micro-
environment.”” To accomplish this, the reactant feed stream
was set to a flow rate where the reaction will not be
stoichiometrically limited, quantified by the stoichiometric
coefficient (ES29), which is the ratio between the reactant
flow rate and the reactant flow rate necessary to achieve 100%
SPC at 100% FE toward COR for a specific current density. In
these experiments, the inlet reactant streams are sufficiently
diluted with N, to induce mass transport limitations of the
reactant, emulating the limiting current density framework
developed in fuel cell technologies.’® The process is shown
schematically in Figure S16, where the feed stream is
sufficiently diluted to observe mass transfer effects at an inlet
CO concentration of 12.5% and a total gas flow rate of 1
SLPM, with the mass transport effects appearing as limiting
partial current densities toward ethylene.

The experimental data from this figure was used in a 1-D
mass transport model which simulated the microenvironment
of the catalyst along the reactor path length. The details of the
transport model can be found in the SI (ES10—26, Table S1,
Figure $16—S19). Briefly, the model consists of calculating the
concentrations and transport of CO from the channels of the
flow field through the GDE to the catalyst surface.
Components of the model include molecular and Knudsen
diffusion in the gas diffusion layer and microporous layer,
followed by dissolution of CO into the electrolyte and
subsequent diffusion of the reactant CO through the
electrolyte to the catalyst surface. For the limiting current
density model, the boundary condition is chosen such that the
concentration of CO at the catalyst surface is 0 when the
ethylene partial current density is mass transfer limited. The
physical properties of the GDE which feed into the model are
well-defined except for the diffusion length scale of CO
through the electrolyte, which is the parameter for which the
transport model will be solved and is shown schematically in
Figure 4b. Applying this technique to the segmented system,
Figure 4a shows the partial current density toward ethylene for
each reactor segment at a feed composition of 12.5 mol % CO
and total flow rate of 1 SLPM, where the mass transfer limited
current density is taken as the S-point average of a segment’s
partial current density toward ethylene between the total
applied current densities of 800 and 1000 mA-cm™2. After
extrapolating the COR limited current density from the
plateaued regime of the COR polarization curve, that limiting
electrochemical reaction rate was translated to a limiting
transport rate by Faraday’s law of electrolysis (ES20). The
limiting transport rate was then dissected through the thickness
of the electrode by applying the transport model which yielded
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Figure 4. Down-the-channel limiting COR rates and mass
transport model interpreted results. (a) Partial current density
toward ethylene at a 12.5% CO molar feed for each of the S reactor
segments. Dotted lines show linear extrapolation of highest $
current density measurements when the system is in a mass-
transfer limited regime. (b) Schematic showing the mass transfer
limiting step within the electrode, where CO is diffusing through a
representative thin electrolyte film to reach the catalyst surface. (c)
Diffusion length scale of CO through electrolyte thin film around
the catalyst surface when the COR reaction is mass transfer limited
determined by the accompanying transport model, plotted versus
electrode segment.

the diffusion length scale through the electrolyte for the
reactant CO molecule.

Comparing the calculated diffusion lengths of CO through
the electrolyte for segments along the reactor, the diffusional
length increases by 71% from the first segment to the fifth
segment, from 129 to 221 nm, as shown in Figure 4c. We note
that this value, while falling in a reasonable range for electrolyte
thin films in porous electrodes,®’ is more qualitative than
quantitative as it neglects gaseous diffusion in the catalyst layer,
as well as double layer effects to solute diffusivity, which can
have a profound impact on gas transport and would likely
result in a reduction in the calculated diffusion lengths.*”
Additionally, the description of an electrolyte film is only an
interpretation of the results of the transport model, and the
diffusion distance could be more accurately described by a
flooded agglomerate model with a constant film thickness but
an increasing quantity of totally flooded catalyst layer pores
down-the-channel, or an amalgamation of the two interpreta-
tions.”> The increase in diffusional transport resistance is
indicative of trade-offs between the reaction selectivities
toward H, and C,H,, evident when comparing the relationship
between the limiting current model results and the observed
selectivity trends down-the-channel in Figure 2. Extensions of
the measurement to a wider range of CO concentrations show
that the effective diffusion length through the electrolyte
increases linearly with the partial current density of the HER,
possibly due to bubble-induced surface coverage limitations, or
an increased drift factor of flow of products away from the
catalyst layer (Figure S17D).**

Further potential causes of the observed selectivity gradients
in Figure 2 include reactor orientation and pressure
distributions inside the flow field. While total gas pressure
can certainly influence the performance of the GDE, nominally
through reactant partial pressure and the capillary properties of
the pores, the change in flow rates between reactor inlet and
outlet rarely deviated further than 15% (Figure $23). Still, total
flow rate appears to influence the system performance
regardless of reactant concentration (Figure S28). The lack
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of change in down the channel pressure is due to CO
conversion being offset by H, production, so it is expected that
down-the-channel system pressure effects are negligible for this
particular system, but may deviate more significantly for
reactors that experience higher rates of reactant consump-
tion.>> With regard to reactor orientation, the electrodes were
operated perpendicular to the earth, with the first segment
being the highest and the fifth segment being the lowest in the
z plane; however, changing that orientation yields insignificant
results (Figure S22). Still, gravitational forces may motivate
condensed liquid to accumulate at the end of the reactor, in
the fifth segment, causing the observed increase in H,
production down-the-channel due to electrode flooding. To
control for this, two separate experiments were run where the
fifth segment of electrode (the final 1 X S cm catalyzed region
of the GDE) was replaced with either inert material
(subgasketed) or uncatalyzed GDL material, respectively. In
both cases, the H, FE shows similar gradients in HER
performance (Figure S20). The results using the uncatalyzed
fifth segment experiment indicates the possibility of a
nonuniform current density distribution in the full 25 cm?
electrodes if overpotentials in each segment change, as the
apparent current density in the HER-only uncatalyzed GDL is
less than the total average applied current density by 40—50%
(Figure S21). Despite similar selectivity gradients in smaller
electrodes, there is a negative correlation between the amount
of non-C,H, products (i.e., liquids: ethanol, acetate, formate)
which were produced in subsequent segments and the FE of
hydrogen (Table S3), while there is no correlation with the FE
of ethylene, highlighting the trade-off between non-C,H,
products and hydrogen selectivity. While the presence of
liquid hydrocarbons can affect the viscosity of the electrolyte
present in the cathode catalyst layer and subsequently the
capillary behavior of the catalyst pores, those effects appear to
have a negligible influence over the FE of the electrode toward
ethylene.”® Further experiments are needed to better character-
ize the properties of the catalyst layer microenvironment;
however, these experiments provide a facile method to
extrapolate down-the-channel properties from a gas diffusion
electrode. The proposed cascading cause-and-effect relation-
ship of FE trends observed herein is then i.) The concentration
of CO drops due to conversion and dilution by HER, which in
turn increases the rate of HER through surface coverage
competition (Figure 3a—c), although the dependence of
ethylene formation on both surface bound water and CO
implies that the increase in HER does not necessarily cause a
decrease in ethylene selectivity. Then, (ii) the increased rate of
HER modulates the reaction microenvironment, increasing the
transport resistance of the reactant CO, and in extreme cases,
limits ethylene production by limiting its reactant access and
utilization (Figure 4a). This cause-effect relationship is
schematically shown in Figure S. From the first observation
in Figure 3, an improved model (ES40—45) can be created
which can predict the performance of the CO electrolyzer
(Figure S42) and capture the trends mentioned herein without
having to hold a process parameter constant (Figure S41).
Overall, there are several recommendations toward future
research areas that can be made based on the results shown
here. First, as the reactant concentration plays a leading role in
driving COR performance, utilizing a flow field design which
prioritizes reactant availability and through plane diffusion
such as an interdigitated arrangement is recommended.’”
Mediating electrode flooding in the catalyst layer is another
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Figure 5. Scheme of key findings utilizing a down-the-channel
segmented cell. As the partial pressure of the reactant decreases
due to product formation and reactant conversion, the FE toward
H, increases, causing an increase in transport resistance. Here, the
transport resistance is mathematically and schematically inter-
preted as an increase in the amount of flooding down-the-channel.

important phenomenon to achieve a stable, uniform electrode
performance. Analytical tools are needed to better characterize
the pore space and electrochemically active regions of a
catalyst layer will be necessary to quantify any changes in the
actual operando catalyst layer saturation, such as the limitin
current method shown here or in adjacent techniques.’
Perforating the microporous layer with structured relief
channels is one successful strategy to relieve the liquid
accumulation which occurs in the catalyst layer that leads to
flooding.”” Finally, designing the gas diffusion electrode
architecture to reduce gas transport resistances may address
many of the problems described above.** As CO surface
coverages are already low in this system, using polymer or
ionomer binders to modulate the surface accessible CO is a
promising strategy to enhance COR reaction rates and
suppress HER increases that occur down-the-reactor.*"**
Changes in ionomer content and quality to modulate gas
transport should be done in the framework of maintaining
adequate ion conductivity, especially under dilute molarities of
electrolyte. Adding the appropriate polarity and quantity of
ionomer to the catalyst layer such that COR catalyst layers
have fuel cell-like ion conductivity will be necessary for stable
reactor operation with low-conductivity fluids in the anode
compartment.43

Measurement of gas compositions within an electrochemical
COR reactor is vital because there are intimately related
variables that can influence the selectivity of the reaction as the
physical size of the reactor increases and thus directly impacts
the performance and scalability of the COR system. Utilizing
the segmented cell platform, the effects of reactor path length,
reactant partial pressure, and reactant conversion were
explicitly quantified and delineated, showing that hydrogen
increases down-the-channel due to a decrease in CO partial
pressure, verified by a microkinetic model. A limiting current
method was developed and implemented which confirmed that
the transport resistance for CO was increasing down-the-
channel, which can limit COR performance. These results help
to form a design framework for improved COR electrodes and
reactors as well as demonstrate a powerful analytical tool for
surveying the scalability of electrochemical flow systems.
Analogous chemistries such as CO2R on an array of catalysts
will have different dependencies on reactant concentration due
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to the formation of carbonate salts; however, those effects will
likely exacerbate the results shown here. Future works will aim
to fold in more advanced diagnostic systems to the segmented
cell architecture to perform more robust and flexible
electrochemical measurements and develop scalable relations
between reactant feed quality and reactor size for electro-
chemical COR.
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Experimental procedures for electrochemical experi-
ments, electrode fabrication, and details of the
segmented sampling procedure and corresponding
product and reactant quantification (ES1—9) can be
found in the Supporting Information (SI). The limiting
current density and mass transport formulation and
model (ES10—26) is exhaustively described within the
SI, as well as the microkinetic model (ES32—39) and the
comparison between single pass conversion models for
predicting electrochemical selectivity (ES40—4S). In-
cluded in the SI are schematics of the segmented cell
system (Figure S1—2), and alternative representations of
Figure 2 in Figures $3—9, and similar formulations for
Figure 3 in Figure S11—14. The data set resampling
method is described and shown in Figure S15 and Table
S3, and further figures for the limiting current density
model are shown in Figures S16—19. Subgasketing
experiments are described and shown in Figure S20—21.
System validation experiments can be found in the SI in
Figure S22-29. Further fitments of the microkinetic
model and discussions are provided in Figure S30—40,
and the results of the single pass conversion models are
shown in Figure S41—42 (PDF)
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