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THE BIGGER PICTURE Electrochemical processes hold significant potential for storing excess renewable
energy while simultaneously converting pollutants into valuable feedstock chemicals. In the context of elec-
trochemical CO, reduction, CO, is transformed into CO, a critical precursor for numerous chemical pro-
cesses.

This research focuses on a detailed investigation of the conditions and specific locations within an electro-
chemical cell where the desired product, CO, is formed. The findings aim to guide future advancements in cell
design, optimization of catalyst materials, and determination of ideal process conditions.

SUMMARY

Electrochemical CO, reduction represents a promising technology for mitigating the impact of greenhouse
gas emissions, particularly CO,. Gas diffusion electrodes (GDEs) are widely utilized in this process. Although
CO, reduction has been successfully demonstrated on small scales with various catalysts, the role of the wet-
ting state of the catalyst layer in GDEs remains poorly understood. This factor significantly influences current
density and faradaic efficiency. However, two fundamental questions persist: where within the electrode
does the desired reaction occur, and what operating state should be targeted for optimizing performance?
In this study, we employ a microfluidic electrolyzer to visualize and selectively identify reaction zones produc-
ing CO, the desired product. This approach enables the characterization of reactivity across different states
of the electrode, revealing the impact of catalyst-layer wetting on product selectivity. Together with our pre-
vious research on GDEs, these findings provide a comprehensive understanding of electrochemical CO,

reduction.

INTRODUCTION

Electrochemical CO, reduction
Electrochemical CO, reduction (ecCO,RR) is a critical technol-
ogy for reducing greenhouse gas emissions and mitigating the
effects of anthropogenic climate change. The development of
gas diffusion electrodes (GDEs) has significantly increased the
achievable current densities in gas-fed electrolyzers.' Despite
this progress, the mechanisms and optimal parameters for effi-
cient ecCO,RR remain poorly understood.”® The industrial use
of oxygen-depolarized cathodes in chloralkali electrolysis
demonstrates the considerable potential of GDEs for gas-fed
electrolyzers.® Although these systems serve as a valuable
platform for understanding and implementing GDEs, further
fundamental insights into transport and reaction processes in
ecCO,RR are necessary.’

GDEs generally consist of a layered structure, including a
conductive porous substrate and a catalyst layer (CL) applied

on top. The substrate can be composed of materials such as
carbon cloth, metal foam, or mesh, whereas the CL typically
comprises a metal catalyst combined with an ionomeric binder,
such as Nafion.® Numerous adaptations and specializations of
this configuration have been developed to enhance product
selectivity or reduce catalyst usage.’

For copper-based GDEs, Moller et al. identified distinct
selectivity zones, suggesting that the CL’s thickness significantly
influences the faradaic efficiency (FE) for different reaction
products.® The local CO, concentration, determined by the CL
structure and CO, pressure, plays a pivotal role in selectivity,
emphasizing the critical importance of mass transport in
GDEs.® Factors such as pore size and layer thickness affect
transport properties, and tuning these parameters enables opti-
mization of electrode composition.’® However, achieving an
ideal electrode design for efficient transport to the reaction sites
requires a clear understanding of where desired and undesired
reactions occur within or on the GDE.
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Several studies have examined the role of wettability and its in-
fluence on selectivity and reaction locations in CO, electroreduc-
tion. For an in-depth discussion on reactions at triple-phase
boundaries (TPBs), we refer to the review by Rabiee et al.' The
work of Nesbitt et al. provides a broader overview of reactions
at two-phase boundaries."’

A key point of debate in the scientific community is whether a
TPB (catalyst, gas phase, and electrolyte) or a two-phase bound-
ary (solid catalyst and liquid electrolyte) is essential for CO,
reduction.’®'® The prevailing hypothesis in much of the literature
is that CO, reduction occurs at the TPB."'*'®> However, other
studies present strong evidence suggesting that the governing
reaction location is the two-phase boundary, specifically at the
interface between the electrolyte-covered catalyst and the liquid
phase.'®'" In this scenario, the reaction zone is reported to exist
in close proximity to the catalyst surface, where the mass trans-
port of reactants through the electrolyte is the limiting step.

Supporting this, Nesbitt et al. demonstrated that for ionomer-
free metal GDEs, the two-phase boundary between catalyst and
electrolyte primarily determines electrode reactivity."' These
findings underscore the role of electrode wettability in influ-
encing reactivity and selectivity. The ionomer, in particular, plays
a significant role because it strongly affects wettability. For
instance, hydrophobicity in porous transport layers promotes
ecCO.RR, but the same does not necessarily apply to CLs.
Studies by Junge Puring et al. showed that modifying CLs with
hydrophilic ionomers yielded superior results, further supporting
the conclusions of Nesbitt et al.'® The two proposed distributions
are shown schematically in Figure 1.

Overall, managing the liquid phase and preventing electrolyte
flooding into the gas side are critical for maintaining selectivity.
Factors such as temperature control, ionomer type and quantity,
and the choice of solvent in catalyst dispersion significantly
affect GDE performance.'® However, determining optimal reac-
tion conditions is complex because they vary depending on elec-
trode design, electrolyte composition, and catalyst type.

Controlling electrode wetting and CL saturation is a key factor
in achieving high FEs.??" Identifying the precise reaction loca-
tions within a specific GDE design is essential for optimization.
Although no universal answer exists given the variability in elec-
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Figure 1. Proposed reaction locations for
ecCO,RR and HER within the pore network
of silver CLs

(A) ecCO2RR takes place only at the TPB.

(B) A thin film of electrolyte formed near the TPB is
the primary reaction location.

trode designs, gaining a fundamental un-
derstanding of these processes can
significantly influence electrode develop-
ment strategies. This knowledge has the
potential to reduce the reliance on scarce
and expensive precious-metal catalysts,
further advancing the efficiency and scal-
ability of ecCO,RR technologies.

There is a clear need for a platform
capable of determining reaction locations
in operando to guide the composition and design of GDE CLs un-
der various conditions and process parameters. In this study, we
present a detection system that enables visualization of CO for-
mation within the CL of a microfluidic GDE replica. The microflui-
dic electrode design allows for the systematic variation of critical
parameters, including ionomer content, layer thickness, gas
pressure, CO, concentration, and electrolyte pressure.

These parameters significantly influence the FE for specific re-
action products. This work specifically investigates the effects of
the wetting state (i.e., electrolyte distribution and interfacial
area), cell potential, and CO, transport on reaction performance.

Gaseous
Co,

In situ investigation of ecCO,RR

The limited optical access and the microscale to nanoscale
dimensions of the system make investigating transport phenom-
ena within a GDE significantly challenging. The electrode is typi-
cally integrated into an electrochemical cell, where its porous
layer is neither optically accessible nor transparent. Conse-
quently, many studies on GDEs rely on mathematical models
or digital reconstructions.?>?* Although these approaches pro-
vide valuable insights into the transport characteristics of spe-
cific GDE structures or compositions, direct in situ or in operando
observations offer a more comprehensive understanding of the
processes at play.

Experimental techniques are essential for examining the previ-
ously mentioned influences on electrochemical processes. Con-
ventional process optimization involves measuring the electro-
chemical properties of a cell and optimizing parameters such
as FE toward CO. However, this approach requires numerous
experiments and provides limited insight into the mechanisms
occurring within the GDE and its CL. Coupling electrochemical
measurements with optical methods can yield additional in-
sights, particularly into phenomena such as electrowetting.””
Electrowetting refers to the change in surface wettability induced
by an applied potential,”® a critical factor for GDEs as it directly
affects the wetting state during operation. Potential-induced
wetting has been shown to significantly influence electrode
performance.”®

Several visualization techniques have been developed for
analyzing processes at the surface and within GDEs. To
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overcome imaging challenges, tomography methods are
commonly employed. X-ray or synchrotron imaging has been
used for studying the wetting state of silver GDEs®”*® and the
catalytically active states of electrocatalysts®® in operando.
Rieder et al. investigated GDE flooding by using elemental anal-
ysis and mass spectroscopy on segmented GDEs. They also
conducted operando studies with X-ray computed tomography
but concluded that this technique, although effective, is more
costly and time intensive than simpler methods and offers only
comparable results.*°

Recently, Lu et al. introduced optical coherence tomography
to visualize fluid distribution within porous electrodes and
identify reaction products in different phases.®>' This method
provides an excellent overview of phase distribution and offers
insights into process conditions favoring CO or H, production.
However, it lacks the resolution necessary for detecting dis-
solved reaction products.

For a more detailed understanding of the electrochemical pro-
cesses within a GDE, parameters such as local pH and pOH
must be examined because they provide insights into reactivity
and selectivity. Techniques such as scanning electrochemical
microscopy,®” NMR spectroscopy,® and fluorescence micro-
scopy®* can elucidate the effects of micrometer-scale GDE
morphology, current distribution, and electrode reactions on
electrolyte buffer capacity and pH. Recently, Graf et al. intro-
duced a confocal-microscopy-based method to measure the
local concentration and state of charge within a porous
electrode.®®

Combining information on the wetting state with the local
microenvironment is ideal for comprehensive analysis. To this
end, we previously developed a microfluidic GDE system. Using
confocal laser scanning microscopy (CLSM) and fluorescence
lifetime imaging microscopy, we analyzed wetting states and
local pH values in a realistic representation of a CL for
ecCO,RR.%®*" Unlike other approaches, this microfluidic cell
provides rapid, spatiotemporally resolved information on wetting
states and local pH values in operando.

Building on this work, we now integrate a sensing platform into
the microfluidic electrode to detect CO formation and identify
active reaction sites while simultaneously monitoring the wetting
state and the effects of electrowetting during operation.
Although this microfluidic system approximates rather than rep-
licates a full-scale electrochemical cell, it bridges the gap be-
tween studies of localized microenvironments and global wetting
phenomena. This capability offers valuable insights for opti-
mizing GDE design and performance.

Methods for CO detection

To detect CO in our microfluidic reactor, we drew inspiration
from microbiology. In biological applications, sensor molecules
are commonly used for detecting specific substances or
proteins, enabling the characterization of cells, viruses, or pro-
teins.®® These sensors typically rely on dyes that adsorb into or
react with a target substance, signaling its presence. This princi-
ple has been adapted to optical detection methods for non-bio-
logical applications, such as gas sensors.>® For CO detection,
two primary approaches can be distinguished: reaction-based
detection and coordination-based detection.
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In reaction-based systems, CO reacts with a dye or a second-
ary material, resulting in changes to the dye’s fluorescence prop-
erties.”>*" The Tsuiji-Trost reaction is frequently employed in
such systems.”>™*° Another approach involves the reduction of
coordinated Cu?* ions, which alters the fluorescence of the co-
ordinated dye,*® although this mechanism remains debated in
the literature.”” Reaction-based methods generally rely on the
reducing properties of CO. However, these methods are appar-
ently unsuitable for selectively detecting CO in reducing environ-
ments, such as the cathode of an electrochemical cell.

Alternatively, CO can be detected through coordination-based
methods. These systems use transition-metal complexes whose
fluorescence properties change when CO coordinates to the
metal center or replaces another ligand.*® Metals such as
iridium, ruthenium, palladium, or rhodium are commonly em-
ployed, often with N-heterocyclic carbene ligands functionalized
with additional fluorophores to provide the desired fluorescence
properties.*

Both detection mechanisms typically function as a “turn-on”
probe, where fluorescence intensity increases significantly
upon interaction with CO. This approach enables simultaneous
investigation of wetting behavior and reaction activity: weak fluo-
rescence signals can indicate the wetting state of the electrode,
whereas strong signals signify the presence of CO. In this work,
we used a known ruthenium-based complex, [Ru(CH=CHPyr-1)
CI(CO)(BTD)(PPhs)s] (Ru-PBP), to detect and visualize CO.*°
Additionally, we used the dye Texas Red to measure liquid satu-
ration, allowing us to clearly distinguish between activity and
liquid saturation.

Overall, the microfluidic electrode combined with a CO-sensi-
tive dye serves as a powerful tool for investigating the effects of
process parameters on the selectivity of ecCO,RR. Furthermore,
it provides insights into the specific CL locations where the
desired CO, reduction reactions occur.

RESULTS

All experiments were conducted in a microfluidic electrochemi-
cal cell featuring a porous CL composed of silver nanoparticles
and a Nafion NS-5 binder. The electrolyte used was potassium
bicarbonate. A general schematic and the region of interest
for most measurements are shown in Figure 2. Further details
on the cell geometry are provided in Figure S7 and in our previ-
ous publications on the development of the microfluidic
electrolyzer.*®%7

Using the microfluidic GDE, we successfully detected wetting
phenomena and tracked pH values spatiotemporally in oper-
ando. In this work, we built on these results by systematically
investigating voltage-dependent electrowetting and ecCO.RR
within the porous CL. We aimed to characterize the specific CL
locations where CO formation occurs and identify the key factors
influencing selectivity by tracing product formation in operando.

Our first objective was to analyze one of the most critical fac-
tors affecting the electrode wetting state during operation:
electrowetting.”**®>" Understanding the potential-dependent
wetting state of the electrode is essential for distinguishing be-
tween wetting effects caused by the applied potential and
mass-transport dynamics during the reaction.
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Figure 2. Schematic and photograph of the used microfluidic channel
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(A) Schematic layout of flowframe (blue) and CL (red) with contact wires for the cathode and anode.

(B) Photograph of the assembled channel.

Electrowetting

A high interfacial area between liquid and gas is hypothesized
to optimize product selectivity, mass transport, and energy effi-
ciency. However, electrowetting, particularly under unstable po-
tentials during constant-current operation, can destabilize the
phase boundary. To address this, we investigated the influence
of different potentials on the wetting state across various CLs.
Our findings indicate that potential-driven electrowetting has
the most significant effect in CLs with larger structural defects.
Notably, it can also lead to electrolyte breakthrough when a con-
stant overpressure is maintained on the electrolyte side.

We conducted experiments by setting constant-pressure
differences between the gas and electrolyte sides while incre-
mentally increasing the applied potential. We monitored the
saturation of the CL by using CLSM and conventional fluores-
cence microscopy. Figure 3 shows the resulting potential-satu-
ration curves for different CLs. Exemplary microscopy images
in Figure 3C show a potential-induced breakthrough of electro-
lyte. To facilitate comparison with pressure-driven saturation
measurements, we translated the applied potential into an equiv-
alent pressure contribution. We calculated the total pressure,
Ap, for each applied cell voltage, U, at every step by using a
modified Lippmann equation (Equation 1; for derivation, see
supplemental information section S1).

_ 2:7g:Cc0S 9+ U?-CoL

A
P A’rpore

(Equation 1)
I'vore

Here, 714 is the liquid-gas interfacial tension (0.072 N m~" for wa-
ter was used as a good approximation for our electrolyte), rore is
the average pore radius (see supplemental information section
S8), Cp. is the double-layer capacitance (see section S2), A is
the wetted area, and 8 (which we measured to be 110°) is the
contact angle between the electrolyte and CL. In all following dis-
cussions, we consider only the second term of Equation 1 given
that the first describes only the capillary pressure. Thus, we here-
after use the term “equivalent pressure” to describe this second
term.
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The influence of the electrowetting effect can be understood
by analogy to a conventional capacitor, where the electric field
generates an equivalent pressure that adds to the capillary pres-
sure described by the Young-Laplace equation. This equivalent
pressure depends on several factors. Although the applied
voltage has the most significant impact, the wetted area (A)
also plays an important role. The electrode’s double-layer
capacitance, Cp_, determined experimentally as detailed in
supplemental information section S2, also depends on the
wetted area. Here, it is important to consider the role of the ion-
omer because this changes the capacitance and wettability of
the CL. In section S8, we discuss the even distribution of the ion-
omer and consequently assume an even coverage of the silver
particles with Nafion throughout this work.

As the wetted area increases, the effect of electrowetting di-
minishes. This is because Cp,_ increases at a slower rate with
respect to the area than the area itself. At higher interfacial areas
and overall saturation levels, the impact of potential-induced
wetting becomes less significant because it accounts for only
minor relative changes in saturation.

Another critical factor to consider is the so-called saturation
voltage (V). This is the potential at which the contact angle no
longer changes in response to the applied voltage. V can be
calculated similarly to the derivation of the equivalent pressure,
where the wetting front is described in terms of the Young equa-
tion and a plate capacitor model (adapted from Quinn et al.>?).

(Equation 2)

~ \/2~y,g-(cos 6 — cos 6p)
V =
Cs

v

_/2-0.072Nm~"-(cos 0° — cos 110°) _
- \/ 0.025 Fm-2 =22V
(Equation 3)

To calculate V, we consider two edge cases: a completely
wetted surface and a moderate change in the contact angle.
For both cases, we use the water contact angle of 110°
measured for our catalyst material as 6,.>" In the complete
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wetting scenario, the contact angle is assumed to be 0°, as
calculated in Equation 3. For the moderate change, we use a
contact angle of 54°, reported by Bienen et al. for smooth silver
surfaces.?* This results in V = 1.5 V. Consequently, any applied
potential exceeding the range of 1.5-2.2 V is unlikely to signifi-
cantly advance the wetting front. Although our measurements
do not fully align with this theoretical value, we observed a
decrease in saturation change between potentials of 1 and 2 V.
This suggests that the assumptions underlying Equation 2
adequately capture the general trends observed in the
experiments.

Moreover, as illustrated in Figure 3, the magnitude of the wet-
ting events strongly depends on the structure of the CL. In this
context, “defect-free” CLs refer to those with no or only minor
structural defects. By contrast, cracked CLs contain significant
fractures that span a large portion of the electrode surface (see
Figure S2). The effects of voltage- and pressure-induced wetting
can also be additive, as demonstrated in Figure3C, when addi-
tional pressure is applied.

In defect-free CLs, the electrolyte front remains stable
over time. However, a closer examination of the detailed pro-
gression of the curve (Figure 3A, inset) still shows the influence
of the saturation voltage. In contrast, when defects are
present, the saturated area increases significantly with applied

Potential [V]

be induced. For example, when applying
an initial pressure difference of 100 mbar,
we observed a potential-driven break-
through at voltages below the saturation
threshold. By calculating equivalent pres-
sures according to Equation 1 and incor-
porating the initial pressure difference,
we obtained a value of 115 mbar, which
aligns with the breakthrough pressures
previously measured for multiple chips.®’
The electrolyte distribution is still influ-
enced by the presence of smaller cracks
and agglomerated catalyst particles
(Figure S2). Thus, areas with slightly
larger pores are wetted first and form a
corridor for electrolyte breakthrough.

Notably, even low potentials, corre-
sponding to low equivalent pressures,
can cause substantial changes in satura-
tion, particularly in CLs with defects. To mitigate the effects of
electrowetting, denser CLs and the application of gas overpres-
sure are effective strategies. Furthermore, the influence of the
saturation voltage implies that at typical cell operating potentials,
the additional impact of electrowetting is relatively small, sug-
gesting that flooding primarily results from other mechanisms.

As illustrated in Figure 3, the saturation curves begin to flatten
at approximately 1 V. Although this does not perfectly match the
calculated value from Equation 2, the deviation is within the
experimental margin of error for all measured parameters. Addi-
tionally, since no gas evolution was detected, it is reasonable to
conclude that water splitting did not occur at the applied cell po-
tentials. Once water splitting begins, the wetting front becomes
chaotic as a result of gas-bubble formation.

In experiments discussed in the next section, we observed
that when the electrode was supplied with a CO, feed and
ecCO,RR occurred, it often became flooded over the course
of the experiment. This aligns with findings by Osiewacz et al.,
who demonstrated that ionic species—particularly K,COj
formed during ecCO,RR—significantly influence electrolyte dis-
tribution.?® Notably, at higher potentials, the electrolyte phase
boundary exhibited substantial movement. This behavior devi-
ated from the predictions of Equation 1 and our prior measure-
ments. Given that electrowetting was characterized without

0.25V/60s

0.5V /180s
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Figure 4. HER occurring in all phases of an experiment at a constant total current density of i = 10 mA cm

(A) Potential trace at constant current density.

(B) HER at the beginning of the process before flooding at high initial potentials.
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(C) HER throughout the flooded electrode under high potentials. CO, reduction occurs near the boundary between gas feed, solid catalyst, and electrolyte, as

indicated by the green and yellow regions.

a.u. are arbitrary units of intensity scaled to the same value range for all measurements. The full experiment is shown in Video S1.

CO, supply, it is likely that the electrochemical reduction of CO,
further destabilizes the phase boundary.

In conclusion, our findings highlight that in CLs with
defects, even low potentials can dramatically affect electrode
wettability. Conversely, in defect-free CLs, the wetting front
remains comparatively stable. Additionally, controlling the
pressure difference between the electrolyte and gas sides
can modulate the impact of electrowetting, either inducing
or preventing breakthrough. For all subsequent experiments,
we equalized the pressures on the electrolyte and gas sides
to primarily examine the intrinsic behavior of the electrode
itself.

Spatiotemporal investigation of CO formation
To characterize general reactivity in GDEs, we previously con-
ducted experiments using fluorescence lifetime-based tracing
of local pH.*®*" Although this method provides insights into
active electrode areas, it cannot distinguish between the
hydrogen evolution reaction (HER) and ecCO2RR. In this study,
we incorporated a CO-sensitive dye, the transition-metal
complex Ru-PBP, into the electrolyte to selectively detect
ecCO2RR. A ligand-exchange reaction between the 2,1,3-ben-
zothiadiazole (BTD)-ligand of the dye and CO increased fluores-
cence intensity. Using CLSM, we achieved spatiotemporal
detection of CO within the CL of our microfluidic electrolyzer.
Further details on the dye are provided in supplemental
information section S4, and reference measurements validating
its activity and selectivity are detailed in section S5.
Repetitions of the experimental setup produced qualitatively
consistent results. However, because of the slight variations in
defects across sprayed CLs in different chips, a fully quantitative
comparison of measurements is not feasible.
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Typical laboratory-scale operations apply a constant current
density to the electrode. For ecCO.RR, current densities of
100 mA cm~2 or higher are commonly used in cells with elec-
trode areas ranging from 5 to 25 cm?. However, our microfluidic
cell is significantly scaled down to an electrode area of approx-
imately 2 mm?. This means that pressing the cell components
together to improve contact is not possible, leading to signifi-
cantly higher contact resistances. The cell resistance also
depends heavily on the wetting degree and varies between indi-
vidual chips. Resistance values range from 10 kQ in the partially
wetted state up to 38 kQ after breakthrough. During operation,
we typically measured a resistance of 12 kQ. Additionally, con-
tacting the CL requires wires with very small diameters, resulting
in a significantly smaller contact area than that found in commer-
cial current collectors. Consequently, we operated at reduced
current densities of 10 mA cm 2.

The behavior of the cell varied with the quality of the CL,
including factors such as the presence of defects, the number
of layers applied during the spraycoating step in the channel
fabrication, and the quality of contact with the connecting wire.
Observations could generally be grouped into two categories:
(1) high and (2) low cell potentials.

At high cell potentials, the parasitic HER became significant.
As shown in Figure 4, the HER induced the formation of gas bub-
bles within both the electrolyte and the CL. These gas bubbles
reduced the effective catalyst area available for ecCO5RR, re-
sulting in lower saturation and less active area than experiments
with lower cell potentials (see Figures 5 and S6). Furthermore,
the fluctuating potential trace in Figure 4A indicates that exces-
sive gas formation destabilized the overall process, making it
considerably less stable than under conditions with minimal
HER. We also observed that a fluctuation between gas formation
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and gas transport reflected the potential trace. To assign regions
either to the presence of hydrogen or to being simply dewetted,
we observed their formation over time (supplemental information
section S9).

Furthermore, the highest activity for CO, reduction occurred
near the TPB toward the CO, feed of the cell. The higher intensity
of the Ru-PBP signal indicates a locally higher concentration of
CO near the TPB. This is the first indication that CO, mass trans-
portis alimiting factor in the distribution of active zones in the CL.
It is not possible to assign absolute concentration values; how-
ever, a rough calibration relating the given intensity units to con-
centrations is given in supplemental information section S10.3.

Interestingly, the extent of electrode flooding—whether partial
or complete—did not appear to significantly affect the occur-
rence of the HER. We observed the HER both during the onset
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Figure 5. Experiments at a constant cur-
rent density of 10 mA cm 2

(A) Voltage trace and characteristic areas of the
CL. Over time, the saturation reaches a value of
80%, similar to that in other experiments.

(B) CLSM images of the experiments. After 180 s,
breakthrough of the electrolyte to the gas side
occurs. The zone of highest reactivity was
measured close to the TPB throughout the
experiment.

a.u. are arbitrary units of intensity scaled to the
same value range for all measurements. The full
experiment is shown in Video S2.

Area Fractions [-]

of current, when the contact between
CL and electrolyte was minimal, and in
fully flooded electrodes. This suggests
that saturation plays only a secondary
role in determining selectivity at elevated
potentials.

For comparison, Figure 5 shows a
constant-current measurement at low
cell potential. Initially, the electrode
flooded gradually, leading to moderate
fluctuations and a slow increase in cell
potential. After approximately 180 s,
electrolyte broke through to the gas
side, after which the cell potential rose
more rapidly. Electrochemical imped-
ance spectroscopy measurements with
iR compensation showed that this in-
crease was equally caused by ohmic
and charge-transfer resistances. An in-
crease in charge-transfer resistance
was expected because the reactant
supply was significantly hindered upon
flooding. The increase in ohmic resis-
tance could have been due to alterations
in ionic conductivity pathways as a result
of interactions with the Nafion binder.
Nevertheless, the zone with the highest
activity toward ecCO,RR was detected
near the TPB. Clearly, the higher CO,
concentration near the feed is crucial for the distribution of the
reaction zones. However, a smaller amount of CO was also de-
tected in the flooded areas of the CL. This indicates that flooding
is not a significant issue as long as an active interfacial area is
maintained to support reactant transport. This is further sup-
ported by measurements where we artificially fixed the location
of the TPB by adjusting the feed pressures of electrolyte and
COs,. Here, we found the same behavior as without stabilization
of the phase boundary (more details are given in supplemental
information section S11).

In fact, recent findings suggest that cathode “weeping” in
electrochemical reactors does not reduce the FE and can
still support high current densities.”’ Our steady-state measure-
ments consistently showed an electrolyte saturation of
approximately 80%, aligning well with simulation results where
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Figure 6. High-resolution imaging of the advancing phase boundary

(A) Phase boundary at first contact with the CL. The highest activity is detected at the phase boundary and in its direct vicinity.
(B) Hydrogen evolution occurs directly at first contact between the electrolyte and CL at the same current density but higher cell potential. Wetting proceeds
slower than without gas-bubble formation. Lighter, non-wetted areas in the CL are defects or areas with lower particle density.
a.u. are arbitrary units of intensity scaled to the same value range for all measurements. The experiments were conducted in different channels, causing the

different results. Both experiments are shown in Videos S3 and S4.

interfacial areas were found to be maximal at around 80% satu-
ration.>® These results emphasize that the gas-liquid interfacial
area is more critical for achieving good selectivity and efficiency
than preventing breakthrough or maintaining precise saturation
levels. Particularly for longer measurements (see supplemental
information section S10.2), we observed a constant slow trans-
port of electrolyte to the gas side of the CL after a steady state
had been established, whereas the distribution of active zones
and saturation remained stable.

Two representative measurements for each case are pre-
sented here. However, the following phenomena were consis-
tently observed across all repetitions conducted under identical
conditions:

® The CL became wetted to a greater extent than predicted
by the electrowetting effect (see section “electrowetting”).

® The strongest Ru-PBP signal, indicative of CO formation,
was detected close to the TPB.

® Hydrogen evolution occurred at elevated cell potentials
(typically above 3 V) regardless of the wetting state or de-
gree of saturation.

® Reactivity persisted throughout the wetted or flooded CL,
most likely because of the CO, transport through non-
wetted pores or the presence of dissolved CO..

From these experiments, we concluded that the main reaction
zones are located near the TPB. However, confirming this obser-
vation would necessitate higher-resolution measurements.
Additionally, the activity detected throughout the wetted elec-
trode areas would require further investigation. To address these
questions, we performed the following: (1) high-resolution scans
of the phase boundary to examine it in greater detail, (2) 3D scans
of the flooded electrode areas, and (3) adjustments to the
amount of dissolved CO, in the electrolyte to evaluate the effect
of dissolved reactants.

High-resolution scans of the TPB
To investigate the TPB more thoroughly, we conducted high-res-
olution imaging of the phase boundary during experiments at
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constant current density. The results for the initial contact be-
tween the electrolyte and the CL at varying potentials are shown
in Figure 6. These results correspond to the two cases for the
entire CL discussed in the previous section. Each experiment
was conducted in a new channel with different defect structures
and preparation methods, resulting in the different potentials.
For lower cell potentials, the CL was applied in two steps,
ensuring better contact with the cathode wire. For higher poten-
tials, only a single, thicker layer of particles was applied, which
generally led to higher contact resistances.

We made several observations regarding areas of higher reac-
tivity and the advancement of the phase boundary. As shown in
Figure 6A, the highest activity for CO production occurred
directly at the electrolyte-gas phase boundary. However, some
CO was also detected in the bulk electrolyte. Our measurements
indicated that CO, mass transport significantly influenced reac-
tivity and that CO was predominantly detected at and near the
phase boundary. This was because CO, was supplied more
efficiently through the gas feed than it could diffuse through
the solution, and the CO, reduction reaction then proceeded
significantly faster than diffusion, consuming all available CO».
The diffusion coefficient for CO, was estimated as approximately
2.5 x 107*m? s~ ' in porous mediaand 1 x 107" m? s~ in the
solution. Consequently, a high interfacial area is critical, whereas
overall electrode saturation is not a sufficient indicator of
performance.

In agreement with Sabharwal et al., we evaluated phase
boundary areas at different saturation states (see Figure 7).
The results showed that the largest boundary areas were
achieved at a saturation of approximately 70%. Conversely,
the interfacial area was minimal when saturation was below
30% or above 80%. These findings align well with simulated re-
sults from the literature, indicating that optimal saturation for
ecCO.RR lies between 30% and 80%.

It should be noted that our measured values were consistently
lower than the simulated ones because electrolyte or catalyst
particles obscured some boundary areas within the pore
network such that they were undetectable. Despite this
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Figure 7. Specific gas-liquid interfacial area depending on satura-
tion of the CL

The error range accounts for the standard deviation between five measure-
ments of phase boundary lengths at each saturation level.

limitation, our experiments typically achieved saturation levels
slightly below 80%, which corresponds to the range of maximum
phase boundary lengths reported by Sabharwal et al.**

As discussed above, electrode flooding does not necessarily
trigger the HER. When the cell potential remains sufficiently
low, dissolved CO, in the flooded regions is preferentially
reduced over water.

However, as shown in Figure 6B, the HER occurs immedi-
ately at higher potentials. Although the CL remains active for
ecCO,RR, significant amounts of hydrogen gas are formed, re-
sulting in a lower CO yield than the low-potential case. When
the contact area between CL and electrolyte increases, one
of two scenarios occurs: either the potential drops, leading
to a decrease in HER (as shown in Figure 5), or the potential
remains high, causing HER and ecCO,RR to proceed
simultaneously.
3D scans of the flooded electrode areas
In most measurements, we observed that when we applied a po-
tential or current and initiated ecCO2RR, the electrolyte phase
boundary advanced through the CL and eventually broke
through to the current collector. Contrary to our initial assump-
tion that reactivity occurs exclusively at the phase boundary,
we detected ecCO,RR activity across the entire flooded elec-
trode area during wetting and after breakthrough. Additionally,
the boundary layer thickness where CO was detected was signif-
icantly higher than expected.

Whereas the lowest mass transport and electrical resistance
are expected directly at the back of the flooded electrode, the
high contact area between the electrolyte and the CL appears
to facilitate ecCO5RR throughout the electrolyte. This suggests
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that dissolved CO, can diffuse and be reduced more readily, re-
sulting in measurable activity across all wetted regions of the CL.
Alternatively, the geometry of our channel might create localized
areas of lower CO, resistance, particularly along the top or bot-
tom of the channel, than the bulk of the CL.

To determine whether ecCO,RR activity is confined to the
geometric CL surface or distributed throughout the pore
network, we performed high-resolution 3D imaging. As shown
in Figure 8, we observed no variation in signal intensity across
the height of the electrode. The dark line visible in the cross-
sectional views in Figure 8B corresponds to the interface be-
tween the two layers of the CL, which were applied via spray
coating. This region might also act as an additional pathway
for enhanced CO, transport.

These observations suggest that dissolved CO, is most likely
responsible for the activity measured in the bulk electrolyte.
Additionally, a “spotty” texture of active areas is visible in the
CLSM images. Although the grainy texture is a common artifact
of the imaging method, it also indicates that the CL is not fully
wetted or that the active areas are unevenly distributed. Similar
behavior was reported by Rieder et al., who used X-ray diffrac-
tion (XRD) and energy-dispersive X-ray (EDX) tomography to
reveal non-uniform electrolyte distribution in GDEs.*°
Dissolved CO- in electrolyte
The previous measurements further confirm that CO, is dis-
solved throughout the electrolyte and can be reduced across
the entire catalyst phase once direct contact between the
current collector and the electrolyte is established. When a
bicarbonate electrolyte is used, the equilibrium between CO,,
bicarbonate, and carbonate plays a crucial role in determining
the availability of CO, for ecCO,RR in solution:

002 + 2H20 :HCOgi + HgO* =HQCO3 + HQO (EqUatiOn 4)

In the literature, mechanistic studies underline the importance
of bicarbonate as a mediator for the transport of dissolved CO,
to the catalyst surface.®**® Thus, a higher amount of CO, can
be stabilized and made available for electrochemical reduction
using a bicarbonate electrolyte. To validate this hypothesis, we
compared measurements using nitrogen-purged electrolyte
with those using CO,-saturated electrolyte. The results are pre-
sented in Figure 9.

We observed two key differences: without dissolved CO,, the
active boundary layer is approximately half as thick as with CO,-
saturated electrolyte. Additionally, the overall signal intensity is
higher with CO,-rich electrolyte. Both findings strongly suggest
that dissolved CO, is responsible for the CO detected in the
flooded areas of the CL. Through the CO,-bicarbonate equilib-
rium (Equation 4), a steady supply of dissolved CO, appears to
be available in solution. Spectroscopic studies of ecCO,RR on
gold by Dunwell et al. demonstrated that this equilibrium contrib-
utes significantly to the dissolved CO,, thereby increasing the
reaction rate by enhancing the available CO, concentration in
solution. Although ecCO4RR itself increases the local pH value,
which drives the bicarbonate equilibrium away from dissolved
CO, and toward the side of bicarbonate and carbonic acid, the
large CO, excess factor ensures a constant supply of gaseous
CO,. As described by Zhu et al., the formed bicarbonate then
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(A) Cell potential, saturation, and CO-producing areas over time.
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(B) 3D scans of flooded electrode with cross-sections showing activity throughout the entire CL. The CL was applied in a two-step coating process, which can be

seen in the cross-sections.

(C) Wetting state and active areas in the flooded electrode. The highest activity occurred outside the measurement window in the gas channel (the electrolyte

penetrated further into the gas channel than shown in Figure 5B, fourth panel).

(D) 3D sections of the flooded electrode before and during current flow. An increase in intensity throughout the electrode height is apparent.
a.u. are arbitrary units of intensity scaled to the same value range for all measurements.

acts as a mediator to transport freshly dissolved CO, to the cata-
lyst surface.”®

Furthermore, these results indicate that boosting CO, con-
centration—either by maximizing the interfacial area near and
at the TPB or by supplying CO, directly to the electrolyte in
addition to the gas feed—can increase overall activity. The
result shown in Figure 9 indicates that under normal operating
conditions, CO, dissolution and transport through the electro-
lyte are slower than the reaction. Compared with typical labo-
ratory-scale experiments conducted at higher current densities
and lower CO, excess, the low applied current densities and
high CO, excess in our experiments (excess factor between 8

B CO,-rich electrolyte

A CO,-lean electrolyte
CO, feed

Boundary layer ~75 pm

|

-Electrolyte ,_’v'\ 2

feed =’
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Boundary layer ~150 pym

=200 ym Oa.u.

and 10) might exaggerate this effect of dissolved CO,. None-
theless, our findings demonstrate that excess CO, can dissolve
into the electrolyte and remain reactive in other regions of the
electrode.

To confirm that controlling the cell potential can reliably pre-
vent the HER, we conducted experiments under constant-po-
tential conditions. Our results showed that no hydrogen was
formed at cell potentials below 3 V. Consequently, we selected
potentials of 2 and 3 V for the constant-potential experiments.
As shown in Figure 10, the results closely resemble those
observed at low cell potentials during constant-current-density
experiments, as discussed above.

Figure 9. Comparison between measure-
ments

(A) Nitrogen-purged electrolyte.

(B) CO,-saturated electrolyte.

a.u. are arbitrary units of intensity scaled to the
same value range for all measurements. We
removed all values below 50 a.u. to increase the
visibility of the active boundary area. Dashed lines
indicate the electrolyte phase boundary.

8 100 a.u.
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Figure 10. Constant-potential experiment
(A) Current and voltage trace for both applied cell
potentials.

(B) Saturation and active area for ecCO2RR. The
saturation increases to a new steady state defined
J by potential and reaction.

(C) CLSM images of different stages of the
experiment. 0 s: the onset of potential induces
wetting. 120 s: partial wetting of the CL occurs,
and a thin active boundary layer develops. 200 s:
1 the increase in voltage increases the active area
and saturated area. 300 s: saturation reaches a
steady state at 80%, CO, dissolves into the
electrolyte, and the fraction of active area in-
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Current, saturation, and the fraction of active area closely
follow the applied cell potential. At 2 V, the current density stabi-
lized at 2 mA cm~2. As the cell potential increased, the current
density rose proportionally. However, after approximately 300
s, the current density began to decline. This behavior is typical
in constant-potential experiments and suggests that reactant
depletion occurs because mass transport cannot keep pace
with the reaction rate.

CLSM images in Figure 10C provide local resolution of activ-
ity. The highest activity was consistently observed near the
TPB. At most, 35% of the wetted area exhibited activity for
ecCO,RR, and the most significant activity was always
located close to the phase boundary. The fraction of active
area increased as the cell potential rose until mass-transport
limitations became dominant at 300 s. Beyond this point, the
current density decreased, and the fraction of active area
stagnated.

Overall, these experiments support our previous
hypotheses and findings by reinforcing the critical role of
mass transport and the phase boundary in determining
ecCO2RR activity.

DISCUSSION

In this work, we investigated electrowetting in detail as a critical
factor influencing electrode wettability. We observed that

creases.
a.u. are arbitrary units of intensity scaled to the
same value range for all measurements. The full
experiment is shown in Video S5.

180 240 300 360 420
Time [s]

120 s 100 a.u.

increasing the cell potential raised the
saturation level, which reached up to
60% depending on the defect structure
of the CL. However, under experimental
conditions, the saturation often ex-
ceeded this value (at approximately
80%) and frequently broke through to
the gas side. Notably, we could repro-
duce breakthrough without ecCO.RR
only by applying an additional pressure
across the electrode. These findings sug-
gest that ionic species formed or precip-
itated during ecCO,RR significantly influ-
ence wetting behavior and thus render the electrode more
hydrophilic than anticipated by electrowetting alone. This
conclusion aligns with reports in the literature, where salt depo-
sition and reaction-induced breakthrough were observed in both
experiments and simulations.?+2#:26:28:30:35

Our results consistently showed the highest CO concentra-
tions in the CL areas at the TPB regardless of the saturation
state. Although CLSM does not have a sufficiently high resolution
to visualize reaction sites on a molecular level, we can still clearly
show the distribution of reactive zones throughout the CL in op-
erando. This highlights the importance of a larger interfacial area
(or TPB area) in enhancing electrode efficiency. We found
that the TPB area observed for various saturation levels in our ex-
periments closely matched simulated predictions from the
literature.>®

Using the presented dye system, we differentiated CL areas
producing CO from those producing hydrogen. We demon-
strated that the HER could occur throughout the CL regardless
of the wetting state. In steady-state conditions, the HER primarily
occurs in the flooded electrode, whereas it is suppressed at the
TPB by the high CO, concentration. However, electrode flooding
only partly explains the HER. In experiments with flooded CLs,
no significant hydrogen formation was detected under appro-
priate conditions. These findings confirm that controlling the
cell potential (and consequently the electrode potential) is crucial
in defining selectivity. Given that the HER was also detected in
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electrodes with 0% electrolyte saturation, it is evident that only
maintaining low cell potentials can prevent hydrogen formation.

If the cell potential is kept low (in our cell, the HER typically
occurred above 3 V), CO can also form in the bulk electrolyte,
although the CO concentration consistently remains higher at
the TPB. We measured the thickness of the boundary layer
where CO had formed for both CO,-rich and CO,-lean electro-
lytes. Dissolved CO, in the electrolyte increased the width of
this boundary layer. As long as sufficient CO, is transported
into the electrolyte, this suggests that the entire thickness of
the CL could be active for ecCO,RR. Typical CL thicknesses in
laboratory-scale electrolyzers range from 5 to 50 um, whereas
the boundary-layer thickness measured in our experiments ex-
ceeded this range.

We repeated constant-current experiments with CLs of vary-
ing thicknesses and observed that the boundary-layer thickness
remained approximately constant. Additionally, we investigated
the impact of different current densities. At lower current den-
sities, the boundary layer was less pronounced, suggesting
that at laboratory-scale or industrially relevant current densities,
the boundary layer might be thinner than what we measured in
this study. When measuring only the layer with the highest CO
concentration at the TPB, we obtained values from 8 and
10 pm, likely providing a more accurate estimate of the active
boundary-layer thickness under practical conditions.

However, compared with a typical electrode, our microfluidic
electrolyzer has an inverse aspect ratio. This configuration can
enable gas transport along the top and bottom of the electrode,
where porosity is higher (comparable to the dimensions of a
crack or defect in the CL) than in the bulk CL. This increased
porosity most likely enhances gas transport, thereby increasing
the volume accessible for fast gas transport and extending the
boundary-layer thickness. Consequently, it is not possible to
provide a definitive quantitative value for the layer thickness
solely on the basis of our measurements.

Limitations

Some characteristics of the presented method limit its applica-
bility to certain channel geometries and process conditions.
Because CLSM is an optical method, the penetration depth
into the CL is limited, and areas containing larger agglomerates
cannot be accurately depicted. Additionally, the flow rate of the
electrolyte needs to be high enough for the fluorescent dye to be
constantly removed and refreshed so constant conditions can
be ensured. Other points of concern could be the stability of
Ru-PBP under reaction conditions, the long-term stability, or
the possible calibration of the system. A more thorough discus-
sion of the potential limitations of this method can be found in
supplemental information section S10. However, the findings
presented in this work are not affected by these limitations,
and this discussion is mainly given to indicate the method’s
applicability to other systems.

Conclusions

In this work, we studied the impact of potential-driven electro-
wetting in isolation from electrochemical reactions. Additionally,
we conducted a series of electrochemical experiments to
examine the phenomena occurring at the TPB between the liquid

12  Chem 117, 102582, October 9, 2025

Chem

electrolyte, solid CL, and gaseous reactant feed. On the basis of
these experiments, we draw the following conclusions for silver-
based CLs with Nafion binders and bicarbonate electrolytes:

® Potential-driven electrowetting alone does not account for
electrode flooding; salt precipitation most likely has an
additional influence.

® The highest activity for ecCO,RR is measured in the CL re-
gions closest to the TPB.

® The interfacial area is generally highest for saturation be-
tween 30% and 80%.

® The HER can occur throughout the CL depending on the
cell potential.

® In flooded regions, CO formation can be detected
throughout the entire height of the CL.

® Dissolved CO, from the bulk electrolyte is reduced to CO
as well. Thus, the TPB is crucial for fast mass transport
but is not essential for ecCO,RR to occur.

® The active boundary-layer thickness depends on the cur-
rent density and CO, excess and can include the entire
thickness of the CL.

Our results align well with observations reported by other
groups about interfacial areas, presumed reaction sites,
voltage-saturation relationships, and other factors influencing
electrode efficiency. Importantly, we have demonstrated the
ability to localize active areas within the CLs of GDEs in
operando, significantly enhancing our understanding of reaction
processes at multiphase boundaries.

The tools and findings presented in this work enable a more
targeted approach to designing CLs for GDEs, allowing for
optimization tailored to specific processes. This improved
understanding can also contribute to reducing the use of scarce
precious metals, promoting more sustainable and efficient elec-
trode designs.

METHODS

Fabrication of microfluidic chips

Microfluidic master structures were designed in Autodesk Inven-
tor 2023 and printed on a Nanoscribe Photonic Professional GT+
two-photon polymerization 3D printer using IP-S resin (Nano-
scribe). The printed part was washed with propylene glycol
monomethyl ether acetate (PEGMEA) for 10 min to remove resid-
ual resin. The negatives were cast in polydimethylsiloxane
(PDMS; SYLGARD 184 Silicone Elastomer Kit mixed in a ratio
of 1:10 catalyst/elastomer base), degassed in a vacuum desic-
cator for 1 h, and cured at 55°C for at least 4 h. Afterward, the
channels were cut from the PDMS blocks, the inlets and outlets
for tubing and wires were punched with 1.2 mm biopsy punches,
and the channels were cleaned in isopropanol. Silver wire with a
diameter of 50 pm was inserted into the designated channels
(Figure S7) and glued in place in the punched holes with UHU
Max Repair Power glue. We prepared a catalyst ink consisting
of 100 mg of silver nanoparticles (particle size 50-60 nm),
200 pL Nafion NS-5 solution, and 2 mL isopropanol by mixing
and sonicating the ingredients. Directly after sonication, the ink
was spraycoated with an airbrush pistol (nozzle width 0.2 mm)
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onto the masked and preheated (120°C) channels. One batch of
catalyst ink was sufficient for six channels. After spraycoating,
the channels were sintered in a vacuum oven at 130°C for 3 h.
Afterward, the channels were plasmabonded to PDMS-coated
microscopy slides in an oxygen plasma oven (Diener Zepto)
(60W, 42 s, 0.4 mbar).

Synthesis of CO-detecting complex

The CO-detecting ruthenium complex ([Ru(CH=CHPyr-1)CI(CO)
(BTD)(PPha),]) was synthesized according to the published pro-
cedure.®® A solution of 25 mg BTD and 101.8 mg [RuHCI(CO)
(PPhg)3] in 10 mL dichloromethane (DCM) was prepared and
stirred at room temperature for 30 min. Then, 36.5 mg of
1-ethynylpyrene was added, and the mixture was stirred at
room temperature for 1 h. 25 mL methanol was added, and
the mixture was chilled at —20°C for 2 h. The precipitated orange
crystals were filtered and dried in a vacuum. Yield: 71%. '"HNMR
(400 MHz, CDCl3) § 8.39-7.85 (m, 12H), 7.84-7.71 (m, 2H), 7.69-
7.01 (m, 30H), 7.00-6.98 (m, 1H) ppm).

Reference measurements with CORM-3, hydrogen, and
CO,

0.1 mmol L™' complex dye was dissolved in electrolyte
(0.5 mol L~ KHCOj3 in 10:1 [vol] water/DMSOQ). For reference
measurements, samples of 2 mL each were prepared. 2 mg tri-
carbonylchloro-(glycinato)-ruthenium (ll) (CO-releasing molecule
3 [CORM-3]) were added to one sample, and the other two were
each stored for 5 min in a pressure chamber with 2 bar overpres-
sure of Hy or CO,. Afterward, the respective gases were carefully
bubbled through the sample for 10 s, ensuring good contact be-
tween the dye and test substance. The samples and an un-
treated reference sample were filled into an empty microfluidic
channel, and the fluorescence intensity was measured at the
same settings and locations in the channel for each sample.
The mean gray values were extracted with ImagedJ. The mea-
surements were done for empty channels and catalyst-filled
channels.

Electrowetting measurements

For electrowetting measurements, the channel was filled with
electrolyte, and on the gas side, air was supplied for counter
pressure. Potentials were applied with a Gamry Reference
3000 potentiostat using a two-electrode setup. Potentials were
set for the entire duration of the experiment against the internal
reference of the potentiostat. The small scale of the channels
prevented an external reference electrode from being imple-
mented. Depending on the particular experiment, differential
pressures between 0 and 100 mbar were applied. A potential
was set, held until steady state was reached, and increased in
steps of 250 or 500 mV. Potential-driven experiments were per-
formed with the CO-sensing complex dye, and its residual fluo-
rescence at strong excitation intensity in the inactive state was
sufficient for detecting the electrolyte phase.

Electrolysis experiments

In a typical experiment, a microfluidic chip was placed on a Leica
TCS SP8 FALCON confocal microscope, the electrode wires were
connected, and the chip was connected to the electrolyte and gas
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feed in a parallel flow-by configuration. The flowframe of the chip
was carefully filled with electrolyte, and equal gas and electrolyte
pressures were set. The phase boundary of the electrolyte was
maneuvered toward the lower edge of the CL, ensuring electrical
contact. For electrolysis experiments, constant potential or con-
stant current density was applied for 6 min. Fluorescence images
were recorded before a potential was applied and for some time
after the potential had been switched off again. In all electrolysis
experiments, the dye Texas Red was used for measuring satura-
tion, and the CO-detecting complex was used for measuring ac-
tivity. Both dyes were measured simultaneously via sequential
scanning with different excitation and emission wavelengths
(see section “imaging conditions”).

Imaging conditions

For electrowetting measurements, an excitation wavelength of
405 nm and detection range of 417-558 nm were set. For all
other measurements in a second measurement channel, Texas
Red was measured with an excitation wavelength of 570 nm
and a detection range of 612-750 nm. Measurements of Texas
Red were conducted inversely: the fluorescence emission of
Texas Red was quenched completely by the CO-sensitive dye.
However, at the set wavelengths for the Texas Red channel,
the microfluidic channel reflected the light. This reflected light
was absorbed by Texas Red, resulting in areas where no fluores-
cence could be measured in the Texas Red channel. These cor-
responded to saturated areas. An HC PL FLUOTAR 4x/0.13
objective was used for imaging the entire CL. The lateral resolu-
tion was 2.827 um px~ ' with a depth of field of approximately
30 pm. For high-resolution images and 3D stacks, an HC PL
APO 20x/0.75 CS2 objective was used. The lateral resolution
was 0.571 um px~ ' with a depth of field of approximately 1 pm.

Image evaluation

Image segmentation was done for quantitative evaluation of the
measured fluorescence images. The areas were determined in
MATLAB R2020b, and lookup tables were applied in Fiji version
2.9.0/1.53t. All thresholds were set as a weighted percentage of
the intensity histogram of each image. To obtain the saturation,
we inverted the images from the Texas Red channel and applied
an intensity threshold. The threshold was determined for each
series at 20% of the histogram. We summed the remaining areas
and determined the relative saturation by dividing by the area of
the CL. To obtain activity, we set the threshold to 95% of the his-
togram. We summed the remaining areas and divided them by
the area of the CL to obtain the active area. For all evaluations,
non-moving artifacts (such as small dust particles) were sub-
tracted from the images. For visualization purposes only, we
applied a lookup table to depict different levels of activity. We
smoothed saturation images to allow for easy differentiation be-
tween saturation and activity information.
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