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Abstract

The economic operation of carbon dioxide (CO») electrolyzers generating liquid products will
likely require high reactant conversions and high product concentrations, conditions anticipated to
challenge existing gas diffusion electrodes (GDESs). Notably, electrode wettability will increase as
lower surface tension products (e.g., formic acid, methanol, ethanol, and 1-propanol) are
introduced into flowing electrolyte streams potentially leading to flooding. To better understand
the hydraulically stable electrolyzer operating envelopes in mixed aqueous-organic liquid
domains, we connect intrinsic porous electrode wettability descriptors to system operating
parameters such as electrolyte flow rate and applied current. Specifically, we first measure contact
angles of various water-organic dilutions on polytetrafluoroethylene (PTFE) and graphite surfaces
as ex situ planar analogues for the major GDE components. We then use material balances around
the reactive gas-liquid interface, to calculate product mass fractions as a function of liquid water
sweep rate (water source and diluent) and the total current. Product composition maps enable
visualization of the extent to which changes in cell performance can lead to changes in capillary
pressure, a crucial determinant of GDE saturation. These analyses reveal that formic acid product
mixtures pose little risk for GDE flooding across a wide range of flow rate and current
combinations, but that effluents enriched with less than 30% alcohols content by mass may cause
flooding. This study provides initial guidance into estimating flooding conditions for PTFE-based
GDE:s in contact with organic-enriched streams and indicates opportunities for oleophobic surface

treatments that repel aqueous and organic liquids, expanding regions of stable operation.



1. Industrial CO: to liquids electrolyzers will move beyond differential

operation

Electrochemical carbon dioxide reduction (CO2R) is increasingly recognized as a viable
technology for flexible generation of chemicals using carbon dioxide (CO2) recovered from
industrial exhaust streams or directly captured from air [1,2]. When coupled with affordable
electricity generated from renewable sources, CO2R has the potential to displace petroleum-based
chemicals production in a low-carbon economy [3]. Given that the form factors of electrochemical
technologies evolve as they transition from benchtop prototypes in the laboratory to engineered
unit operations integrated into an industrial process, it is reasonable to anticipate commensurate
shifts in the objectives and challenges for each scale. Historically, three-electrode analytical cells
have been used to study catalyst activity, selectivity, and stability with a goal of incorporating
proven materials into larger devices [4—6]. However, it has been recognized that the limited CO;
flux through bulk volumes of liquid electrolyte suppress the reaction rate of CO> and inhibit the
performance of otherwise promising catalyst systems [7-9]. Gas-fed electrolyzers adapted from
commercially successful water electrolyzer and fuel cell technologies have motivated CO2R
researchers to explore various combinations of porous electrodes, catalyst layers, liquid
electrolytes, and membranes to achieve higher areal productivity while maintaining steady fluxes
of species between flow channels and the active sites [10-14]. For example, present art
demonstrates that high current density production (> 200 mA cm2) of valuable intermediates, such
as carbon monoxide (CO), at moderate cell voltages (ca. 3 V) and durations (ca. 100 h) is
achievable at ambient conditions using cell configurations similar to polymer electrolyte water

electrolyzers [15].

At the bench-scale, where component validation and performance benchmarking are typically the
desired outcomes, electrochemical cells with active areas of ca. 1-10 cm? are often operated with
low single-pass CO2 conversion (< 20%) (Fig. S1, Supporting Information), although the
definition of low conversion is somewhat arbitrary. At differential conditions, reactant conversion
as well as concentration, temperature, pressure, and voltages distributions are assumed to be small
[16]. By operating reactors in this regime, electrochemical kinetic phenomena can be more clearly
characterized in the absence of nonlinear concentration or mass transfer effects that may present

at higher degrees of reactant depletion. As an added benefit, such conditions also minimize the
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risk of generating toxic reaction products in high concentrations that are more appropriately

handled in industrial settings where suitable hazard management protocols exist.

In contrast, the choice of operating conditions and reactor architecture for commercial CO2R
systems will be driven by application economics to the point that many of the conditions explored
at a bench-scale may not reflect those experienced by practical systems. As an illustrative example
of this, we consider a simple case of industrial CO2R with sequential unit operations to first
convert the CO; feedstock to a crude product and then to separate that stream into a refined product
stream for further use or sale, a waste stream for treatment and elimination, and an unreacted
material stream for recycle (Fig. 1a). We previously introduced a general techno-economic
framework for characterizing electrolytic systems, which captures relevant trade-offs between feed
concentration, reactant conversion, and separation costs for CO2R [17]. Using this model we can
qualitatively show the impact of increasing reactant conversion on the cost of CO2R processes
with three different liquid products (formic acid, methanol, and ethanol) (Fig. 1b). In each case,
increases to reactant conversion decrease separations cost, which outweigh the corresponding
increase in concentration overpotential until the mass-transfer limiting-current is met. At this
diffusion-limited threshold, additional reactors are necessary to expand system productivity. It
should be noted that the definitions of conversion and productivity in this analysis rely on the
assumption that no COz is lost to carbonation and no product crossover and re-oxidation occurs at
the anode. Based on this coarse analysis, process economics will likely dictate that future at-scale
CO2R systems operate at much higher conversions than those contemplated at the laboratory-scale
today. This, in turn, may give rise to scientific and engineering challenges that, to date, remain
unarticulated. Accordingly, publications focused on scale-up have begun to highlight electrolyzers
which operate with high current densities [18], large total currents [19], and, to a lesser extent,

enriched product streams [20-22].



Normalized Cost (-)

0 0.2 0.4 0.6 0.8 1
Conversion (-)

Fig. 1 (a) A general CO2R upgrading scheme involving generic electrolysis and separation blocks. It may be favorable
to recycle unreacted CO; into the electrolyzer unit step to avoid minimize emissions. (b) Production costs for CO2R
products reach lower limits as a function of increasing single-pass conversion. The vertical lines at high conversions

represent the abrupt cost increase as the respective processes reach mass transport limiting currents.

As CO2R prototypes begin to traverse these new operating regimes, challenges can be anticipated
due to shifts in chemical compatibility requirements for reactor components (catalysts, electrodes,
periphery), significant deviations from low-concentration kinetic behavior, and greater process
safety concerns arising from concentrated toxic products. Here, we elect to focus on irregularities
expected to arise for gas diffusion electrodes (GDEs) during the operation of gas-fed CO2R
devices at high conversion and product generation rates as the other topics are more widely studied
at present. Recent reports of flowing electrolyte CO2R cells with extended durability (ca. 10-100

h) have generally espoused the importance of incorporating fluorinated polymers (i.e.,

5



polytetrafluoroethylene (PTFE)) in the GDEs, either as an additive or a structural component, to
maintain a stable gas-liquid interface between the liquid product/electrolyte phase and gaseous
reactant phase [18,23,24]. This idea has credence given historical uses of fluorinated polymers
such as PTFE and fluorinated ethylene propylene (FEP) as hydro-phobic wet-proofing components
in GDEs to assist in water management in fuel cell operations [25] or as a component in oxygen
depolarized GDEs for their ability to aid in facile oxygen reduction while maintaining stable gas-
electrolyte interfaces [26]. Indeed, initial investigations by Haas et al. and Dinh et al. would
suggest that fluoropolymer-rich GDEs can significantly improve operating lifetimes of a variety
of CO2R cell architectures [24,27]. However, we posit that the conditions necessary for industrial
CO2R may render GDEs composed of Aydrophobic materials incompatible with lower-surface-

tension mixed aqueous-organic phases generated from the reactive gas-liquid interface.

Expanding on this hypothesis, we first consider the wettability of GDE components, evinced by
the sessile drop contact angle on planar analogues, in contact with aqueous-organic liquid mixtures
representative of potential product stream compositions. Subsequently, we use a simple mass
balance model paired with contact angle measurements to estimate electrolyzer operating limits,
represented by the capillary pressure, beyond which product streams would be anticipated to
spontaneously flood conventional GDEs without deploying additional pressure control strategies.
By connecting readily-obtainable measures of electrode-liquid affinity to cell operating conditions,
we aim to develop insights into operating regimes for CO: electrolyzers that generate liquid
products and to address critical questions such as: (i) Do target effluent compositions fall within
stable region for PTFE-based GDEs? (ii) What are crossover compositions for liquid product
mixtures that may lead to spontaneous electrode wetting under pressure-balanced conditions? (iii)

What is an acceptable gas-liquid pressure difference to maintain optimal saturation of the GDE?



2. Gas diffusion electrode flooding is governed by capillary pressure and

wettability

In CO2R, the GDE serves as (i) a scaffold for the catalyst layer and (ii) an interface between the
gaseous and liquid phases that facilitates flux of reactants/products/electrons to/from the
catalytically active sites. A key challenge is the rational selection of GDE materials that can
balance both primary (e.g., electrical conductivity and electrocatalytic activity/selectivity) and
secondary (e.g., permeability and chemical compatibility) functionalities across a range of
operating modes. Crucially, the stability of the cathode-electrolyte interface is intimately tied to
the wettability of the GDE, that is captured by the value of the solid-liquid-vapor contact angle, 6.
This angle can be used to determine the extent of saturation of idealized cylindrical pores of radius
r, with a liquid-vapor surface tension of y, as measured by the capillary pressure Pc. The Young-
Laplace framework (Equation 1) defines the relationship between these variables at equilibrium,
where Pc is the difference between the vapor and liquid phase pressures (Pg,

Pr)Error! Reference source not found. [28].
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Although quantitatively different from the behavior of real materials due to effects including
tortuosity, constrictions, and dead-ends, the parametric trends suggested by Equation 1 remain
valid. For the purpose of this preliminary analysis, we ignore any additional complexities that
might arise in real materials and instead elect to focus on capillarity trends using simplified

cylindrical geometries.

Understanding the effects of material selections on wettability properties of the electrodes requires
a comprehension of materials energetics. Electrodes are often combinations of high energy (HE;
metal or carbon) materials that readily wet most liquids [29] and low energy (LE; binders or
additives) materials used to wet-proof the surfaces. Modifications to electrode surfaces can
drastically change wettability characteristics regardless of the bulk material [29]. In the 1960s,
pioneering work by Zisman characterized the spreading and adhesion of liquids on solids as a
function of surface energy/surface tension [30]. What is evident and readily applicable from the

results of Zisman is that (i) macroscopic solid-liquid-vapor (SLV) contact angles track with the



composition of test fluids according to the surface tension and that (ii) solutions transition from
non-wetting to wetting at different threshold surface energy values depending on the identity and
physical structure of the solid material in question. While PTFE as a GDE support has expanded
the envelope for high-current electrolysis, stability at the cathode-electrolyte interface is expected
to be perturbed by high concentrations of liquid products such as alcohols, which have also been

reported to dissolve anion-exchange membrane materials in situ [21].

Commonly pursued CO2R products like organic acids (i.e., formic acid) and C1-C3 primary
alcohols (i.e., methanol, ethanol, 1-propanol) are water-miscible at ambient conditions, so even at
dilute concentrations, these species can greatly affect physical properties such as density, viscosity,
and liquid-vapor (LV) surface tension (Fig. S2). Changes to density and viscosity affect pressure
drops within flowing electrolyte-based cells; however, we choose not focus on pumping duties for
these analyses. Changes to surface tension/contact angle, in combination with electrode
geometries, most directly influence GDE wetting and saturation, which acutely impact reactant
fluxes and, therefore, electrocatalytic performance. Measuring the apparent contact angles of
sessile droplets is an effective method for characterizing the wettability of candidate porous
electrode materials with a variety of test liquids reminiscent of CO2R product streams. Although
this macroscopic approach is often applied to study non-ideal substrates, intrinsic contact angles
can only be measured on smooth, non-porous surfaces (Young’s theory) [31]. Appropriate
corrections to contact angles measured on textured materials, which appear distorted when
compared to flat materials with equivalent surface chemistry [29], can be made for both
homogenous (Wenzel) and heterogeneous (Cassie-Baxter) wetting regimes [32,33]. Despite the
obscurations introduced by roughness and entrapped fluids when determining quantitative
measures of wettability on porous substrates, droplet based-protocols are widely practiced to

qualitatively evaluate the resistance of textiles and other materials to wetting [34,35].

To better our understanding of wettability in aqueous-organic mixtures of compositions similar to,
we selected formic acid (FA; reagent grade, > 95% purity, Sigma-Aldrich), methanol (MeOH;
HPLC grade, > 99.9%, Sigma-Aldrich), ethanol (EtOH; anhydrous, 200 Proof, KOPTEC), and 1-
propanol (PrOH; ACS reagent, > 99.5%) for analysis. We prepared solutions across a range of
dilutions from 0 to 100% by mass with deionized (DI) water (18.2 MQ, Milli-Q). Salt-free

solutions were used to isolate the interaction between each test liquid and water. Subsequent



studies may contemplate the impacts of the chemistry and concentration of dissolved salts on
relevant physical properties. PTFE (FP303050, Goodfellow) and graphite (99.997%, 867-421-20,
Goodfellow) sheets were used as the primary solid substrates for droplet studies. PTFE sheets were
cleaned with DI water and isopropyl alcohol (IPA) and dried using compressed air prior to analysis.
Graphite sheets were prepared by removing the top layer of material with Scotch® tape (MFR#:
810, 3M). 5-uL droplets were dispensed onto substrates using an automatic pipetting unit.
Measurements were taken in ambient air where the temperature and relative humidity remained
between 20-24°C and 10-40%, respectively. Videos of 30-60 second duration were captured
using a contact angle goniometer system (Model 200, ramé-hart) and processed using DropPy
V1.0.0a0, a Python-based goniometer software [36]. Substrates were spot-cleaned before
dispensing and imaging new droplets. Contact angles were determined by fitting edges with a two-
parameter Bashforth-Adams model that accounts for the effects of gravity on droplet shape.
Additional descriptions of experimental procedures (Sections S.1 and S.2) as well as the data

collected for each trial (Tables S1 and S2) are provided in the Supporting Information.

To determine the qualitative impact of mixed organic-aqueous product streams on electrode
wettability, we measured the contact angles for the solutions described above as a function of water
content, as shown in Fig. 2. The markers for each product represent the average contact angle from
5 trials at each concentration and the error bars are one standard deviation of the same
measurements. As expected, the contact angles of the mixtures on both surfaces decrease with
increasing mass fraction of organic species due to the reducing surface tension. The tendency to
wet the solids is directly proportional to the carbon chain length of the product which is associated
with decreased polarity and surface tension (PrOH < EtOH < MeOH < FA < water), especially for
the primary alcohols [37]. The ability for each solid to prevent wetting can be studied by comparing
the point at which the test fluid is neutrally wetting, e.g., has a contact angle of 90°. When studying
graphite, fluids with more than 10% alcohol fall below the 90°-threshold; however, the alcohols
can be mixed in higher proportions before neutrally wetting conditions are reached on PTFE. In
both cases, the formic acid mixtures reach neutrally wetting conditions at much greater mass
fractions than the alcohols, suggesting that such product streams will not lead to significant
changes in capillarity relative to pure aqueous solutions in PTFE-based GDEs. As such, CO2R to
FA appears to have a wide range of feasible operating compositions, exceeding the highest

reported concentrations to date (ca. 15% by mass) [20]. In contrast, the alcohol crossover
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concentrations are significantly lower and we anticipate that such compositions will be readily-
achievable in practical CO> to liquid electrochemical processes posing a stability challenge for

PTFE-based GDEs.
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Fig. 2 Sessile drop contact angles on (a) graphite and (b) PTFE for an array of liquid CO2R products as a function of

water content by mass.

Beyond experimental measurements of the apparent contact angles of test fluids, y can be used as
a unified predictor for the wettability of different fluid mixtures [29]. With the previous 6
measurements, we can construct Zisman plots (Fig. 3) to predict the critical surface tension, yc,
for complete wetting (8 = 0°) and the surface tension at the crossover composition (8 = 90°) for
both graphite and PTFE. We fit the data (black open circles) for each surface with quadratic
functions (red lines), which is reasonable based on previous analyses that used similar empirical
fits [30]. We then predict yc values of 31.8 mN/m for graphite (RMSE = 16 mN/m) and 15.2 mN/m
for PTFE (RMSE = 7.3 mN/m). We validated this method using a secondary set of test fluids and
determined yc to be 14.8 mN/m for PTFE. The validation data (Table S3) along with an additional
Zisman plot (Fig. S3) can be found in the Supporting Information. As can be seen for graphite, the
data below 31.8 mN/m represent the product compositions that completely spread when contacting
the solid. Note that none of the dilutions tested were of sufficiently low surface tensions to reach

the critical point for PTFE, so the empirical fit is needed to estimate yc. The 90°-crossover
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compositions are predicted to be 45 mN/m and 47 mN/m for graphite and PTFE, respectively.
These values are useful for predicting sign changes in Pc, as will be considered in the next section.
For comparison, Zisman reported a 90°-crossover point of ca. 40 mN/m for PTFE, but did not
report a value for graphite, which is reasonable given the wettability of graphite surfaces vary
widely depending on form factor [38]. Indeed, identification of smooth, flat material as a
representative proxy for carbon particles and/or fibers remains elusive. Qualitatively, the yc value

predicted for graphite exceeds that of PTFE, which is to be expected as it is the higher energy

material.
(a) (b)
20— 7 1 T 20T 71—
- Graphite - PTFE ]
1.5F y 15F -
s s | I
&1.0F 4 &10fF S .
(&} | [&] | |
- [ - [ O ]
i B o -
0.5 - 05 -
0.0 I -y ————— 1 - 0.0 N SR -
0 20 40 60 80 0 20 40 60 80
Surface tension, v (mN m'1) Surface tension, v (mMN m'1)

Fig. 3 Zisman plots for (a) graphite and (b) PTFE for all the liquids used to predict critical crossover compositions.

Empirical quadratic fits are plotted in red for determining the critical surface tension, yc, of each material.
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3. Operating envelopes are mapped using electrolysis mass balances

While ex situ contact angle data only provide qualitative insights on wettability for porous
electrodes, such understanding informs materials selection for different classes of reactions. Here,
we use wettability data in combination with a simple mass balance model around the cathode
reaction zone to estimate ranges of feasible operating conditions before liquid product enrichment
near the gas-liquid interface leads to electrode flooding. A mass balance model represented by the
schematic in Fig. 4 accounts for the mass flow rates of water and organic products to/from a well-
mixed flowing liquid phase control volume. The results and possible implications of changing
electrolyzer set points are discussed in the context of the widely studied flowing liquid electrolyte

configuration [8,10,23,24,27,39-51].

FA 5
MeOH

H:0+EroH

___ PrOH

Fig. 4 Electrolyzer mass balance model schematic. Water is fed to the cathode GDE where CO,, water (H,O), and
electrons (e”) are consumed within the catalyst layer to produce liquid organic components. The exiting stream
contains an aqueous-organic mixture. We do not include the contributions of OH™ and other ions on the overall mass

balance or liquid phase properties.

Faraday’s law of electrolysis connects the mass flow rates for product generation, mpixn,
(Equation 2) and water consumption, mw,xn, (Equation 3) at the cathode to the current (/) and one
of the two stoichiometric coefficients, zp and zw, which correspond to the number of electrons per

mole of product generated and water consumed, respectively.

, 1
My oy =—— MW, Equation 2

z,F
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) 1
My o =——=MW, Equation 3
’ zw
In these equations, F is the Faraday constant (96485 C mol e™!) and MW5 is the molecular weight
of a product species (e.g., g/mol). The molecular weight of water, MW, is taken to be 18.02 g/mol.
The mass flow rate of feed water, mw,in, is defined (Equation 4) as a function of the inlet volumetric

sweep rate, O, and the density of water, pw.

Myin = PywQ Equation 4

Generally, the sweep rate of liquid electrolyte impacts product flux away from the catalyst layer
to the bulk electrolyte and, by extension, the distribution of product concentrations along the
reactor length and at the exit. In this treatment, we select O directly to regulate product dilution
for a given current, but this ability to independently control product removal and tune dilution
would be hampered in polymer-electrolyte-based devices as alternative flux mechanisms like

evaporation and membrane crossover are less readily controlled [21].

We implement material balances around electrons, water, and liquid reaction products to directly
calculate the total mass exiting the reactor, mou (Equation 5), while ignoring dissolved gases (e.g.,
COg, hydrogen, carbon monoxide, etc.) and dissociated ions such as hydroxide (OH") produced
from the cathodic half-reactions as well as bicarbonate (HCO5") and carbonate (CO3>") that form
as a result of carbonation reactions [52].

mout = (mW,in - mW,rxn ) + (mP,in + mP,rxn ) Equation 5

Through substitution, we define the product mass fraction, xp (Equation 6), as the total product
mass divided by the total mass exiting the reaction zone as a function of total current, /, and inlet

water volumetric sweep rate, Q.

mPin +LMWP
il PF

1 1
MW, |+| m,, +——
F W] ( P,in ZF

Zy P

_ mP,in + mP,rxn _

Xp = 3 =
mou
t (pr_

Equation 6
MWPJ
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Here, / can either represent a partial current towards a target product or, assuming 100% faradaic
efficiency, a total current. The water mass fraction, xw (Equation 7), is readily determined from xp

because we assume a binary mixture in the liquid phase.
Xy =1-x, Equation 7

Each cathodic half reaction consumes CO,, H>O, and electrons and produces hydrogenated
products and OH™ as shown in Table 1. Included are the relevant stoichiometric constants—rnp

(the number of moles of CO> per mole of product), zp, and zp—as well as the product molecular
weights, MWp. We convert from a mole to mass basis because it can be more convenient to work

with mass (or weight) fractions at high solute concentrations.

Table 1 CO2R half-reaction stoichiometry for liquid products

Half reaction np P w | MWp (g/mol)
CO, +2e~ + H,0 - HCOO™ + OH™ 1 2 2 46.03
CO, + 6e~ +5H,0 - CH30H + 60H™ 1 6 6/5 32.04
2C0, +12¢~ +9H,0 - C,H50H + 120H™ 2 12 12/9 46.07
3C0, +18e™ + 13H,0 - C3H,0H + 180H~ 3 18 18/13 60.09

This simple mass balance analysis enables consideration of the cumulative impact of water
consumption and organic product generation on the physical properties of the solution and the
wettability of the electrode. Note that the stoichiometric constants only account for the half-
reaction water balances at the cathode, as the microenvironment local to the electrode-electrolyte
interface will determine flooding. However, in the full cell, water is generated at the anode, which,
depending on the cathode chemistry, offsets some or all of the water consumption (Table S4,
Supporting Information). For example, there is no net water consumed for the conversion of CO>

to formate/FA, but CO; to alcohols reactions still require net water consumption.

We construct composition contour plots for FA, MeOH, EtOH, and PrOH (Fig. 5) by calculating
xp across many currents and flow rates. The y-axes are reported on a log scale for clarity across
several magnitudes of flow rates. Product composition isoclines reported in % by mass (solid lines)

start at the 0.1, 1, and 10% and then continue from 10-100% in increments of 10%. Sweeping the
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current from 0—1000 mA at fixed Q results in a linear increase in the production rate (Equation 2
), while increasing Q from 0.001-1 mL min™! at fixed / decreases xp due to their inverse relation.
The composition contours generally shift downward with deeper reduction products and increasing
molecular weight, with an exception of FA that has similar molecular weight to EtOH. FA
composition is less sensitive to Q at fixed /, whereas the alcohols are more likely to reach high

concentration through modest changes to Q.

Determining 90°-crossover compositions from ex sifu contact angle data allows us to estimate a
best-case scenario condition that may lead to a sign change, from positive to negative, in Pc. We
use wettability metrics for PTFE to represent GDE stability because it is assumed to be invariant
to mild voltage biases to the electrode. In contrast, graphite is the more polarizable GDE
component, so we may anticipate that its wettability will increase as a function of electrode voltage
according to electrowetting phenomena [53,54]. The measured crossover composition, here,
corresponding to a measured 90° contact angle on PTFE, is indicated with a black dot-dash line
for each of the product subpanels in Fig. 5. These crossover compositions were determined by
interpolating between measured data points (Fig. S4, Supporting Information). If making
predictions using a Zisman rule, all liquids with y below that of a crossover value, which is either
47 mN/m (---, this work) or 40 mN/m (---, Zisman), should wet PTFE with a contact angle less
than 90°. We estimate the crossover composition for each CO2R product by finding the water
composition at which the y curves (Fig. S2b, Supporting Information) reach the 90°-threshold.
While there are discrepancies between the measurements and predicted isoclines, the differences
between the operating conditions needed to achieve each composition are relatively minor. At flow
rates above each crossover line, the sweep stream provides enough water to the reaction zone at a
given current to keep the product composition below the critical imbibition point. Put another way,
for a given sweep rate, the electrochemical conversion rate is slow enough that enrichment of

organic species in the reaction zone is not so great as to lead to flooding.
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Fig. 5 The liquid product concentration, xy;,, reported in percentage by mass with the solid contours, is calculated for
(a) FA, (b) MeOH, (c) EtOH, and (d) PrOH as a function of liquid inlet water flow rate and current by using a mass

balance around a hypothetical CO> electrolyzer with a flowing electrolyte stream. The additional black dashed lines
correspond to the measured (--) and theoretically-predicted (- 47 mN/m from this work; ---, 40 mN/m from Zisman)

6 =90° point on PTFE at which the mixture transitions from non-wetting to wetting.

In agreement with the contact angle measurements, the ordering and position of the crossover
composition isoclines in Q-1 space align with the y and polarity of the organic species (Fig. S2b,

Supporting Information). Plotting the isoclines for different liquid species together (Fig. 6) is an
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effective way for determining if electrolyzer operating conditions need to be tailored according to
product identity. For example, although FA mixtures wet at much high concentrations as compared
to the alcohol mixtures, the operating conditions required to reach the crossover points are similar
for species of equivalent polarity. At the extremes of species wettability (i.e., PrOH versus FA),
however, the Q required to induce contact angle crossover varies by nearly an order of magnitude

at the same /.
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Fig. 6 Crossover composition contours correspond to 8 = 90° on PTFE (when Pc = 0 bar) as (a) measured in this work

and (b) predicted from a Zisman rule surface tension threshold (6 = 90°) of 40 mN/m for nonpolar solvents on PTFE.

Now with xp mapped to different operating conditions, we can connect the wettability of the
various liquid mixtures to a simple prediction of Pc using Equation 1, which is necessary for
understanding the pressure differentials required to maintain a stable gas-liquid interface in a gas-
fed CO; electrolyzer. Again, here we do not consider complex physical and geometric features
evident in real GDE materials (thickness, pore size distribution, fibers spacing, particles sizes,
mixed wettability) [55,56] to determine Pc because simplified models such Young-Laplace are
able to capture general capillarity trends. However, further analyses explicitly considering
saturation or wetting dynamics in electrodes with finite volume could expand from these zeroth-
order analyses of interfacial Pc to refine predictions of stable operating envelopes. We first

compute Pc at various levels of water content, xw (Fig. 7). The data associated with this figure are
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reported in Table S5 in the Supporting Information. We employ interpolated PTFE contact angle
values (Fig. S4) to calculate Pc with a radius, 7, of 0.1 um as representative of the effective pore
radius for expanded PTFE membranes (e.g., Porex PM21M) similar to those used as GDE
scaffolds in recent work [24]. We next overlay the Pc values corresponding to each xp contour
(Fig. 8) to convert the composition map into one for predicting differential pressure thresholds.
The Pc isoclines can be thought of as an estimation of the magnitude of the maximum liquid-gas
overpressure that a GDE could withstand while still maintaining interfacial stability / avoiding
flooding. Comparing the operating envelope for each liquid-PTFE combination as a function of
current and flow rate is useful for predicting if any notable physical changes to the system
equilibrium emerge when targeting different CO2R products. By comparing the location of the
critical isoclines (where Pc = 0) in Q-1 space, we observe ordering in agreement with the relative
wettability (PrOH > EtOH > MeOH > FA) as determined from contact angle measurements. The
critical composition lines generally shift upward from FA to PrOH, according to chain length,
depth of electroreduction, and decreasing polarity, which taken together indicate that the allowable

operating space will narrow as the deeper CO2R products considered in this subset are pursued.
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Fig. 7 Capillary pressure, Pc, plotted as a function of water content by mass, xw, and CO2R liquid product.
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Fig. 8 Capillary pressure, Pc, (bar) calculated for a pore radius, 7, of 0.2 um is overlaid onto the contours corresponding
to the product compositions, xp, shown in Fig. 5 as a function of liquid sweep rate, Q, and current, /. The crossover

contours, at which P¢ = 0 bar, are indicated by the black dashed lines.

These predictions suggest that the operating envelope for FA is likely to be wider than for alcohols
for PTFE-supported GDEs. However, when considering that many existing industrial GDEs are
composite materials (conductive metal and hydrophobic PTFE components) with mixed
wettability properties (vide supra, oxygen depolarized cathodes), these contours may constitute

the best possible set of conditions correlating to Pc crossover. Using composite GDEs may
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ultimately prove necessary when scaling to larger cell areas due to enhanced through-plane
conductivity as compared to the PTFE-supported electrodes. Despite the increased flooding risk
imparted to GDEs by imbuing them with conductive additives, there are still opportunities for
targeted tuning wet-proofing content in porous media to achieve both favorable Pc envelopes [57]

as well as high CO2R activity and faradaic efficiency [8,45].
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4. Opportunities for the integration of oleophobic materials

Oleophobic treatments constitute a readily-available modification to GDEs that may better suit
aqueous-organic environments [30]. Introducing oleophobicity to PTFE sheets has enabled their
use as venting materials in electronic devices such as in batteries and other electronics filled with
organic solvents [58]. Although measuring the intrinsic wettability of rough or porous materials
with macroscopic sessile drop methods, we can still compare the relative effectiveness of
modifying the PTFE surface. Using the same methods as described before for solid PTFE (vide
supra), we measured the apparent contact angles (Fig. 9) of the test liquids on two different porous
sheets, expanded PTFE (PM21M, Porex) and sintered oleophobic PTFE (PMV15T, Porex) sheets.
The raw data are reported in Tables S6 and S7 of the Supporting Information. The non-wetting
envelope (6 > 90°) for all of the test liquids is expanded for the porous materials as compared to
the dense, flat PTFE sheet shown in Fig. 2. As mentioned earlier, surface roughness and entrapped
gases can increase the apparent phobicity/philicity of a given solid-liquid combination. However,
while the porous PTFE membrane is ultimately wetted by lower surface tension mixtures, the
oleophobic membrane does not exhibit any 8 < 90°. These initial results demonstrate that
appropriate modifications to extant and proven material sets may greatly improve the wettability
characteristics. While the oleophobic treatment here was applied to a PTFE substrate, in principle,
it could be expanded to other polymers, metals, or carbon substrates to improve liquid repellency

or tune wettability.
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Fig. 9 Apparent sessile drop contact angles for selected CO2R product liquids as a function of water content by mass

on (a) Porex PM21M expanded PTFE and (b) Porex PMV 15T oleophobic treated sintered PTFE sheet.

5. Outlook

The generation of concentrated liquid products at CO; electrolyzer outlets is an economically
attractive operating objective (vide supra) that may be attainable by targeting high current to liquid
sweep rate ratios. Investigating these conditions through the use of a simple mass balance model,
in combination with ex sifu contact angle measurements, enables simulation of the local
environment at the cathode-electrolyte interface and the propensity of GDE flooding due to
enrichment by organic products. Such critical compositions are illustrated in contour plots enabling
connections between cell operating conditions (liquid sweep rate and applied currents) and
electrode properties (wettability). Such estimations of electrode flooding enable us to predict that
FA-generating electrolysis cells should be more stable than the equivalent alcohol-producing cells
when targeting high-mass-fraction effluents. We also see an opportunity to leverage existing
surface modification technologies to augment the wettability characteristics of current GDE
material sets, possibly with oleophobic treatments, towards the goal of expanding the stable
operating envelope for CO;-to-alcohols electrolyzers. Through this exploration of some of the

material challenges that face CO2R during the necessary scale-up phase, we hope to inspire
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additional researchers in this field to consider these obstacles at an early stage of technology

development.
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