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Sub-millibar pressure gradient along a gravity-driven percolated
CO; gas diffusion electrode for vertical scale-up

Craig Armstrong,® Bjgrnar Sandnes® and Enrico Andreoli *

Herein the operating principles of a carbon dioxide electrolyser employing a percolator material and a gravity-fed electrolyte
are demonstrated. By precisely adjusting reservoir elevations, the catholyte pressure profile applied to the CO, gas diffusion
electrode as a function of height is deliberately manipulated. This approach enables the control of pressure differentials
across the entire electrode, and the mitigation of hydrostatic pressure accumulation within the catholyte which would
otherwise exceed the limited pressure resilience of current electrodes. To rationalise the fluid physics of operation, a
tractable model that predicts the internal pressure profile within the percolator was developed, requiring only simple
reservoir height adjustments to account for head losses specific to the electrolyser architecture. To validate and apply this
model, a 32 cm tall electrolyser with vertical differential pressure monitoring was employed, demonstrating sub-millibar
pressure gradients during operation. Under these conditions, stable CO, electrolysis was achieved, demonstrating the

prospect of vertically scaled systems which is critical for industrial implementation.

Keywords: Falling film electrolyser (FFE); Electrochemical carbon dioxide reduction (EC-CO,R); Gas diffusion electrodes

(GDEs); Differential pressure; Vertical scale-up; Stability.

1 Introduction

The urgency of climate mitigation is reshaping the foundations
of global energy and
changes beyond incremental efficiency gains.! The transition of

industry, calling for transformative

the chemical industry towards defossilisation and electrification
is pivotal for achieving a sustainable and circular economy.
While traditionally reliant on fossil-derived feedstocks, the
sector is now exploring innovative pathways to reduce its
carbon footprint.2 One promising approach involves utilising
CO; emissions from hard-to-abate industries, such as steel and
cement production, as a carbon alternative for synthesising
valuable chemicals and fuels. This integration not only mitigates
emissions from these sectors but also provides a renewable
carbon source for chemical manufacturing.? Electrochemical
carbon dioxide reduction (EC-CO2R) has emerged as a key
technology that offers the direct conversion of captured CO,
into a range of chemicals and fuels using renewable electricity.3~
5 Operating at low temperature and pressure, and using
sustainable environmental materials, the scale-up of EC-CO2R
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holds great promise for tailored and modular electrified CO;
recycling.b=° Notably, systems operating at industrially relevant
current densities and selectivity have been demonstrated, with
continued progress needed to move the technology closer to
commercial viability.#10-12

From a chemistry perspective, CO; is effectively inert under
ambient conditions, thus the prevailing problems with CO;
electrocatalysis are well documented in terms of reaction
selectivity and efficiency. Yet significant progress has been
made via finesse control of catalyst composition, morphology,
and nano-structuring to demonstrate high faradaic
efficiencies.’>17 For example, Chen et al. demonstrated 87 %
ethylene using a polyamine-incorporated Cu catalyst in
2020.181% Typically, catalysis advancements are achieved in
small-scale experiments and often employing planar electrodes,
but translating these achievements into scalable electrolysers is
problematic due to limited conversion rates,?® low
energy/carbon efficiency,?! selectivity
instability.?? Furthermore, technological economic assessments
frequently project that consistent current densities above 100
mA cm?, low cell voltages below 2 V and lifetimes of several
years are required for feasibility.23-26 Planar electrodes fail to
meet this requirement due to insufficient CO, mass transport
arising from the low ~33 mM solubility limit of CO; dissolved in
water.?”2% |n contrast, gas-fed reactors realise much faster
conversion rates due to the vastly higher CO; concentration
supplied to the catalyst and the compression of the interface

loss and electrode
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diffusion layer to the nanoscale.?® Consequently, economically
viable current densities have been regularly demonstrated in
the literature, with partial current densities exceeding 300 mA
cm? for large hydrocarbons such as ethanol production.?®
However, this high performance is often accompanied by
stability loss and limited lifetimes, with reports of multi-day
operation for hydrocarbon production being rare.??

A key component in operating gas-fed reactors is the gas
diffusion electrode (GDE) employed for the cathodic EC-CO;R
process.?’3° The GDE must function as a barrier between the
CO; and electrolyte compartments of the electrolyser, whilst
being permeable to gaseous CO; and product diffusion to/from
the catalyst. In addition, the GDE must be electrically
conductive and electrochemically inert to avoid side reactions
or corrosion. Thus, the design considerations of GDEs are highly
demanding and somewhat at odds with each other. CO, mass
transport optimisation favours minimised diffusion path lengths
and thinner GDEs, whereas electrolyte repulsion is enhanced by
thicker materials with smaller pores.3! Presently, commercial
GDEs for EC-CO2R do not exist, so gas diffusion layers (GDLs)
from the highly developed fuel cell technology are routinely
applied in EC-CO;R research instead.3? These GDLs are
conventionally carbon-based and consist of two layers; a
macroporous carbon fibre substrate (CS) with a thickness of ~
250 um,3334 and a thinner microporous layer (MPL) of ~ 50
um3334  composed of fine carbon powder and
polytetrafluoroethylene (PTFE). A fine catalyst layer (CL)
(typically ~5 um thick with loadings in the range of 0.1 to 2.0
mg cm?) is then coated onto the MPL composed of
nanoparticles for enhanced surface area and activity, along with
ionomer serving as a proton conductor and binder.333>

Fundamentally, GDEs exploit three-phase boundaries where
CO, gas, aqueous electrolyte, and conductive catalyst surfaces
converge to enable proton-coupled electron transfers to
adsorbed C0O,.28 The configuration of these boundary interfaces
is therefore critical to operation and is maintained by the GDL
hydrophobicity which repels the electrolyte.3® Unfortunately
prolonged GDE operation causes the electrolyte to penetrate
beyond the catalyst layer resulting in adverse performance,3”-38
and eventually the flooding of the CO, chamber.3°4° Known as
‘electro-wetting’, a shift towards parasitic hydrogen evolution is
observed driven by a combination of exposed electroactive
carbon and a fully wetted catalyst leading to a large CO>
depletion layer.?%#! |n addition, electrolyte penetration may
also be driven by ‘pressure-wetting’ whereby excessive
electrolyte pressure overcomes the threshold capillary pressure
of the porous material.*> GDEs therefore require a subtle and
meticulous pressure balance between CO; and electrolyte to be
maintained across the entire electrode surface. Whilst trivial at
the centimetre laboratory scale, pressure balance becomes
problematic at the industrial multi-metre scale because the
pressure of a conventionally pumped electrolyte accumulates
as a function of depth due to gravity. With current GDEs
possessing a low pressure resilience of typically < 100 millibar

2 | Ind. Chem. Mater., 2026, 00, 1-3

differential (mbarD),3? the practical height of a pumpedEGCs
CO3R electrolyser is therefore limited. ~ DOI: 10.1039/D5IM00372E

Evidently, an alternative approach to conventional pumping is
required to better regulate the electrolyte pressure and achieve
a vertically uniform pressure distribution. This challenge was
previously addressed during the development of modern chlor-
alkali electrolysers employing ‘oxygen depolarised cathodes’
(ODCs).*3 Chlor-alkali electrolysis is an industrial scale process
whereby chlorine gas is produced in tandem with sodium
hydroxide in an aqueous electrolytic cell featuring a cation
exchange membrane. Initial chlor-alkali electrolysers were
inefficient due to the water-splitting cathode employed,
however the development of the ODC, whereby oxygen gas is
reduced, depolarised the cell voltage by 1.23 V and reduced
energy consumption by 30 %.%* The ODC is essentially an oxygen
GDE and directly analogous to CO, GDEs used presently. In
contrast to EC-CO3R GDEs, ODCs are typically carbon-free and
instead entirely metal-based, such as a silver oxide catalyst
supported on silver wire gauze substrate with hydrophobic PTFE
used as binder.**> Electrode scale-up was initially hindered by
the hydrostatic pressure of the electrolyte, however this was
eventually addressed through use of an elegant falling-film
electrolyser (FFE) design.** This architecture uses a thin film of
gravity-fed electrolyte that passes through a permeable
material placed between the ODC and membrane. This
‘percolator’ acts as a flow resistor: as electrolyte moves through
it under gravity, a pressure drop is generated that offsets the
hydrostatic pressure build-up from the vertical column of liquid,
thereby helping maintain a constant pressure at the electrode
interface.

A 2022 review by Hernandez-Aldave & Andreoli examined the
chlor-alkali ODC technology as a design platform for CO, GDEs.*3
It was proposed that similar design strategies — specifically the
use of Cu-based GDEs and a FFE architecture — could be
implemented in EC-CO3R to address limited electrode lifespan
and pressure imbalance. Technological crossover is non-trivial
however as many chlor-alkali advancements remain proprietary
and poorly documented in published academic literature.
Furthermore, EC-CO3R introduces unique chemistry challenges,
including CO, carbonation in alkaline electrolyte,*® a diverse
range of gaseous and liquid products,*” and bubble formation
within the catholyte.*® Recently in 2023 GroReheide et al.
described a 10 x 10 cm? reactor with 3D printed electrolyte flow
frames.*? This prototype was claimed to be the first published
EC-CO2R FFE however the underpinning principles of FFE
operation were not explored: liquid and gas pressures were not
measured, electrolyte percolation was not characterised, and
the electrode height (10 cm) was too short to reveal pressure
imbalance effects relevant to scale-up. Herein the fluid physics
of percolation are elucidated, and the underpinning
methodology for eliminating the hydrostatic pressure gradient
is exploited for sub-millibar pressure control. By use of
differential pressure monitoring, the delicate balance at the
GDE interface is probed as a function of height. Thus, the first
functioning FFE electrolyser for EC-COZR is reported here, and
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the consequences for achieving robust operation, that is
essential for electrolyser scale-up, is explored.

2 Results and discussion
2.1 Theoretical interpretation of percolation

Fig. 1 shows a simplified diagram of a FFE in which electrolyte
falls under gravity from a feed reservoir, passes through a
porous percolator and into a lower drain reservoir. The
electrochemical components are omitted here to focus on the
fluid mechanical aspects. A pump recirculates the electrolyte to
maintain a steady state with constant reservoir levels.
Electrolyte moves in a continuous unbroken column such that
the percolator is hydraulically connected to both reservoirs. The
vertical elevations of the feed and drain reservoirs, and the top
and base of the percolator, are denoted zf, z4, z¢ and zy
respectively, relative to a vertical z-axis pointing upwards.

Fluids flow from regions of high to low mechanical energy:
consisting of contributions from pressure, gravitational
potential, and kinetic energy. In porous media flows, fluid
velocities are typically low, so the kinetic energy term (v2/2g)
can be neglected. For incompressible flow, the mechanical
energy per unit weight is expressed as the ‘hydraulic head’,
given by the sum of the pressure and elevation heads at each
vertical position z:

_Pe)
h(z) = g +z

where p is the fluid density and g is the acceleration due to
gravity. Noting here that all terms have units of meters and
lateral coordinates (i.e. x and y) are irrelevant. In classical
hydrology, flow through porous media is described by Darcy’s
law which relates the volumetric flux q to the gradient of
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Fig. 1 Schematic of a simplified FFE system comprised of a percolator with feed/drain
reservoirs. Elevation heads are given in terms of a vertical z-axis and the flow direction
is indicated by grey triangular arrows.
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hydraulic head along the direction of flow. Iptroducinga
coordinate s that increases in the dired?idnlGFOFRIih MHETIOH,
Darcy’s law takes the form:

_ dh
1= =% 4s

where K = pgk/uis the ‘hydraulic conductivity’, determined by
the intrinsic permeability k of the porous medium and the
dynamic viscosity u of the fluid. In a vertical system where flow
occurs downward and z increases upward, ds = —dz, and for
steady flow through a homogeneous, isotropic porous medium,
Darcy’s law reduces to:

q=K--
where Ah = hy — hy, is the total head drop from top to base, and
L is the percolator length which equals z; — z}, in the case of
vertical alignment. In this formulation, ¢ > 0 for downwards
flow. In experiments, the measurable quantity is the total flow
rate Q, which is related to the flux by the cross-sectional area A:

k Ah
_ 4 Pgkbh

Q PR

Considering now how the hydraulic head is established at the
top of the percolator, and assuming that head losses in the
tubing and connectors can be neglected, then the pressure at
the top of the percolator is set entirely by the hydrostatic
pressure of the fluid column between the feed reservoir surface
and the top of the percolator:

Py =Py + pg(zs—zt)

Combining this with the expression for the hydraulic head at the
top of the percolator:

P Py + Zf—Z
__t+Zt= o +pg(zs t)+Z

hy = t=ﬁ+zf=hf
Pg PY PYg

shows that h; = h¢, and a similar argument for the base of the
percolator yields hy, = hq4. Therefore, the total head drop across
the percolator is simply equal to the vertical distance between
the feed and drain reservoir surfaces:

Ah = ht_hbzzf_ZdZAZRes

This makes Ah a directly controllable parameter in experiments,
adjustable by setting the relative heights of the reservoirs.
Intuitively, increasing the elevation drop between the reservoirs
increases the gravitational energy available to drive flow g = K
Azges/L, but the absolute elevations of the reservoirs do not
affect the flow rate, provided their vertical separation remains
fixed. That is, the reservoirs may be raised or lowered together
without changing the flow rate.

Although the absolute elevations do not affect the flux, they do
determine the internal pressure distribution within the
percolator because of the magnitude of hydrostatic pressure
applied to the percolator. Assuming uniform permeability and
steady flow, the hydraulic head decreases linearly in the

Ind. Chem. Mater., 2026, 00, 1-3 | 3
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direction of flow. In terms of the vertical elevation coordinate z
within the percolator (z, < z < z;), this can be written as:
P(z) ) AZges

h(z) = (ﬁ+z . (Z—2)

Therefore, the pressure function is:

AZges
P(2) =Po+pg|2t—2——7 (2—2)
Differentiating this with respect to z yields the vertical pressure
gradient within the percolator:

dpP _ (AZRes 1)
dz =Py L -

This result highlights several important implications. Firstly, a
vertical pressure gradient exists within the percolator in the
general case, but this may be positive or negative depending on

the ratio Azges/L. If the reservoirs are placed at equal
elevations (Azges = 0), the result recovers the standard
hydrostatic pressure gradient: dP/dz = —pg whereby no
electrolyte flows. If the elevation drop between the reservoirs
is smaller than the length of the percolator (Azges < L), the
pressure still increases downward, though less steeply than in
the hydrostatic case. Conversely, if the reservoir separation is
greater than the percolator length (Azges > L), then an
upwards pressure gradient is encountered along the elevation z
, i.e. the pressure is higher at the top of the percolator. This
result is entirely physical, as fluids follow head gradients rather
than pressure gradients. Solving the previous equation for
dP/dz = 0 identifies a special case, whereby Azpes =L,
corresponding to a critical configuration in which the pressure
gradient within the percolator vanishes. In this case, the gain in
hydrostatic pressure exactly balances the head loss due to flow
resistance,
elevation. This uniform operating pressure is equal to the

resulting in a pressure that is constant with

pressure exerted at the top of the percolator; however, a similar
argument can be used to show that it is also equal to the
pressure at the base, such that when Azges = L, Py = Py. Under
this condition, the system flows at a critical flow rate Q. that
depends only on fluid properties and percolator geometry:

Apgk
Qe=——
u

Fig. 2 graphically illustrates the possible pressure distributions
for a 2 m tall percolator using relative pressures, (i.e. Py = 0),
and an electrolyte density of p; Mmkuco, = 1200 kg m3. The
simplest case is shown in dark green in Fig. 2c whereby the
reservoir elevations match those of the percolator top and base,
resulting in a uniform pressure equal to Py,. The remaining
curves in Fig. 2c represent moving both reservoirs up or down
by 1 m, whilst keeping their elevation difference unchanged.
This also results in a constant pressure but offsetby + pg -1
m = £117.4 mbar as shown in Fig. 2d. Flow rates for these
constant pressure examples are all equal to the critical flow rate
Q. and are independent of the absolute elevations. In contrast,
the examples in Fig. 2a and 2e yield decreasing or increasing
pressure gradients because Azges # L (Fig. 2b and 2f,

4 | Ind. Chem. Mater., 2026, 00, 1-3
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Fig. 2 lllustration of the effect of varying reservoir elevations relative to a percolator of
2 m height and fixed position, shown in black. In (a), (c) and (e), reservoir elevations are
indicated by horizontal lines whereas elevation differences (Azges) are indicated by
dashed vertical lines. Corresponding pressure distributions within the percolator are
shown in (b), (d) and (f) with Py = 0. The effect of varying Azges from 1to 2 to 3 m are
shown in (a), (c) and (e) respectively, in addition to elevating or lowering both reservoirs
by + 1 m. In (g) and (h) the relationship between flow rate (Q/Q. ) and the pressure
gradient is shown in comparison to a static electrolyte (black). Pressures are displayed
relative to the base of the percolator at Py = 0.
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respectively). Again, the magnitude of pressure is also offset by
aconstant + pg -1 m = +117.4 mbar by shifting the reservoir
pair by +1 m. Given that values of Azg.s were arbitrarily
chosen here as 1 or 3 m, the pressure gradients are also
arbitrarily + pg/2 = + 58.7 mbar m? with corresponding
flow rates of Q./2 and 3Q./2 for Fig. 2a and 2e, respectively.

More generally, the percolated flow rate is a continuous
variable, thus, as an alternative viewpoint, the pressure within
the percolator may be considered a function of the flow rate, P
(Q,z), as shown graphically in Fig. 2h for P(0 <(Q/Q.) < 2).
Here the dimensionless flow ratio Q/Q. serves as a useful
parameter to characterise the flow (simply a re-expression of
Darcy’s law: Q/Q. = Azges/L) such that substitution yields:

P(:) = Po+ pg [zf—z—%(zt—@]

and pressure gradient:

© o po(Z)

dz =Pg Qc
Intuitively, the pressure gradient increases from dP/dz = —pg
as the flow rate increases from static, because faster flow rates

produce increasing hydrodynamic pressure drops at the top of
the percolator.

2.2 Electrolyte flow, pressure and percolation

Electrolyte circulation through an electrochemical device
enhances mass transport of reactants to electrode surfaces via
convection whilst mitigating diffusion limitations. The
circulation method is therefore important, yet the impact on
GDE stability is evidently overlooked in the literature given the
widespread use of unsuitable pumps. Before introducing a
porous percolator, the effect of different circulation methods
was measured to highlight the implications for GDE operation
(Fig. S13). The use of peristaltic pumps in EC-CO2R research is
ubiquitous,33:3450-53  however their design imparts flow
pulsation as the flexible pump tubing is periodically compressed
by the rollers. This causes extreme pressure fluctuations and
significant noise during operation: a conventional 4-roller pump
tested here gave an average pressure of 61 + 56 mbar at 100
mL min, however the full pressure range spanned from -34 to
140 mbar (Fig. S13a). Thus, this peristaltic pump would expose
a GDL to a pressure range of more than 170 mbar, which is
intolerable for most GDLs reported.3?® While it may be possible
to mitigate the pulsation, such as by use of dampeners,33
alternative pump designs are much more appropriate for
application. For example, a gear pump tested under identical
conditions gave an average pressure of 63 + 3 mbar making it
a more practical option for electrolyte circulation (Fig. S13d).
Despite this, an undesirably large pressure range of 16 mbar
was still measured which would be significant when operating
conventional GDEs.

The use of pumps in laboratory research offers simplicity and
convenience, however gravity-driven circulation is introduced

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) H-S cell featuring flowing electrolyte and CO, chambers, percolator, GDL and
pressure sampling points; (b) Geometry of the weir reservoirs employed for maintaining
constant electrolyte elevation heads upon flow; (c) Electrolyte circulation schematic
showing the direction of falling liquid through a porous material.

here as an easy to implement and superior alternative. By using
flow restricting valves placed below the electrolysis cell, the
electrolyte flow rates and pressures can be conveniently
controlled, whilst varying relative reservoir elevations as
needed to set the magnitude of hydrostatic pressure applied to
the cell. Such a configuration was constructed in this research
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for conventional EC-COzR experiments (Fig. S1 and S10). For
comparison at 100 mL min-1, this approach gave a very low noise
(average of 9.8 £+ 0.1 mbar, range of 0.5 mbar) and effectively
constant electrolyte pressure (Fig. S13g). Considering now the
pressure within the electrolyte as a function of elevation, a
pressure gradient close to —pg, calc. -1.17 mbar cm™, was
measured regardless of the circulation method used; pumped
or gravity-driven (Fig. S13c, S13f and S13i). This was also
comparable to the pressure gradient of a static electrolyte (Fig.
S14). Therefore, in the absence of a percolator, the flow rate
has little influence on the internal pressure gradient, and at a
flow rate of 100 mL min~", the dynamic pressure contribution
from flow is negligible compared to the gravitational
component. In other words, without a porous medium to resist
the flow, the system cannot achieve a uniform internal pressure
profile.

Employing the simple apparatus shown in Fig. 3, the simplest
configuration of a percolator paired with gravity-driven flow
was first examined to identify suitable percolator materials and
an electrolyte reservoir circuit that is effective for operation. To
achieve this, a ‘Hele-Shaw cell’ (H-S), shown in Fig. 3a, was
designed and constructed with a porous material compressed
between two transparent acrylic plates for visual observation.
It should be noted that while the term ‘cell’ is used in the
porous-flow community,>*>¢ this device is not intended for
electrochemical operation. The cell does however incorporate
probing points along its height for pressure measurement as
was used in the above pressure measurements without a
percolator. The H-S cell used in this work had a fixed 40 cm
height by 5 cm width channel, with a variable thickness for
testing different materials. This height was chosen because the
corresponding hydrostatic pressure (~47 mbar) matches the
lower end of the pressure stability range of commercial GDLs (~
40 mbarD),33 and because of the difficulty in procuring GDLs in
lengths greater than 50 cm.

For the choice of percolator material, no commercial purpose-
designed materials could be obtained. This is because
percolators employed in commercial chlor-alkali electrolysers
are proprietary, and little is disclosed besides a few materials
mentioned in patents such as perfluorinated plastics,>” high
density polypropylene foam,*® or woven/knitted fabrics.>® It
was hypothesised that any porous material could potentially
serve as the percolator, however, materials that are readily
wetted by the electrolyte and exhibit high porosity are likely to
perform best. Wettability ensures uniform saturation and
avoids dry patches, while high porosity improves fluid
accessibility and mass transfer. Additionally, operation in an
electrolyser necessitates high stability, mechanical strength,
chemical resistance and electrical insulation due to direct
cathode contact. Fortunately, many industrially manufactured
plastics already meet these requirements and are negligibly
expensive when compared to the other electrolyser
components.

6 | Ind. Chem. Mater., 2026, 00, 1-3
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Based on system-design considerations, twg,, .different
polymeric materials with contrasting po¥dsity1@itdPstiGetdre
were selected. Both are inexpensive polymers with excellent
electrical insulation and chemical compatibility with 1 M KHCO3
electrolyte that are ideal for scale-up. The structures of these
materials are shown in optical microscope images in Fig. 4. The
first is a fibrous sheet of 0.8 mm thickness composed of non-
woven strands of polypropylene (PP). Despite being an
inherently nonpolar polymer, the sheeting is easily wetted, and
the material is commonly employed as a geotextile membrane
for domestic drainage applications. While the individual fibres
are consistently ~30 um in diameter, the material is
significantly inhomogeneous with a wide range of pore sizes
varying from microns to millimetre. In contrast, the second
material is a homogenous open-cell foam of 5 mm thickness and
80 PPI (pores per inch) that is composed of polyurethane (PU).
Commonly used in packaging applications, the foam displays
excellent mechanical and elastic properties resulting from the
well-ordered structure and narrow pore size distribution.
Indeed, measurements gave a typical pore diameter of ~200

a Polypropylene

b Polyurethane

Fig. 4 Optical microscope images at x20 and x100 magnifications of (a) fibrous PP and (b)
open-cell PU.

pm with matrix thicknesses of ~60 to 70 um.

Constructing a setup akin to Fig. 3, reservoir elevations of the
feed and drain reservoirs were initially set to the elevations of
the top and base of the percolator, respectively. To maintain
constant electrolyte elevations during circulation, custom ‘weir’
reservoirs shown in Fig. 3b were designed and assembled into a
flow circuit shown in Fig. 3c. The stability of flow from these
reservoirs was monitored for 15 h, giving a negligible variation
of + 0.7 mbar (Fig. S16a), demonstrating excellent control of
pressure ( + 3.1 mbar variation over a 7-day period, Fig. S16b).
Initially using the PP percolator, a pressure gradient of -0.25
mbar cm! was measured with a corresponding flow rate of 40
mL minl. Notably this gradient deviates from the idealised
theoretical prediction, which neglects head losses from system
constrictions. Consequently, head losses must be compensated
by reservoir elevation adjustments accordingly. Simple
analytical models such as the Darcy-Weisbach equation *,% for

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Vertical pressure distributions along a 40 cm PP percolator: 2 layers compressed
within a 1.5 mm gasket. The reservoirs were configured with Azges = L to give constant
pressure distributions, however the effect of uncompensated head losses is shown in (a).
With empirical compensation in (b), the pressure distributions are shown for
configurations whereby the elevations of the reservoirs were adjusted by + 50 cm
relative to the percolator. Error bars show the standard deviations of average pressures
of three repetitions.

laminar flow in circular pipe, provide a useful approximation for
the major losses (calc. ~2 cm per meter of tubing here), but
additional empirical adjustments were required to achieve the
constant pressure distribution at zero pressure shown in Fig. 5b.
A sub-millibar gradient of -0.07 mbar cm was measured
corresponding to merely 2.7 mbar variation across the 40 cm
height of the percolator. Shifting both reservoirs by + 50 cm
led to a corresponding shift in the gauge pressure by + 50
mbar, while the pressure distribution remained constant. The
flow rate remained unchanged at 45 + 1 mL min, confirming
that the throughput depends only on the reservoir spacing A
ZRes, and not on their absolute elevations. The same pressure
compensation effect was obtained for the PU percolator, albeit
with greater adjustments required due to more significant
parasitic head losses at the higher ~200 mL min! critical flow
rate resulting from the increased cross-sectional area tested
(Fig. S17).

Comparison of the two materials highlights the importance of
optimising flow rate because the constant pressure FFE
operates at the critical flow rate Q., which is predominantly a
function of percolator thickness and permeability. Many high
power electrochemical devices adopt near zero-gap
configurations for the benefit of optimising energy efficiency,
however percolator thicknesses < 1 mm would severely restrict
the critical flow rate. Maximising percolator permeability is
therefore important to ensure reliable flow. While permeability
is predominantly a function of pore size and porosity, it is also
dependent on practicalities such as compression, homogeneity,
material layering and assembly imperfections. Indeed, the flow
rate given by Darcy’s Law is essentially a global average with
differing flow pathways having varying flow rates within the
material. For these reasons, an effective permeability Keg
should be considered when comparing materials. By orientating

This journal is © The Royal Society of Chemistry 2026
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the percolator horizontally and measuring the pressyre. drepas
a function of imposed flow rate, kqg carPBé '€asifp/EdléiNatéd:
This configuration eliminates the elevation component of
hydraulic head along the material (Az = 0) simplifying Darcy’s
law to:

_ kerdP

= Ta
where x is the coordinate from the inlet side of the material.
Fig. 6 shows the measured pressure distributions P(Q,x) and
associated linear regression of Q(dP/dx) which gave an keg of
9.0 + 0.7 x 1019 m2 for the PP material, whereas the same
methodology applied to the PU foam yielded a higher kg of 2.2
+ 0.1 x 10° m2 (Fig. S18). These values place both materials
within the range typically associated with well-sorted sands in
hydrogeology,®! though the difference in permeability is still
significant as under identical conditions, the PU material
provides over double the flow rate (calc. ratio = 2.4) with
essentially no drawbacks. Reflecting on the insight gained from
this study, it is valuable to revisit the work of GroReheide et al.,
who claimed to report the first FFE electrolyser for EC-CO,R.*°
Reiterating that a uniform percolated pressure distribution
requires the electrolyte to flow at the specific Q. of the system,
it is unlikely that this was realised in their design. Indeed,
neither the pressure distribution within their percolator or their
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Fig. 6 (a) Determination of the kefr of the PP percolator (2 layers compressed within a
1.5 mm gasket). The pressure drops resulting from variable imposed flow rate is shown
with error bars representing the standard deviation of the average pressure recorded for
2 minutes; (b) Corresponding pressure gradients are plotted vs the applied flow rate.
Linear regression was performed with the intercept set at the origin using the standard
errors of the gradients in (a).

system Q. were measured. Confusingly, their gravity-driven
flow rate was not a passive consequence of reservoir elevations
but rather controlled by fixed-rate pumping into an overflow
reservoir feed design, however such a variable flow-rate
approach would require the intentional quantitative
measurement of Q. to configure the system appropriately. We
speculate that the Q. for their system far exceeded the 4 L min-
1 flow rate utilised, which was chosen based on the apparent
quality of flow distribution and percolator saturation. Thus, it
was likely the case that the hydrostatic pressure of the
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electrolyte was only partially compensated, i.e. a negative
pressure gradient of —pg < dP/dz < 0. This commentary is
intended to highlight the complexity of the fluid physics
involved in deliberately achieving constant pressure FFE
electrolysis conditions, and to underscore the importance of
directly measuring and quantifying the critical
characteristics.

flow

2.3 Electrode differential pressure

The differential pressure (AP) across a GDE is defined as the
difference between the liquid P; and gas P pressures: AP = P,
— Pg. In operating GDEs, AP is an important parameter to
control because AP influences the position of the CO,-
electrolyte interface within the GDE, however it is very
infrequently reported in the literature. Intuitively, a GDE is
pressure ‘balanced’” when AP = 0, however GDEs are also
considered ‘stable' when operated at non-zero differential
pressure, suffice that no excessive CO; or electrolyte over-
pressure is exerted on the GDE causing gas breakthrough (GBT)
or electrolyte flooding (EF). Experimentally, the onset of GBT
and EF can be defined by threshold pressures APggt and APgg
corresponding to the first appearance of gas bubbles or water
droplets, respectively. GDEs are therefore stable when APgpt
< AP < APgr and consequently, the magnitude of the
pressure stability range (86P) of a GDE is given by 6P = APgr —A

Pgpr-

SP is a useful parameter to compare different GDE materials as
vast variation has been reported depending on the thickness
and porosity of the GDL/GDE. Baumgartner et al. evaluated
various commercial GDLs and measured their threshold stability
ranges.33 8P varied significantly between 42 + 14 and 464 +
141 mbarD, however most materials gave a narrow stability
range of 40 < 8P < 80 mbarD. These values represent best
case scenarios, measured using pristine materials, as APgf is
known to rapidly decrease during electrolysis due to electro-
wetting.*? Leonard et al. recorded that the APgg of Freudenberg
H23C6 decreased significantly during operation, and the
wetting rate was also a function of applied current density.38
Normalised to 1000 mA h charge passed, the most severe
degradation was at the highest current density tested (196 mA
cm2, cathode potential of calc. ~ -2 V vs RHE), causing APgr to
decrease from +642 mbarD to only +22 mbarD. This indicates
that the stability range of GDEs is more restrictive in practice
because operating at AP close to the thresholds APgg or APggr
likely accelerates electrode failure upon wetting.

GDEs are conventionally orientated vertically to facilitate the
upward removal of gas bubbles and avoid catalyst blockage.
This orientation imparts an undesirable differential pressure
gradient due to the difference in density between CO, and
electrolyte. All fluids accumulate pressure as dP/dz = —pg,
however the density of electrolyte is approximately three
orders of magnitude higher than CO,. Thus, the pressure of the
CO; is effectively constant, whereas the electrolyte generates a
gradient of roughly —1 mbar cm. Consequently, the AP across
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Fig. 7 (a) Graphical illustration of the interfacial differential pressure across a
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mid-height. The hydrostatic pressure gradient in the electrolyte causes the differential
pressure to increase with depth, dropping below the gas breakthrough threshold (APggT
) at the top and rising above the flooding threshold (APgg) at the base; (b) Schematic of
the GDE with arrows symbolising the magnitude of CO; and electrolyte pressures.

a hypothetical 2 m height GDE would vary by ~200 mbarD,
plausibly causing EF at the base and simultaneous GBT at the
top, as illustrated in Fig. 7a whereby the CO, was balanced at
half-height.

The GDL materials ‘Sigracet 28BC’ and ‘Freudenberg H15C13’
were selected for this work as being representative of GDLs
frequently employed in EC-CO;R research. The 28BC material
has a total thickness of 235 um and is composed of a non-woven
paper CS with a 5 wt% PTFE MPL. The H15C13 GDL has a similar
construction but is thinner at 155 pm and the PTFE content is
proprietary (assumed to be in the range of 0 to 10 wt%). The
major difference between the materials lies in their surface
condition. The 28BC GDL has a high surface coverage of cracks
that penetrate deep into the MPL, with an approximate width
of 50 um (Fig. 8a). In commercial fuel cells these cracks are
intended for improved water management within the electrode
assembly.346263 However in a CO;R electrolyser where EF must
be avoided, these cracks function as defects whereby EF or GBT
occurs at lower breakthrough pressures compared to the
pristine MPL areas.33%* In contrast to 28BC, the H15C13 GDL is
essentially defect-free making it far more pressure resilient.
This was quantified by measuring APgr and APggt at the GDL
interface under flow-by pumped conditions using a modified
electrolysis cell and a differential pressure meter (Fig. S11a).

Fig. 8b shows the pressure stability regions for the 28BC and
H15C13 GDLs in comparison to corresponding GDEs with spray-
coated catalyst layers (28BC-Ag and H15C13-Ag). Silver
nanoparticles and Nafion® resin was used for the catalyst ink
formulation in this work due to the simple catalysis of CO, to CO
which is robust and reproducible. In addition, the competing
hydrogen evolution reaction (HER), which is known to dominate
the catalysis upon electrode wetting, is a useful metric to
quantify GDE degradation and performance loss. For the 28BC

This journal is © The Royal Society of Chemistry 2026
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GDL, the thresholds for GBT and EF were APggr =-3.2 + 0.9
mbarD and APgg = +83.0 + 9.8 mbarD, respectively. In context
of published results,33 28BC (235 um) is assumed to be similar
to the familial 22BB (215 um) and 39BC (325 um) GDLs albeit
with nominal thickness difference, yet the 28BC exhibited
higher resistance to flooding by approximately = 39 and = 16
mbar, respectively, in our measurements. In addition, while it
was assumed that APggt for GDLs is O mbar in the literature,3
a non-zero threshold was measured here (-3 + 0.9 mbarD)
which indicates that the GDL can tolerate mild CO, over-
pressure operation. In contrast, the H15C13 GDL showed
greater pressure resilience with APggr =-7.7 + 2.6 mbarD and
APgr=+170.0 + 13.1 mbarD, however flooding resistance was
significantly less than reported results of the thicker 250 um
H23C6 GDL with APgr = +464 + 141 mbarD in ref 33 and +642
+ ~150 mbarD in ref 38 As shown in Fig. 8b, the GDLs
demonstrate reasonably large pressure stability windows of &
P = 86.3 + 10.7 mbarD and 177.8 + 15.7 mbarD for 28BC
and H15C13, respectively. These values increased further upon
catalyst loading, whereby the thresholds for both GBT and EF
were both advantageously improved, increasing 8P to 100.7 +
18.5 mbarD and 241.7 £+ 26.6 mbarD for 28BC-Ag and H15C13-
Ag GDEs, respectively. This observation was in contrary with
published trends whereby GDEs were typically less resilient to
EF, which is possibly due to differences in catalyst layer
compositions.3® Regardless, these measurements suggest that
electrodes of 1 or 2 m height could in theory tolerate the
associated hydrostatic column pressure, however these
measurements reflect the pristine material and neglect
deterioration via wetting. In addition, repeated pressure
measurements performed here highlighted the significant
variability between electrodes tested, with notably large
deviations of APgf thresholds. In contrast, measurements of A
Pgpr were consistently less variable which indicates that the
propensity for EF varies more between different samples and
production batches of the material. This observation can be
rationalised by considering that these threshold pressures
correspond to capillary pressures (P.) associated with the GDL
pore structure.

Assuming a cylindrical pore geometry, the capillary pressure can
be approximated by a simplified Young—Laplace relation:

p.=p 2y cos 6
c=P1—Pg=— Y
where y is the interfacial liquid-gas surface tension, 0 is the
contact angle measured through the liquid phase, and r is the
effective pore radius.®® In a hydrophobic GDL (6 > 90° and
cos(8) < 0), this relation predicts that electrolyte flooding
requires a positive liquid overpressure to overcome the thin
capillary barrier. High hydrophobicity (large 8) and small pore
radii in the MPL both increase the flooding threshold. However,
defects such as cracks in the MPL create orders of magnitude
larger pore radii than the nominal average, lowering the local
flooding threshold. Because flooding is initiated at the weakest
point, APgr is effectively determined by the largest defect

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 (a) Scanning electron microscope (SEM) images at x100 magnification of 28BC and
H15C13 GDLs in comparison to spray-coated 28BC-Ag and H15C13-Ag GDEs; (b)
Differential pressure thresholds for GBT and EF (using 1 M KHCO3) for the corresponding
GDLs and Ag-GDEs in (a). Datapoints represent averaged results over three different GDE
samples and error bars represent the associated standard deviations; (c) Differential
pressure as a function of height for a 28BC GDL with a PP percolator. Pressures within
the H-S at different set CO, pressures are compared for the same reservoir elevations,
resulting in AP values of +10, +20 and +30 mbarD. Error bars represent the standard
deviations of the average of three repetitions.
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present. In the case of GBT, CO; displaces electrolyte (with the
contact angle still defined by the electrolyte so that 8 < 90° and
cos(0) > 0), giving negative values for the capillary invasion
pressure. The magnitude of APggT is also expected to be small
as the bulk electrolyte lacks porosity, (effectively a very large
pore radii) and thus the variability correspondingly less
significant than that of APgg caused by MPL defects.

The effect of limited GDE pressure stability is evident even for
GDEs only 45 cm tall. Introducing now a 28BC GDL into the H-S
cell fitted with a secondary chamber containing CO; flow, the
practicalities of vertically scaled GDEs were examined. This
arrangement enabled direct observation of the GDL CO,-
electrolyte interface under variable differential pressure as a
function of height. Firstly, when using a low-noise gear pump to
circulate electrolyte upwards past the GDL (without a
percolator), the hydrostatic column pressure means that the
differential pressure may only be balanced at one vertical point
(by varying the CO; pressure) giving AP < 0 above and AP > 0
below that point. When balancing the differential pressure at
the top of the GDL, it was possible to operate the entire GDL
without any EF or GBT occurring, because the differential
pressure at the base of the electrode was +38.7 mbarD and
therefore less than APgg (Fig. S19). In contrast, the electrode
was not stable when attempting to balance the GDL differential
pressure at mid-height or lower because of excessive GBT
occurring at the top. Indeed, it was not possible to balance the
differential pressure at 32 cm height or lower because any
increase of the CO; back-pressure on the cell only accelerated
the rate of GBT, rather than increasing the CO; gauge pressure.
A similar phenomenon was observed when attempting to
balance the GDL at mid-height whereby the differential
pressure oscillated (Fig. S20a). This was an artefact caused by
periodic GBT at the top of the GDL, such that as the CO; pressure
increased, APggt was eventually surpassed causing a wave of
CO; to breach the GDL until the CO; pressure decreased and
AP > APggt once more.

Switching to gravity driven and percolated flow proved initially
challenging due to difficulties with filling the two-compartment
H-S cell with electrolyte, especially when flow rates were slow,
due to the polymeric materials being somewhat resistant to
wetting and prone to withholding air bubbles. Additionally,
problems arose from the flexibility of the 5 cm width GDL, such
that the electrolyte pressure caused the GDL to deform and
create voids around the percolator. This created pathways for
faster flow and partial hydrostatic pressure gradients. These
issues were resolved by pre-saturating the percolator before
assembly and by introduction of a supporting rigid metal mesh
layer positioned behind the GDL to mitigate deformation; akin
to the ‘elastic elements’ employed in commercial chlor-alkali
electrolysers.*®> Regardless, the elimination of hydrostatic
pressure was achieved in this configuration as shown in Fig. 8c.
By adjusting the CO, pressure, the ability to manipulate the
interfacial differential pressure from +10 to +30 mbarD was also
demonstrated, which confirms that the electrolyte and CO;

10 | Ind. Chem. Mater., 2026, 00, 1-3

pressures are independently controllable. Given that the ABaps
is very small for the 28BC GDL, operating'the 16éf/arIMP =20
mbarD proved unreliable because the GDL was prone to GBT
which adversely disturbed the measurements. In addition,
relatively large repetition errors were measured because of the
stop-start nature of moving the pressure sensor between
sampling points, and the variability in the percolated flow.
Despite this, sub-millibar differential pressure gradients were
obtained from the averaged data (largest at -0.09 mbar cm™?)
and within experimental error. Interestingly, a wave-like
variability in the measurements was observed which was
attributed to uneven compression of the percolator, and
possibly also the inhomogeneity of the PP permeability.

2.4 Falling film electrolyser

Operating an electrochemical flow cell with a percolator adds
complexity due to the additional electrochemical cell
components. The electrolysis process necessitates a counter
reaction at the anode that is fed by an independent anolyte
separated from the catholyte by an ion exchange membrane.
Designing the membrane assembly was challenging because
polymeric membranes are flexible and tend to swell in contact
with electrolyte, which makes the percolator compression
inadequate to ensure percolated flow. To mitigate this issue, a
narrow flow cell with a geometric electrode area of 32 x 1 cm?
was designed as shown schematically in Fig. 9a. The electrode
width was kept small to minimise GDE and membrane
deformation; however, the design was also constrained by the
potentiostat current limit, which restricted the feasible total
electrode area. To further ensure percolator compression, a
rigid nickel foam anode was employed in direct contact with the
membrane, creating a zero-gap configuration. With adequate
compression of the electrode assembly, it was not necessary to
flow the sacrificial anolyte under gravity or through a pressure-
controlling percolator. Anolyte was instead pumped upwards at
a fixed 100 mL min! flow rate using a low-noise gear pump. The
hydrostatic column within the anolyte had no measurable
impact on the percolated GDE pressure distribution during
operation of the FFE.

For the percolator assembly, a custom designed flow frame was
3D printed to house each percolator material and provide
channels for electrolyte pressure measurement (Fig. 9a).
Resulting percolator thicknesses were approximately 3 or 5 mm
due to additional gasket layers and 3D printing limitations.
While the percolator thickness was comparable to the H-S cell,
the reduced width resulted in lower measured critical flow
rates. For the PU foam material exhibiting a higher kes and
thicker cross-section, a consistent Q. of 165 mL min? was
measured. In contrast, the thinner PP material gave a very low
Q. of <10 mL min! which was prone to blockage and too
unreliable for use in the thin prototype FFE.

We hypothesise that the thinner PP percolator would provide

sufficient electrolyte convection for the EC-CO;R process
because reaction rates are typically CO; mass transport limited.

This journal is © The Royal Society of Chemistry 2026
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This remains to be examined in future work employing a scaled-
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Fig. 9 (a) lllustrative diagram of the 32 x 1 cm? FFE cell featuring a percolated CO, GDE and differential pressure sampling points; (b) Photograph of the gravity-fed FFE platform with
all features annotated; (c) Pressures monitored across the GDE height within the FFE with and without gravity-driven flow using a PU percolator. Electrolyte was flowed under gravity

between 2 and 6 min to fully eliminate the catholyte hydrostatic pressure.

up FFE prototype whereby the higher Q. (proportional to
percolator width) would likely result in reliable circulation.

The percolator thickness also directly impacts ohmic losses by
increasing interelectrode separation. To quantify the
magnitude of cell resistance under different assembly
configurations, EIS (electrochemical impedance spectroscopy)
was used to measure the ohmic resistance (Fig. S31b). The
minimum cell resistance, corresponding to an interelectrode
separation of ~3 mm and no percolator, was measured at 292
mQ, equivalent to a cell resistivity of ~31 Q cm. The addition of
the PP percolator increased the cell resistance to 409 mQ (44 Q
cm), whereas in comparison, the additional catholyte width at
~5 mm gave 576 mQ (37 Q cm) and the use of PU percolator
increased the resistance further to 677 mQ (43 Q cm).
Equivalent cell resistivities were calculated for the two
percolators, thus indicating similar ion conductivity within their
pore structure. Despite this, their use constitutes a noteworthy
additional ~100 mQ cell resistance compared to the percolator-
absent controls. At high current densities these ohmic losses

This journal is © The Royal Society of Chemistry 2026

percolator thickness, and associated flow rate — resistance
trade-off important to optimise.

During FFE operation, a constant vertical differential pressure
profile was first established by empirically adjusting the
reservoir elevations as before. The pressure distribution was
monitored and measured by use of two independent
differential pressure meters that probed the GDE interface at
the top and base of the FFE. Thus, the overall pressure gradient
(dP/dz = (Py— Py)/L) between the top and base is used here
as a suitable measurement of vertical differential pressure. In
establishing the percolated flow for electrolysis, the FFE
principle was first demonstrated by measuring the pressure
distribution sequentially under static and flowing conditions.
This method is shown in Fig. 9c, whereby a valve placed
between the FFE and drain reservoir was initially closed
between 0 and 2 min, then opened for a 4 min duration to
enable gravity-driven flow, and finally closed once again at 6
min. This highlights how the hydrostatic gradient was
immediately and fully eliminated by the precisely calibrated FFE
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configuration upon gravity-driven flow at Q.. The stability of the
GDE pressure was measured for at least 8 h in a control
experiment (Fig. S21) and was found to be typically stable within
-0.1 < dP/dz < +0.1 mbarD cm-®. Despite this, some pressure
drifting was observed in electrolysis experiments due to
apparent changes in percolated flow rate, thus affecting head
loss compensations and the pressure distribution. This issue
was noteworthy for the small-scale prototype employed here,
because reservoir elevations and CO; back-pressure were set at
the start of experiments and not adjusted thereafter.

Fig. 10 shows an 8 h EC-CO3R experiment employing a H15C13-
Ag GDE and PU percolator at a galvanostatic current density of
10 mA cm2. By adjusting the CO, back-pressure, the entire GDE
interface was preconfigured at a target differential pressure of
0.0 £ 1.0 mbarD. This was chosen to demonstrate perfect
pressure balance and to eliminate the pressure component of
wetting. Owing to the low APggr, resulting from the
combination of the MPL and CL, no GBT was observed at this
applied differential pressure. Fig. 10d show the pressure
stability over the 8 h period whereby the GDE differential
pressure gradient was on average +0.03 + 0.05 mbar cm™?
(equivalent to an average pressure difference between the top
and base in the sub-millibar range of +0.92 + 1.67 mbarD),
thus demonstrating the effective elimination of hydrostatic
pressure from a time-averaged perspective. Despite this, when
monitoring the electrolyser pressures on a second-by-second
timescale, the magnitudes of differential pressure were
frequently noisy with typically 4 mbarD of variation. This arose
from the electrochemical reactions, such as the evolution of
product gas bubbles from the CL which likely cause additional
head losses, thus affecting the precisely calibrated hydraulic
heads. An additional AP step change at 5.6 h was observed
which originated from the corresponding CO, gas pressure step.
This was attributed to an artefact of the analogue back-pressure
CO; regulator caused by its limited pressure control accuracy at
the millibar scale.

Concurrently to the GDE pressures, Fig. 10a shows the
corresponding electrochemical response. Despite the low 10
mA cm2 current density applied, an initially high cell voltage in
excess of 3.6 V was recorded, which was then followed by a
relatively stable voltage of 3 V after 2.5 h. Given that the
thermodynamic cell voltage for CO production coupled with the
oxygen evolution reaction (OER) is calc. 1.33 V, high
overpotentials were apparent which are not explained by ohmic
losses (calc. 217 mV) alone. Corrosion of the nickel anode was
observed during electrolysis which indicated significant OER
overpotential, however the EC-CO3R reaction is also known to
be kinetically limited and likely contributed to the high cell
voltage. Additionally, product gas nucleation and evolution at
the catalyst surface decreases the effective electrochemical
area, making galvanostatic experiments susceptible to higher
cell voltages. In an idealised system, gaseous products would
diffuse back through the GDE and into the CO, gas stream,
however despite the near-zero GDE differential pressure,
bubbles within the catholyte flow were observed. In a
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Fig. 10 EC-CO;R at a H15C13-Ag GDE with constant vertical pressure and a percolated
gravity-driven catholyte, using a PU foam percolator, at 10 mA cm2. The (a) cell potential
relative to the working electrode, (b) CO; flow rates, (c) GDE pressures, (d) vertical GDE
pressure range and gradient, and (e) faradaic yields are presented.

conventional pumped electrolyser, buoyancy would be
exploited to rapidly remove gas bubbles by pumping electrolyte
upwards, however here the flow is downwards, making gas
bubble management an issue for the FFE design. In operating
this prototype electrolyser, a steady rate of bubbles emerging
from the cell outlet and flowing downwards was observed,
however it was uncertain how many gas bubbles remained
suspended within the percolator. This observation likely
explains why the maximum operating current density was
limited to ~50 mA cm2 at which cell voltages exceeded the 5V
potentiostat limit. This explanation is further supported by
attempts made to increase the current density via increasing
the catalyst loading to 2 mg cm™, or by increasing the CO;

This journal is © The Royal Society of Chemistry 2026
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reactant flow rate to 300 mL min?, which made negligible
performance improvements. The Ag-GDEs were imaged after
electrolysis experiments via SEM in this study, but no apparent
changes of the Ag catalyst layer were identified, excluding
electrolyte precipitation, as reported by others in the literature
(Fig. S26 and S28).22:66,67

The silver nanoparticles employed herein predominantly
catalyse the production of CO, but parasitic H is also generated
at high cathode potentials. Fig. 10e shows the catalyst faradaic
efficiency as a function of time, whereby the initially 100 % CO
yield decreased to 73 % after 8 h. Concurrently, the H, yield
increased linearly from 3 % to 22 %, with the total yield of
products being quantitative (95.3 + 2.6 % on average). Given
that the H, yield was initially very low, the increasing H»
production rate is attributed to electro-wetted carbon within
the GDE structure driving HER.?253.68 This is corroborated by the
decrease in cell voltage to 3 V in Fig. 10a, which suggests an
increase in electrochemical surface area, and associated lower
cathode current density, rather than HER driven by
overpotential. Indeed, in all FFE EC-CO,R experiments
performed herein, the GDEs were typically flooded by
electrolyte in under 10 min of operation, with slow electrolyte
permeation through the GDE occurring via droplets forming on
the reverse side of the GDE. In the Fig. 10 experiment, a total of
38 mL of electrolyte was collected in the catch vessel over 8 h,
corresponding to a flooding rate of approximately 5 mL h-t. GDE
flooding is a well-known stability problem for CO2R at carbon-
based electrodes due to hydrophobicity loss of the MPL,36:69.70
however its impact here was significant for the FFE prototype
tested. Using flooding rates and CO faradaic efficiency retention
as metrics for electro-wetting, GDE stability was quite variable
in this study. GDE flooding was measured within a range of ~1
to 10 mL hl, whereas CO efficiency retention after 8 h varied
between 22 and 93 %. While the H15C13-Ag GDEs tested gave
reproducible results (Fig. S36 and S37 at 10 and 20 mA cm™
respectively), the 28BC-Ag GDEs gave inconsistent stability and
performance. Instability of 28BC-Ag was attributed to the
surface cracking of the 28BC GDL making the material more
susceptible to flooding. With surface defects observed to
significantly vary between samples and production batches of
the material, it proved challenging to reproduce 28BC-Ag
experiments and make robust comparisons to H15C13-Ag. For
electrolysers employing large GDEs, the quality of the
electrolyte barrier becomes more critical because electrolyte
flooding predominantly occurs at the worst defects in the
material whereby electrolyte bypasses the MPL and easily
penetrates the CS. Upon testing 28BC-Ag GDEs, the GDEs were
stable for 8 h in some instances, giving similar response to
H15C13-Ag in terms of differential pressure, cell voltage and
flooding rate. The effect of electro-wetting was still prevalent
however, with typically faster decay rates of CO faradaic yield
observed t. In other instances, some 28BC-Ag GDEs completely
failed within 2 h of operation (Fig. S34 and S35) due to a
blockage of catholyte flow to the GDE. In these cases, the
electrolyte flooding rate through the GDE was much faster and
consequently, the reactant CO; flow behind the GDE was

This journal is © The Royal Society of Chemistry 2026
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frequently blocked by electrolyte, causing the, ehserved
pressure spikes in experiments 1. In the RE%tISNSPELEAKES TS
flow was fully obstructed causing GBT at the top of the GDE and
escape of CO; upwards via the catholyte feed reservoir, in turn
halting electrolyte flow. This unexpected mode of electrolyser
failure was likely a consequence of the small prototype design;
however, it highlights the difficulty in operating a passively
flowing design.

Operating an EC-CO;R electrolyser with a vertically constant
GDE differential pressure profile is intended to eliminate the
effect of pressure-wetting at the base of the GDE. Thus, the
contribution of hydrostatic pressure on GDE stability was
examined by comparison with control experiments utilising a
conventional pumped catholyte. In these experiments the
electrolyser lacked a percolator, and the electrolyte was
pumped upwards at 165 mL min, which is equivalent to the
critical flow rate in prior FFE experiments. This circulation
method resulted in a hydrostatic pressure column as expected,
with a characteristic average gradient of ~ -1.1 mbar cm™. To
avoid GBT occurring during electrolysis, the GDE was balanced
at the top giving a difference of ~ +35 mbarD at the base of the
electrolyser. In comparison to FFE experiments, the pumped
experiments for 28BC-Ag and H15C13-Ag gave comparable
results (Fig. S38 and S39). Indeed, the control experiments were
still limited to low current densities (<50 mA cm2) with cell
voltages exceeding 3 V. This suggests performance limitations
of the electrode and catalyst assembly used”? or the difficulty in
operating large GDE areas, rather than any specific
disadvantage of the FFE architecture, because these control
experiments are directly analogous to literature studies.6.67.72-
77 For example, Ma et al. pertinently reported partial current
densities for CO production at air-brushed Ag nanoparticles on
Sigracet 35 BC GDLs exceeding 200 mA cm2.7677 Whereas Dinh
et al. demonstrated extended 100 h testing at >150 mA cm2 of
Ag nanoparticle sputter-coated PTFE-based GDEs for flooding
mitigation.”® In both examples the electrode assemblies were
highly optimised for high current density operation, but only
using 1 cm? GDE areas and reference electrodes to control the
cathode potential.

In this study, regardless of the electrolyte circulation method
used, all GDEs typically became electro-wetted within 10 min of
operation and flooded at similar rates thereafter. Water contact
angle measurements performed on the post-electrolysis Ag-
GDEs showed near identical angles (~90° within uncertainty)
for FFE and pumped control experiments (Fig. S29). This
indicated significant hydrophobicity loss compared to their
initial pristine state (angles of ~140 and ~150° for 28BC-Ag and
H15C13-Ag, respectively) and likely the complete wetting of the
electrolysed GDEs.3* Considering the similar performance
between the FFE and pumped-electrolyte experiments, the
benefit of sub-millibar differential pressure gradients at the GDE
interface was severely undermined by electro-wetting, which is
far more significant than the ~35 mbar pressure gradient
generated within the prototype electrolyser tested here. We
anticipate that GDEs demonstrated at pilot-scale with at least
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~1 m height, and with improved resilience to electro-wetting,
are required to demonstrate the enhanced GDE stability
resulting from the elimination of hydrostatic pressure in
vertically scaled electrolysers. Mitigating the electro-wetting of
carbon-based GDEs remains a critical challenge for the EC-CO3R
research field,’® as implementation of the technology
necessitates electrode lifetimes of years in length.’® Various
approaches for managing GDE wettability have been explored
to date such as mitigating electrolyte salt precipitation via
periodic flushing with pure water”? or electrode regeneration,8°
oleophobic GDE treatments,®® preventing the adsorption
and/or production of hydrophilic oligomers on the electrode,**
or development of carbon-free GDEs akin to the ODC
technology.*%72 Yet the absence of bespoke commercial GDEs
with flooding resistance for EC-CO,R remains a problematic
barrier for technological development.

3 Conclusions

For the first time, a gravity-driven percolated CO; electrolyser
achieving vertically constant gas diffusion electrode differential
pressure is fully demonstrated. Functioning as a flow resistor,
the percolator counteracts electrolyte hydrostatic pressure
and, given the correct configuration of reservoirs, produces
constant pressure as a function of height. By use of Darcy’s Law,
the fluid dynamics of operation were rationalised and the
design aspects of a FFE EC-CO3R electrolyser were presented:

(1) The vertical elevation difference Azges between the feed
and drain reservoirs is the most critical parameter to
control and should (in the absence of parasitic losses) be
configured such that Azg.s = L, where L is the electrolyser
height, resulting in a zero pressure gradient dP/dz = 0.

(2) In real systems, reservoir elevations require additional
empirical adjustments to compensate for parasitic head
losses. Measuring the differential pressure at the top and
base of the electrode is required to manage these losses.

(3) Azges/L determines the pressure gradient, however the
magnitude of the constant pressure is dependent on the
elevation of the reservoirs relative to the electrolyser.
Thus, the pressure should be deliberately manipulated by
raising or lowering both reservoirs by the same height
adjustment as needed.

(4) When dP/dz = 0, the electrolyte flows at the critical flow
rate Q. which is entirely dependent on physical constants
and percolator dimensions, allowing indirect control of the
gravity-driven flow rate.

(5) Optimising the percolator thickness is important because
of the trade-off between flow rate and cell resistance. In
general, the thickness should be minimised for the sake of
improving electrolyser energy efficiency.

(6) The percolator composition and porosity determine its
permeability (keg). This parameter is an important
property to optimise for enhancing flow rate, electrolyser
mass transport and gas bubble management.

14 | Ind. Chem. Mater., 2026, 00, 1-3

Using this approach, a prototype FFE was demonstrated for ECs
CO3R with a Ag catalyst for CO production B94 prébfagttiaeept
In 8 h electrolysis experiments at ~10 mA cm™ current density,
negligible pressure gradients of approximately + 0.1 mbar cm-
1 were maintained across 32 cm tall GDEs. Under these
conditions, the prototype performed similar to control
experiments with a conventional pumped electrolyte due to the
detrimental effects of electro-wetting. Thus, the benefits of
constant GDE differential pressure are anticipated to become
apparent when tested at pilot-scale utilising wider (>1 cm),
taller (>32 cm) and more stable GDEs (>8 h). Consequently,
significant electrode advancements are needed to mitigate the
limited electrode lifetimes of carbon-based GDEs to avoid
surface defects and hydrophobicity loss. Further development
and optimisation of the FFE architecture and electrode
assembly for EC-CO3R are required to demonstrate industrially
relevant current densities beyond the prototype reported here.
To achieve this, additional aspects such as the management of
product gas bubbles within the percolator, which are expected
to become increasingly important at higher conversion rates,
should be addressed through appropriate larger-scale
electrolyser design. Regardless, it is expected that the FFE
design will enable the vertical scale-up of the EC-CO;R
technology, as was achieved for industry-scale chlor-alkali
electrolysers.

4 Experimental
4.1 Materials and chemicals

Electrolytes were composed of 1 M potassium hydrogen
carbonate (99.5+ %, Thermo Fisher Scientific) which was
prepared using ultrapure deionised water (18.2 MQ cm, Merck
Milli-Q). Gas diffusion layers (SGL Carbon - Sigracet 28 BC and
Freudenberg - H15C13) and anionic exchange membrane
(PiperlON®, self-Supporting 80 um, Versogen) were purchased
from the Fuel Cell Store (Tygrave Enterprises Ltd.). Silver
nanopowder catalyst (20 — 40 nm, 99.9 %) was purchased from
Thermo Fisher Scientific and mixed with Nafion® D-520
dispersion (5% w/w and 1-propanol. Tygrave
Enterprises Ltd.) used as a binder and ion-transport medium.
Catalyst inks (for 34 x 3 cm? electrode area) were prepared as a
mixture of 600 mg silver nanopowder, 2 g Nafion® resin, 20 g
ultrapure deionised water and 20 g isopropanol (Reagent grade,
Fisher Scientific). The mixtures were sonicated for 20 min using
an ultrasonic probe (Cole Parmer) before spray-coating onto the
microporous layer side of GDLs by use of an airbrush (Gaahleri
GHPM-Mobius TG) using 2 bar compressed air. Electrodes of
size 5 x 5 cm? were prepared by use of a proportional ink
mixture. Catalyst loadings were estimated as geometric
averages and all samples were on average 1.1 + 0.3 mg cm??
(Table S1). Polypropylene (PP) geotextile (0.8 mm thickness)
and polyurethane (PU) open-cell foam (5.0 mm thickness) were
procured from a local textile distributor. Nickel foam (99.99%
for Battery Cathode Substrate) was purchased from Cambridge
Energy Solutions Ltd. and used as anode for sacrificial oxygen

in water
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evolution reaction. A silver-silver chloride reference electrode
(3 M KCI) was purchased from BASi.

4.2 Cell designs

Custom designed H-S and electrolysis cells and reservoirs were
manufactured in-house and constructed from transparent
acrylic. Full schematics and engineering drawings are provided
for reproduction of all designs used t. Silicone gaskets of
variable thickness were used for controlling component
compression and sealing each design. For percolator testing, a
H-S cell was used, featuring a chamber for a 40 x 5 cm? area
percolator of variable thickness, and pressure sampling points
every 5 cm. For threshold pressure measurements, a modified
2-chamber flow cell was employed with a 3.16 x 3.16 cm?
electrode area. For percolated FFE EC-CO3R experiments, a 32 x
1 cm? electrochemical electrode area was used, paired with a
nickel foam anode and PiperlON® membrane. A 3D-printed flow
frame in differing thicknesses was used featuring multiple
pressure sampling points. Conductive copper adhesive tape was
used for the cathodic and anodic current collectors for
connection to the potentiostat.

4.3 Electrolyte and CO; circulation

Electrolyte was circulated through the cells by either pumping
using a 4-roller peristaltic pump (WP1000, Welco Co. Ltd.) or
gear pump (MGD1000, TCS Micropumps), or gravity-fed from
height-adjusted The flow rate of gravity-fed
electrolytes was unrestricted and instead determined by the
architecture of the system. In all cases, electrolyte was
circulated using Perfluoroalkoxy alkane tubing with an internal
1/8” diameter. Electrolyte flow rates were measured by use of
a floating-ball flow meter (0 to 200 mL min! range) or by the
prior calibration of the pumps as a function of voltage.

reservoirs.

CO;, gas (99.9 %, British Oxygen Company Ltd.) was flowed
through the cells using Perfluoroalkoxy alkane tubing with an
internal 1/16” diameter. Flow rates were controlled and
measured using digital mass flow controllers and meters
supplied by Alicat Scientific. A CO; reactant flow rate of 100 mL
min! was flowed through the cells during experiments. An
additional CO; purge flow rate of 200 to 400 mL min? was
flowed through the catholyte chamber headspace during
electrolysis experiments. The combined flow was used for
overcoming the backpressure of the gas chromatograph inlet
for online analysis. Flow diagrams are provided for clarity T.

4.4 Electrolysis

Electrochemical experiments were controlled using an
IVIUMstat potentiostat with a 10 A, 4 V range. Cell resistances
were measured by use of EIS under non-flowing conditions in
the range of 1 MHz to 0.1 Hz with a 10 mV amplitude at -1V cell
voltage. The intercept of the Nyquist plot real axis was recorded
for cell resistances without EIS equivalent-circuit fitting.

4.5 Product quantification

This journal is © The Royal Society of Chemistry 2026
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Products from electrolysis were identified and quantified bygas
chromatography (GC) for gaseous phase petliet93Liqaitl Yhdse
products were not analysed or quantified in this work due to the
high quantitative yield of the Ag catalyst for gaseous products.
The GC employed (Agilent 7820A) was configured with 30 m
length, 0.53 mm diameter PLOT/Q and MOLSIEVE columns in
series for hydrocarbon and small molecule separation,
respectively. The instrument was equipped with a methanizer
catalyst and flame ionisation detector for CO, and a thermal
conductivity detector for H; quantification. The instrument was
pre-calibrated within the range of =~ 100 to 10,000 ppm by
dilutions of bespoke 1 and 0.1 % calibration gasses supplied by
British Oxygen Company Ltd. The dilutions were prepared by
use of a custom built pressure vessel constructed from
Swagelok fittings, and concentrations were calculated based
upon pressure ratios t. Samples were introduced into the GC by
direct connection of the electrolyser outlet to the GC sample
loop inlet, and GC runs were performed approximately every 25
minutes.
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