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A B S T R A C T

Gas-fed CO2 electrolyzers are a promising technology for sustainable fuel and chemical production, but their 
industrial deployment is limited by the instability of gas diffusion electrodes (GDEs), particularly in microfluidic 
flow cells (MFCs). A key failure mechanism is electrode flooding, which discontinues CO2 transport and favours 
hydrogen evolution. Although pressure control across the gas–liquid interface has emerged as a strategy to 
mitigate flooding, the precise role of differential pressure (ΔP) between gas and liquid side of the GDE remains 
poorly understood and inconsistently defined in literature. In this work, we systematically explore how gas and 
liquid pressure management alters the GDE interface, focusing on the understudied “flow-by” regime. Using Cu 
nanoparticles as a model catalyst and operating at industrially relevant current densities (0.5 A cm− 2), we 
monitor flooding dynamics through real-time pressure readings, product selectivity analysis, electrochemical 
impedance spectroscopy (EIS) and field emission scanning electron microscopy (FE-SEM) in different electro
chemical setups with several commercial Gas Diffusion Layers (GDL). Our results demonstrate that a ΔP of 30 
mbar can fully suppress flooding, preserving catalyst performance and enabling selective CO2 reduction for over 
6 h at 0.5 A cm− 2, almost an order-of-magnitude improvement over uncontrolled system. The experimental ΔP 
value is confirmed by multiphysics simulations, by modelling capillary-driven liquid invasion and gas transport, 
in which a predicted onset value of 20 mbar is defined as the required value to prevent the flooding. This work 
provides the first integrated framework combining pressure tuning, diagnostics, and multi-physics simulation to 
define and optimize flow-by operation, offering actionable insights for designing robust, high-performance CO2 
electrolyzers.

1. Introduction

The rising atmospheric concentration of CO2 is one of today’s most 
urgent environmental challenges. Industrial activities, especially those 
involving fossil fuels, disrupt the natural carbon cycle and drive global 
warming through the greenhouse effect [1–3]. Emerging technologies 
now offer ways to capture CO2 from concentrated sources or directly 
from the air [4]. When paired with conversion systems, these ap
proaches can help regulate CO2 levels and partially close the carbon 
loop.

Gas-fed electrolyzers directly convert CO2 into value-added products 
[5] by means of two main electrochemical cell types: Microfluidic Flow 
Cells (MFCs), which use liquid electrolytes, and Membrane Electrode 

Assembly (MEA) cells, which operate without a liquid catholyte. Both 
rely on Gas Diffusion Electrodes (GDEs) to achieve high current densities 
(>300 mA cm− 2) [5] needed for industrial purpose. However, GDEs face 
serious degradation issues, especially at high currents, limiting the 
electrolyzers’ operational lifetimes [6–8].

In MFCs, GDE “flooding” occurs when liquid infiltrates the micro
porous layer, blocking CO2 diffusion to the catalyst and promoting the 
competing Hydrogen Evolution Reaction (HER) [9–12]. While GDEs are 
hydrophobic by design, electrowetting (charge redistribution caused by 
the applied potential) lowers the Liquid Entry Pressure (LEP), making 
them prone to flooding [6,13,14]. In MEAs, flooding is less severe, but 
pore clogging from bicarbonate salt precipitation (from CO2 and OH−

reaction and cation migration from the anode) is more problematic. In 
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both cases, the failure mechanism involves pore occlusion: either by 
liquid (flooding) or solid salts (crystallization). Several strategies have 
been developed to prevent flooding, including adding hydrophobic 
polytetrafluoroethylene (PTFE) particles in the catalyst layer (CL) 
[15,16], using PTFE membranes as GDE [17], applying differential 
pressure ΔP across the GDE [18], or removing the liquid phase entirely 
(MEAs).

Flooding arises from liquid–gas interfacial forces, strongly governed 
by pressure. Three regimes are typically defined: (1) Gas breakthrough, 
when gas bubbles penetrate the GDE, disrupting electrolysis, (2) Liquid 
breakthrough, when electrolyte floods the GDE, blocking CO2 access, and 
(3) Flow-by, gas diffuses through while liquid remains mostly outside the 
GDE [19–22]. Flow-by is considered optimal for CO2 reduction but its 
nature is unclear. Some define it as a non-flooded state [18], while 
others describe it as involving “perspiration” [7,22]: a controlled and 
mild electrolyte penetration that, despite slightly reducing CO2RR 
selectivity, may help preventing bicarbonate salt accumulation 
[7,18,19,22]. Conversely, some argue that a completely dry GDE is 
unattainable without transitioning to gas breakthrough [21]. Further 
complexity arises from variations in Gas Diffusion Layer (GDL) types, 
which may or may not support flow-by. A clear distinction must be made 
between gas breakthrough and flow-by conditions. GDEs, often mis
represented as gas–solid–liquid (triphasic) systems [8], enhance CO₂ 
dissolution [23] near the catalyst, promoting diffusion as dissolved gas 
and enabling a more accurate solid–liquid (biphasic) catalysis [9–11]; 
thus, Gas breakthrough disrupts this interface, reducing activity, 
meanwhile flow-by maintains it.

These regimes are defined by ΔP across the GDE, in which the precise 
values are influenced not only by the GDE [20] and electrolyte prop
erties, but also by experimental factors such as GC sampling [11], tubing 
dimensions, dampers and presence of liquid traps.

Table 1 summarizes published papers applying ΔP to mitigate 
flooding. Direct comparison is difficult due to inconsistent terminology 
and differing perspectives across labs. To improve clarity, standardized 
symbols (defined in the following Eq. (1)) will be used throughout this 
work and for literature comparison: 

ΔP = PG
* − PL

* = PG − PL = Differential Pressure (1) 

where the acronyms stand for: P* absolute gas/liquid pressions and P for 
gas/liquid overpressure on GDE.

Among the studies, Ag-based catalysts (reported as one of the most 
flood-resilient in literature [11]) dominate in terms of stability tests 
[7,19–21], whatever is the sign of ΔP applied. Many authors suggest 
applying ΔP < 0 [11,19,20], asserting liquid-side pressure helps guar
anteeing flow-by and perspiration conditions, which prevents salt oc
clusion during time. Different ΔP < 0 values led to perform tests around 
200 mAcm− 2 for several hours [19,20] with an initial selectivity 

decrease, reaching then a semi-stable production; meanwhile a distinct 
work declares perspiration helps to minimize the gas product loss 
through the GDE [11]. For the formers [19,20] the ΔP < 0 condition is 
induced applying a significant PG of 345 mbar on the gas side, and 
higher value for PL the liquid one, for a large series of GDLs, reporting 
their pressures tolerance [19,20].

Other studies applied several ΔP > 0, while maintaining PL = 0 ref
erences, showing prolonged selectivity [7,18,22], delayed flooding [21], 
and improved CO2 diffusion with gas-side overpressure [24], often using 
buffered electrolytes (KHCO3, K2SO4) at ~140–200 mA cm− 2.

From these findings, it results that no congruent route exists on 
optimal ΔP, likely due to differences in experimental setups. Moreover, 
detailed understanding of how ΔP alters the GDE interface remains 
limited.

To clarify the flow-by regime and address flooding in MFCs, we 
systematically investigated how ΔP affects the GDE. GDE behaviour was 
monitored using pressure sensors, product selectivity tracking, Electro
chemical Impedance Spectroscopy (EIS) and Field Emission Scanning 
Electron Microscopy (FE-SEM). Different setups and derivatized con
figurations were tested, exploiting several commercial GDLs. We 
conceived a multi-physics simulation to study multiphase diffusion and 
capillary-driven electrolyte transport, validating experimental ΔP 
values.

To mimic and surpass industrial conditions (>200 mA cm− 2), all 
experiments are performed at 0.5 A cm− 2 using Cu nanoparticles, less 
flood-resistant catalyst compared to Ag and of fundamental interest for 
its hydrocarbon production [5,12,25]. Our results revealed an optimized 
MFC setup where flooding was fully suppressed and high selectivity 
sustained for 6 h, far surpassing the few minutes typically observed 
without pressure control. Simulations also provided insight into the 
pressure-dependent processes occurring within the GDE. These results 
should be considered independently of the specific activity of the cata
lyst under analysis, but rather as a key to understanding the phenomena 
occurring within the GDE to optimize any catalytic process involving 
GDE.

2. Setup-configuration assembling

Two different setups were evaluated in this work by modifying the 
movement and connection of liquid and gas flows (A and B), from them, 
six different Configurations were evaluated during the paper, listed in 
Table 2. The details of all the employed instrumentations used in the two 
setups are reported at the end of the paper in the Methodology section. 
Setup A (Fig. S1) is a frequent setup reported in literature characterized 
by the joining of both the outputs exiting from the cathodic part (gas and 
liquid) together in the same container [19,22,26–29]. This aspect easily 
allows the total collection of CO2RR gaseous products, whether they exit 
the cell from the liquid or gas side of the GDE. Through the utilization of 

Table 1 
State of Art about overpressure application on GDE in the CO2RR field. ΔP values refer to stability test used. Values marked with (*) are not reported explicitly in the 
paper and are estimated from the SI.

Year Catalyst GDL Current density 
(mA cm− 2)

Stability test 
(h)

Electrolyte ΔP = PG − PL 

(mbar)
Ref.

2018 Ag Covestro GDE 150 800 0.4 M K2SO4 20 [7]
2019 Sn Sigracet SGL-39 BC 100 6 0.5 M 

KHCO3

0 to 80 [22]

2019 Ag Sigracet SGL-39 BC 140 to 200 29 2 M KHCO3 >0 [21]
2021 Au Freudenberg H23C2 – – 1 M KHCO3 4 [28]
2022 Ag Toray TGP-H-060, Toray TGP-H-090, Toray TGP-H-120, SGL-22BB, SGL- 

39BC, ELAT LT1400W, Freundenberg H23C6
<200 20 1 M KHCO3 − 70* [20]

2022 Ag Toray TGP-H-060, Toray TGP-H-090, Toray TGP-H-120, SGL-22BB, SGL- 
39BC, ELAT LT1400W

<200 125 1 M KHCO3 − 100 [19]

2022 CuO Freudenberg H23C2 200 75 1 M KHCO3 40, 70, 130 [18]
2023 – – – – – − 10 to − 30 [11]
2025 Cu SGL-28BC, SGL-38BC, Freudenberg H23C6, Carbon Cloth with MPL 500 12 1 M KOH 15, 30, 50 This 

work
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two BackPressure Controller, it possible to register P fluctuations just 
outside the gas side (PG) and the headspace dead volume from liquid 
side (PL). Backpressure controller can be used in two ways: it can either 
monitor pressure variations generated or imposed a constant upstream 
pressure by opening or closing a valve system to release excess pressure 
when the set point is reached. Setup B (Fig. S2) differs only in the outlet 
connections for the gas and liquid streams, which are directed to sepa
rate reservoirs. PG and PL are monitored and governed by separated 
BackPressure Controllers, thus allowing gas/liquid breakthrough and 
flow-by conditions. In the Optimized- Setup B (Fig. 1a), a humidifier tank 
was integrated prior to the gas inlet on the cathodic side, to provide a 
feed of humidified CO2. Additionally, a N2 gas inlet was incorporated 
into the catholyte reservoir to facilitate the stripping and removal of 
gaseous products potentially retained within the liquid phase. Fig. 1b 
shows a photograph of the optimized Setup B setup. In all the setups, a 
three-compartment MFC (Electrocell) able to visualize the back of the 
GDE was employed (Fig. S3).

From the three different setups presented below, several combina
tions of configurations are derivatized by reading/applying different 
values to the PG and PL resulting in positive or negative ΔP. A complete 
list of all the configurations is reported in Table 2. It is important to note 
that Table 2 shows P as defined in Eq. (1), which should not be confused 
with the ΔP shown in the same equation.

3. Results and discussion

3.1. Effect of gas-liquid pathway: Configuration A0 and B0

In the first set of experiments, we investigate what is occurring at the 
GDE interface without applying any PG or PL once gas and liquid flows 
are interconnected (Configuration A0) or disjointed (Configuration B0). 
This comparison is fundamental to help untangle the chaotic differences 
present in the previous literature. Fig. 2a and b illustrates gas product 
distribution over time along with overpressure variations for A0, while 
Fig. 2c and d respectively for B0. Product distribution remained rela
tively stable during a 50 min experiment, with ethylene being the pri
mary product, reaching a Faradaic Efficiency (FE) of 28 % in A0 and 25 
% in B0, and registering a decrease to 10 % in the later one (Fig. 2a, c). 
Hydrogen was the second most abundant product generated for the 
system in terms of FE, initially measured at approximately 20 %, with its 
production progressively increasing for B0 as the experiment was pro
ceeding. All other detected products, including liquid ones (carbon 
monoxide, methane, formic acid, and acetate) exhibited FE values below 
10 % (see Fig. S4A and C). During 40 min experiment on A0, small 
droplets of electrolyte began to appear on the Carbon Fiber Layer (CFL) 
of the Sigracet (SGC) electrode used (Fig. S3b). By 51 min, the number of 
droplets on the back of the electrode had significantly increased, 
prompting the interruption of the test to prevent the liquid from 
reaching the backpressure. In contrast, for sample B0, the appearance of 
a smaller number of electrolyte droplets was only observed at 50 min. 
Regarding performance, the CO2RR selectivity for B0 began to decrease 
after the first 15 min of the test, while for A0, the product distribution 
remained stable (Fig. 2a, c). After 46 min, an anomalous, non-symmetric 
pressure spike of approximately 50 mbar was observed on the PG in both 
models. This disturbance may be associated with the initial stages of 
flooding; however, it appears to occur primarily in systems operating 
under ambient pressure.

Considering these last points, a comparison of the PG readings at the 
end of the gas flow line and the PL revealed notable differences between 
the two models. In A0, PG and PL are interrelated, influencing each other 
due to the presence of two connection points: one at the GDE interfaces 
and another at the reservoir. As shown in Fig. 2b, there is a clear overlap 
between the observed minima and maxima values, indicating full 
communication between the two compartments and suggesting a po
tential mutual influence between the gas and liquid phases. Starting 
from a lower value of around 10 mbar, the internal pressure fast rises at 
a value four times higher, suggesting a quite fragility of the GDE. 
Moreover, it is easy to identify a constant decrease, lasting few seconds, 
occurring periodically induced by Micro-Gas Chromatography (μ-GC) 
sampling, corroborating the hypothesis the instrument perturbs the 
electrolyzer itself [11]. Contrarily, in B0 where the two flows are 
separated, the PG and PL are fully independent. The PL shows negligible 
variation near 0 mbar (thus electrolyte at ambient pressure, showing 
extremely low-pressure fluctuation within liquid reservoir headspace 
due to peristaltic pump action), while PG maintains a stable overpressure 
of 10–13 mbar. Overpressure values observed on PG closely align with 
the initial conditions recorded in A0, further suggesting the presence of 
consistent and inherent perturbations across both configurations (μ-GC 
sampling).

Both these two base experiments showed flooding failure in a short 
time scale, thus falling in the category of a “slow” liquid breakthrough or a 
flow-by condition characterized by a pronounced perspiration. More
over, they are the proof of concept for the communication between the 
gas and liquid sides, thus suggesting the possibility to tune and regulate 
what is occurring on the GDE’s pores by altering the pressures at the 
interfaces. This implies that only experiments falling inside the same 
configuration should be compared, an observation that can be extended 
to previous literature (Table 1).

3.2. Effect of different pressure between gas and liquid sides: 
Configuration A1, B1, B2 and B3

Considering a baseline PG oscillating between 10 and 13 mbar in the 
absence of any externally applied overpressure, a derivatized B1 
experiment was first conducted by applying the smallest possible PG at 
15 mbar at the cell outlet (Fig. 3). The primary objective of this approach 
was to investigate whether such slight PG could offset the system- 
induced depressurization observed in previous experiments (Fig. 2), 
thereby preventing the registered flooding occurred in the first hour of 
B0 test. It is worth considering that the μ-GC sampling itself could cause 
a partial occlusion of the GDE causing PG depression at each step. As 
reported in Fig. 3b, applying a PG of 15 mbar induces a deeply stable 
baseline on the gas flow, thus preventing pressure drop caused by the 
μ-GC (further highlighted by the zoomed PG inset) and other compo
nents. Surprisingly, B1 with 15 mbar was already able to delay the onset 
of flooding: during 180 min experiment (3.6 longer compared to B0), 
only minor indications of visual flooding were observed from the back of 
the electrode (extremely small droplets). These resulted not significant 
to alter the CO2RR selectivity until 80–90 min (Fig. 3a). In this case, a 
decreasing in ethylene production was observed, dropping from 38 % to 
31 % FE at final test. Conversely, H2 production increased from 17 % to 
24 % FE, meanwhile CH4 and CO remained below 10 % FE throughout, 
with CO showing a slight decline around 80 min, which coincided with a 
corresponding increase in CH4 production. Large potential fluctuations 
(±500 mV average variations) were observed in the Chro
nopotentiometry (CP) results (Fig. S5d), indicative of increased insta
bility, leading to a more fragile and partially disrupted electrical 
conductivity across the interface under conditions of ΔP > 0. Liquid 
products are presented in Fig. S4d.

The unexpectedly high selectivity retention observed under rela
tively low PG prompted further investigation into the effects of higher 
values favouring the gas phase, with the aim of fully suppressing 
flooding. Based on several screening results, additional B1 tests were 

Table 2 
Summary of the different configurations comprehensive of PG, PL and ΔP values.

Configuration A0 PG = PL = 0 ΔP not imposed
Configuration B0 PG = PL = 0 ΔP not imposed
Configuration A1 PG > PL ΔP < 30
Configuration B1 PG > PL ΔP = 15, 30, 50
Configuration B2 PG < PL ΔP ~ 0
Configuration B3 PG = PL ΔP = − 20

S. Quesada et al.                                                                                                                                                                                                                                Chemical Engineering Journal 527 (2026) 171393 

3 



Fig. 1. a) Schematic representation of the optimized setup B, b) experimental setup: 1) MFC; 2) catholyte reservoir; 3) anolyte reservoir; 4) gas trap; 5) liquid 
reservoir; 6) gas humidifier; 7) BackPressure controllers; 8) MassFlow controllers; 9) FlowReaders; 10) peristaltic pump.
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Fig. 2. a) Gas products distribution plotted versus time in Configuration A0, b) PG and PL read by backpressure controllers in Configuration A0. c) Gas products 
distribution plotted versus time in Configuration B0, d) PG and PL read by backpressure controllers in Configuration B0 c. SGC-28BC was employed as GDL. The limit of 
quantification (LOQ) is defined by the minimum P that the backpressure controllers are able to detect, and being below this threshold, the system registers 0 mbar 
of P.

Fig. 3. a) Gas products distribution plotted versus time, b) PG and PL read by backpressure controllers in Configuration B1. PG was set at 15 mbar. SGC-28BC was 
employed as GDL.
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performed by increasing PG to 30 mbar (Fig. 4) and 50 mbar (Fig. S6), 
assessing whether the onset of flooding could be further delayed and to 
accurately determine it.

At PG = 30 mbar, B1 experiment completely prevents flooding on the 
back of the GDL for a test of 480 min (9.6 time longer compared to B0), 
validating this flooding prevention strategy. Nevertheless, close to the 
180 min, from Fig. 4 it is visible a generic decrease for CO2RR and 
inverted trend for the HER. Values of ethylene start at 28 % FE until 100 
min, decreasing at 10 % FE at 300 min. For HER, 25 % FE was reached 
until 180 min, where it starts to increase to 37 % reaching its maximum 
value. CO production starts near 16 % reaching concentration of 4 % at 
final experiment, meanwhile all other gas and liquid products remained 
under 10 % FE. Reaching the 360 min of experiment, electrochemical 
reactions reached a semi stable condition. At PG = 50 mbar, B1 exper
iment led to visibly gas bubbles exiting in the liquid side of the GDE, thus 
leading to gas breakthrough condition. Carbon based GDL, such as SGL- 
28BC, have structural defects in the carbon matrix which can lead to 
gas permeation with small pressure variations [11]. For the latter 
experiment, flooding is still prevented, nevertheless, the gas permeation 
compromises partial loss of gas products into the liquid phase and 
disruption of the electrical contact between the electrode and the elec
trolyte. All experimental data supporting this behaviour are provided in 
the Supporting Information (Fig. S6), as the results obtained at PG = 50 
mbar were comparable to those at 30 mbar.

The PG = 30 mbar B1 experiment, suggest us that flooding preven
tion in MFCs appears to reduce in any case the mass transport within the 
pores, probably due to residual perspiration which leads to salt precip
itation inside them [6]. This, in turn, results in a gradual decline in 
CO2RR selectivity close from 180 min from Fig. 4. Such performance 
failure was dictated and demonstrated by evident bicarbonate crystal
lization on the CFL of the GDE by FE-SEM analysis of the spent electrode 
(showed in Fig. 7 and discussed in Section 3.4). Bicarbonate crystalli
zation is a well-established problem studied on alkaline MEA electro
lyzer [30] correlated to the reduced gas feed reaching the catalyst, 
consequently decreasing product generation. This effect is particularly 
noticeable as the experiment continued producing detectable products 
for up to 480 min without any visible signs of flooding over the DL of the 
GDE, even though with FE approximately 75 % lower than at the initial 
stage. B1 experiments evidence how an MFC setup can prevents flooding 
problems commonly observed on MFC electrolyzer, beside that reaching 
a catalysis deactivation similar to the MEA electrolyzers.

In order to proof that pressure balance at the interface of the GDE is 
the main responsible for flooding prevention, and not barely a higher 
input PG, a counter evidence experiment was built up by applying a PG =

30 mbar on the Configuration A0 (resulting in the new Configuration A1, 
Fig. S1 and Table 2). Being A1 a merged configuration, PG is partially 
transferred to the liquid side of the GDE, thus causing unstable PL, which 
slowly increase till flooding failure at 68 min (Fig. S7) (mitigation 
increased by 1.33 compared to A0). Therefore, a stable ΔP is not 
reached, since PL has an uncontrollable increase. A1 experiment evi
dences how MFC scale up must provide a stable control of the pressure 
involved, possible only on disjointed gas and liquid flows, as in Setup B.

Configuration B2 (PG = PL) and B3 (PG < PL) were also investigated 
and reported in the Supporting Info (Figs. S8 and S9). From the previous 
results, it is easy to see that guaranteeing the same PG and PL (ΔP = 0), or 
even a higher value to the liquid side (ΔP < 0), shortens the lifetime of 
GDE making the liquid able to fill the gas pores with consequent 
flooding. Respectively for B2 and B3 configuration, an evident flooding 
occurred after 75 and 51 min. Interesting, these results do not match 
with the ones coming from reference [5, 6] despite sharing the similar 
setting of ΔP < 0. However, as previously claimed, we consider these 
two independent sets of experiments not comparable, being our tests 
performed on Setup B setting, meanwhile the cited papers fall back into 
Setup A type. Moreover, the two set of experiments utilize different 
GDLs, catalysts and electrolytes, as schematized in Table 1.

The combination of A1, B1-30mbar, B1-50mbar, B2 and B3 experi
ments furnish complete clarification on the GDE interface: ΔP must be 
balanced between both GDE’s sides, only feasible with disjointed gas 
and liquid flows (discouraging Setup A types). Moreover, ΔP should not 
exceed an edge value to prevent the gas breakthrough; a characteristic 
tailored on the properties of the GDL employed.

3.3. Correlating GDL properties to the applied pressure

From the flooding resolution obtained by inducing a PG ≥ 15 mbar 
and the low resiliency of SGL-28BC on pressure variations (flow-by to gas 
breakthrough, switching from 30 to 50 mbar) reported in Section 3.2, we 
have been encouraged to explore different types of GDLs to realize an 
optimized MFC with Configuration B1 type, to enlarge the working 
pressure range in flow-by condition, meanwhile maintaining a stable 
liquid interface and maximizing the CO2 dissolution and consequent 
diffusion.

Among commercial suppliers, we have identified two possible gas 
porous electrodes that should partially match their properties compared 
to the SGC-28BC: the SGC-38BC, a thicker variant having identical 
dispersion and layer composition, and Freudenberg H23C6, which has a 
comparable thickness to the former, with a distinct structural arrange
ment and layer dispersion. A fourth class of electrode was studied but 

Fig. 4. a) Gas products distribution plotted versus time, b) PG and PL read by backpressure controllers in Configuration B1. PG was set at 30 mbar. SGC-28BC was 
employed as GDL.
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not reported in this work, the CT Carbon Cloth with Micro Porous Layer 
(MPL), which is characterized by extremely larger pores [19,20]: these 
allow CO2 bubbles breakthrough without applying any PG, therefore we 
decided to omit this electrode from the discussion. The two new GDLs 
were evaluated with the Configuration B1 applying PG of 30 mbar for a 
duration of 200 min.

In Fig. 5, the results obtained using SGC-38BC are reported. 
Compared with the analogues results obtained with SGC-28BC, the 38BC 
selectivity toward ethylene and carbon monoxide values were slightly 
higher (respectively 35 % FEC2H4 and 23 % FECO compared to 28 % 
FEC2H4 and 16 %FECO in SGC-38BC at 60 min of experiment). Flooding 
was prevented also with this GDE, and bicarbonate crystal formation 
was also evidenced, correlated to the decreasing selectivity toward 
CO2RR (Fig. S5i and Section 3.4). Surprisingly, the CO2RR selectivity 
drop for 38BC occurred at a later stage compared to 28BC and taking 
ethylene production as a representative example, the SGC-38BC elec
trode initially exhibited approximately 35 % FE, which gradually 
decreased to below 30 % after 150 min of experiment. In contrast, the 
SGC-28BC electrode began with a lower initial FE of around 28 %, fol
lowed by a more pronounced decline starting at 120 min. Moreover, the 
methane generation was increasing while the experiment was running, 
reaching a value of 9 % FE, probably due to crystal occlusion which 
slowly fed the electrolyzer with a lower amount of CO2. In fact, lower 
access to CO2 involves less active site bonded to the former, thus dis
advantaging dimerization step for ethylene production [31,32].

Flooding failure in MFC cells employing Sigracet carbon paper 
electrodes appears to be manageable by applying a PG. Interestingly, 
data obtained using Freudenberg H23C6 suggest that flooding cannot be 
effectively mitigated under the same conditions. As shown in Fig. S10, 
during the 200-min experiment, CO2RR activity was sustained only for 
the initial 30 min, after which visual evidence of flooding was observed 
on the electrode’s CFL, indicating a severe performance limitation. 
Further information is reported in the Supporting Information (SI§3.2 
and Fig. S5j).

We can conclude the physical-chemical properties of GDL have 
tremendous impact on the pressure interface, which is coherent with the 
previous literature [19,20]. Interestingly, a further improvement of the 
liquid-solid interface has been reached with SGC-38BC by evaluating the 
CP plot (Fig. S5i). During the first minutes of electrolysis, a pronounced 
oscillation of the potential is recorded, which gradually stabilize around 
110 min. We hypothesise that inside the GDE is currently occurring a 
flow-by condition more prone to gas breakthrough in the first hour and 
then prone to liquid breakthrough. This implies that an ideal MFC device 
can be optimally designed with a specific GDE tailored for pressure 

tolerance. For this reason, from an experimental approach to determi
nate the ideal PG value, we have implemented a multi-physical simula
tion model aiming to determinate the best value considering the 
physical parameters of the GDL taken into account.

3.4. Multiphysics modelling correlation with experimental values

The relationship between the applied P and flooding of the GDE was 
investigated using a simplified numerical model. The model was cali
brated against experimental conditions to reproduce the operating 
regime of the electrochemical cell. Material properties, geometry, and 
boundary conditions were selected to closely reflect the tested system 
(see Methodology).

Flooding in hydrophobic porous media occurs when the capillary 
pressure, defined as PC = PG* - PL* (with P* intended as absolute pres
sure, see Eq. (1)), becomes negative and sufficiently large in magnitude, 
such that the gas pressure is no longer sufficient to resist liquid intrusion. 
Higher contact angles (θ) inhibit flooding by requiring more negative PC 
to initiate liquid penetration. Initially, the CL exhibited a contact angle 
of approximately 126◦, which decreased to below 92◦ after electro
chemical operation (Fig. 6a). Simulations confirmed that flooding does 
not occur for θ ∼ 126◦, while significant imbibition is observed below a 
critical value of θ ∼ 92◦. To reproduce the gradual loss of hydrophobicity 
observed experimentally, the simulation time was set to 2 h, with the 
contact angle decreasing linearly from 126◦ to 90◦ over the first 75 min. 
Time evolution was introduced solely to impose a gradual decrease in 
contact angle, allowing the system to remain near quasi-steady condi
tions at each step. This approach avoids the influence of transient effects 
and dynamic electrochemical responses, such as time-dependent varia
tions in FE, which are beyond the scope of this analysis. The focus is 
instead on the capillary and gas transport response to changes in 
wettability and applied PG, in this section considered as a boundary 
condition applied at the CFL-gas feed interface (see Methodology).

Fig. 6a shows the electrolyte saturation at the CL-electrolyte inter
face as a function of θ with boundary PG = 0 mbar. Saturation is defined 
as the fraction of the pore volume occupied by the electrolyte. A local 
saturation of 1 indicates pores fully filled with electrolyte, while 0 cor
responds to complete dry-out: both extremes are detrimental to GDE 
performance. Optimal operation occurs at intermediate saturation, 
where sufficient electrolyte ensures ionic transport and CO₂ reduction, 
while enough gas volume remains to supply CO₂ and prevent depletion. 
In general, saturation has a lower limit of S0 > 0, i.e. comprising a re
sidual fluid volume that is bound to the smallest pores and is determined 
by the microstructure and composition of the considered medium. 

Fig. 5. a) Gas products distribution plotted versus time, b) PG and PL read by backpressure controllers in Configuration B1 configuration was set at 30 mbar. SGC- 
38BC was employed as GDL.
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Saturation remains close to S0 until θ falls below 92◦, beyond which a 
sharp increase in saturation is observed: considering the current oper
ating conditions, flooding is inhibited until a thresholding contact angle 
is reached, e.g., due to the reduction in the CL hydrophobicity driven by. 
As θ decreases (as shown in Fig. 6a), the local saturation increases due to 
the loss of hydrophobicity; as a consequence, the relative gas perme
ability drops sharply (proportionally to 1 − S3.5), impeding gas replen
ishment. Consequently, the continuous CO2 consumption causes a drop 
in local gas pressure, further lowering the capillary pressure and 
accelerating electrolyte invasion (the condition shown in Fig. 6b): a 
positive feedback loop leading to full flooding.

Among possible strategies to mitigate this process, a PG was applied 
at the gas feed, promoting gas permeation throughout the GDE and, 
therefore, counteracting flooding. As shown in Fig. 6c increasing the 
applied boundary PG shifts the flooding threshold to lower θ values (see 
curves from blue to black): at the limit, applying a PG of 20 mbar delays 
flooding to θ ∼90◦. The effect of the applied boundary PG on the equi
librium between PG* and PL* can be appreciated Fig. 6d, which com
pares the gas pressure (black curves) and saturation (blue curves) fields 
for PG of 15 mbar and 20 mbar (solid and dashed lines, respectively). At 
PG = 15 mbar, flooding occurs when θ drops below ∼ 90.2◦, as indicated 
by the saturation reaching unity at the CL–electrolyte interface, with a 
gas pressure below 975 mbar. In contrast, at PG = 20 mbar, the gas 
pressure remains above 1 bar, sufficient to prevent flooding even at θ =
90◦ (S remains stable at S0), where liquid permeation would begin for 
any PG < PL at the CL-electrolyte interface.

These results highlight that PG low as 30 mbar under the studied 
conditions can stabilize gas transport and mitigate flooding driven by 

hydrophobicity loss. This outcome aligns with experimental observa
tions, particularly considering that both transport properties and elec
trochemical parameters of the GDE were calibrated against measured 
data. The critical PG threshold depends on the operating conditions and 
structural properties: higher current densities, larger electrochemical 
surface areas, or lower absolute permeability increase the CO2 demand 
and promote pressure drops, thus requiring higher boundary PG values. 
Notably, maintaining minimal saturation (i.e., S = S0) is not necessarily 
the optimal design objective: high GDE productivity is promoted by 
maximizing the interfacial area between solid, gas, and liquid phases, 
which requires a balanced saturation level. Tailoring the microstructure 
to achieve this balance, while accounting for operational constraints, 
represents a key optimization pathway. Finally, while the present model 
assumes progressive electrowetting as the sole cause of θ reduction, 
other failure mechanisms may arise. In particular, if the CL becomes 
hydrophilic (θ < 90◦), capillary forces favour spontaneous imbibition, 
and higher boundary PG would be needed to prevent flooding. Alter
natively, low saturation levels can hinder ionic transport, potentially 
leading to salt precipitation and pore clogging. Although not explicitly 
modelled here, such effects would further reduce gas permeability, 
resulting in lower PG for the same operating condition and, therefore, 
promote flooding, as experimentally registered in Sections 3.2 and 3.3, 
other than proofed by visible crystal salt found by FE-SEM (see Section 
3.5).

This multiphysical model, despite accounting for only a limited 
number of physical phenomena and specific features of the GDL, is 
already capable of accurately capturing the onset of flooding and 
identifying an optimal PG value. This strongly suggests that a 

Fig. 6. Results of the numerical model assessing the impact of applied PG and the CL hydrophobicity on flooding. (a, c) Saturation level at the CL–electrolyte interface 
as a function of decreasing θ for different applied PG (c), highlighting the thresholding condition leading to flooding (a). (b, d) Gas pressure (black curves) and 
saturation (blue curves) in the CL for PG = 0 mbar (b: showing progressing flooding), PG = 15 mbar (d: solid curves, showing flooding initiation), and PG = 20 mbar 
(d: no flooding). The x-axis was normalized on the CL thickness tCL, with x = 0 marking the CL–electrolyte interface, and x = 1 identifying the CL–MPL interface. Note 
that, in this context, the applied overpressure PG is intended as a boundary condition on the gas feed boundary.
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multiphysical approach may represent the most effective pathway to
ward the model-based design of a next-generation GDL with enhanced 
performance in electrolysis applications, as well as emphasising the 
importance of this type of study for the development of scaled-up 
devices.

3.5. Physical and electrochemical evidences of bicarbonate occlusion 
inside GDE

SEM was employed to investigate structural and morphological 
changes in the electrodes after the experiments conducted under flow-by 
condition, able to prevent flooding. Imaging was performed on the CL, 
the backside of the CFL, and electrode cross-sections to determine layer 
thicknesses and to detect whether pore blockage or limitations in mass 
transport could be attributed to crystallization phenomena. The char
acterization data were also incorporated into the modelling software to 
parameterize the simulations with conditions as close as possible to the 
experimental setup. In both pristine and post-CP electrodes made from 

SGC-28BC, 38BC and Freudenberg H23C6 carbon papers were 
examined.

Both for SGC-28BC and 38 BC, the SEM images of the CFL after the 
experiment reveals the presence of prominent crystals of varying sizes: 
for 28BC ranging from approximately 100 μm for the largest to near 10 
μm for the smallest (b), for the 38BC only scattered and unevenly 
distributed crystals across the surface, with an average size of approxi
mately 100 μm (Figs. 7d and S11).

From surface-level appreciation, the quantity of 28BC crystals does 
not look to be sufficient to completely block the electrode pores or 
significantly impede gas transport, which is coherent with the experi
mental data of retained lower selectivity rather than a complete CO2RR 
inhibition and coherent with the literature suggesting a residual 
perspiration inside the electrode; which, differently form MEA, can 
effectively help to prevent bicarbonate precipitation [21]. In contrast, 
for 38BC some crystals also appeared to grow within the carbon matrix 
of the CFL, potentially contributing to pore blockage and hindering gas 
transport through the electrode. It should be considered that, being an 

Fig. 7. SEM images CFL before (left) and after (right) reaction of the SGC-28BC (a, b) SGC-38BC (c, d) and Freudenberg H23C6 (e, f) carbon paper.28BC and 38BC 
were tested at − 500 mA cm− 2 in KOH 1 M for 2 h. H23C6 was tested at − 500 mA cm− 2 in KOH 1 M for 1 h due to flooding. Highlighted regions indicate bicarbonate 
visible crystallization.
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ex-situ characterization after the electrolysis step, by interrupting PG 
overpressure and removing the electrode, there will be inevitable partial 
contact with the liquid electrolyte.

Energy-Dispersive X-ray Spectroscopy (EDX) analysis of both elec
trodes confirmed the presence of potassium atoms within the crystalline 
structures, suggesting that they can be composed of KHCO3. For SGC- 
38BC, EDX mapping was also conducted to identify other elemental 
composition in a selected area. Potassium was used as a marker for 
KHCO3 crystallization, carbon (C) for the substrate matrix, and fluorine 
(F) for the PTFE hydrophobic treatment inherently present in the GDEs 
(Fig. S11). In Fig. 8, EDX analysis of a cross-section of SGC-38BC con
firms the presence of KHCO3 within the internal structure of the GDE. 
These findings evidence how the crystallization originates from ion 
permeation through the GDE, leading to pore occlusion that progresses 
with experiment duration.

Based on the results obtained, pore occlusion due to KHCO3 pre
cipitation appears to occur progressively during the course of the ex
periments. The migration of potassium ions from the electrolyte into the 
GDE structure is likely driven by electrostatic attraction toward the 
cathode, promoted by the applied current [33]. As shown in Fig. 8, the 
concentration of KHCO3 within the SGC-38BC electrode is noticeably 
higher than in SGC-28BC. This difference can be attributed to the greater 
thickness of SGC-38BC, which allows higher tolerance for salt accumu
lation before complete pore blockage occurs and consequently, perfor
mance for CO2RR decreases.

In the case of CFL of Freudenberg H23C6, being flooded after the test, 
no evidence of bicarbonate precipitation is reported (Fig. 7f). When 
comparing the characteristic data of GDEs from the different commer
cial suppliers and the morphologies generated on the formation of the CL 
using SEM, this distinct behaviour can be attributed to variations in 
layer disposition and porosity, which in turn influence the properties of 
the resulting CL [25]. Although we selected the material with the most 
similar distribution characteristics, even minimal structural differences 
appear to have a substantial impact on the ability to mitigate flooding. 
Furthermore, SEM analysis reveals crack formation in the catalyst layer 
of both Sigracet materials (Figs. S12 and S13), whereas the Freudenberg 
electrode maintains a smooth and uniform catalyst surface (Fig. S14).

EIS analysis was performed before and after electrochemical testing 
to check the change of saturation and availability of the pores of the GDE 
through an in-situ approach, thus complementing the intrinsic limit of 
SEM characterization. The measured impedance spectra are reported in 
the SI (Fig. S15), together with the curves obtained by fitting the data 
employing the equivalent circuit shown in the inset [34]. In particular, 

two parameters [35], Rct, related to the movement of charges at elec
trode/electrolyte interface, and capacitive double layer (Cdl), account
ing for the accumulation of charges at the same interface and 
proportional to Electrochemical Active Surface Area (ECSA), were 
extracted through the fitting procedure and reported in Table 3.

When comparing data obtained with EIS (Table 3), it is noteworthy 
that for SGC-38BC, characterized by longer stability, the increase of τ 
has to be attributed only to an increase of charge transfer resistance and 
not on double layer capacitance, which, contrarily to other samples, 
remains substantially unchanged. This implies that the ECSA of SGC- 
38BC does not undergo permanent alterations due to flooding, effec
tively making this electrode more resilient to the effects of P, and 
therefore, more stable, as discussed previously. Moreover, being the 
catalyst in common among all the three different GDL, we can assume 
that for 28BC Cdl increase it is originated from pores enlargement.

Based on the experimental data and characterization parameters, 
Sigracet carbon papers are then the most effective electrode for miti
gating flooding when a PG below 50 mbar is applied among the electrode 
been testes in this paper. Under this condition, indicators of flooding are 
significantly reduced, extending the experiment duration by approxi
mately a factor of four. Among the Sigracet variants, the thicker 38BC 
version demonstrates better tolerance to the applied PG compared to the 
28BC counterpart, resulting in more stable performance. Furthermore, 
the 38BC variant also shows better tolerance to KHCO3 crystallization, 
requiring a higher accumulation of precipitates before CO2RR activity is 
hindered.

It is now clear how MFC can operate in a flow-by condition while 
avoiding flooding failure, nevertheless, a slower decrease of CO2RR 
selectivity is still occurring due to bicarbonate precipitation inside the 
GDL pores, evidenced by SEM and EIS techniques. This information 
suggests us that the optimized MFC configuration suffers of the same 
failure of MEA electrolyzer, but mostly furnishes some doubts on the real 
nature of the flow-by condition, in which it seems impossible to 
completely prevent perspiration.

3.6. Optimized MFC compared to alkaline-MEA

Aware by the failure analogies between the optimized MFC and MEA 
electrolyzer, we have introduced in our optimized Configuration B1, 
bearing the SGC-38BC, a humidified gas flow; a typical procedure 
employed with MEA electrolyzer. These conditions were also used to 
define a stability test with the same catalyst and current density (0.5 
Acm− 2) for a total of 12 h and compare its performance to the one of 
MEA electrolyzer. Moreover, to completely characterized the final setup 
of the MFC, the exiting catholyte was purged with an additional N2 flow 
and collected to a second μGC to quantify products loss through the GDE 
(due to partial gas breakthrough).

In Fig. 9, the stability test of the MFC setup utilizing humidified CO2 
is reported; in particular, the FEs in Fig. 9a were calculated considering 
the gas exiting both from the front and the back of the GDE. Comparing 
to Fig. 5, which utilizes dry CO2, the gas product distribution indicates 
that the use of humidified CO2 leads to enhanced CO2RR selectivity and 
prolonged catalytic activity, being primarily attributed to the increased 
saturation level of the gas phase, which reduces the evaporation rate of 
the electrolyte, contributing to improved system stability over time. In 

Fig. 8. EDX analysis of the cross-sections a) SGC-28BC and b) SGC-38BC, 
highlighting the Kα signal of K, representing concentration using a thermal 
map. Both electrodes were tested at − 500 mA cm− 2 in KOH 1 M.

Table 3 
Results of EIS analysis on SGC-28BC, 38BC and Freudenberg H23C6 electrodes 
before and after the electrochemical tests.

Electrode Before/after CP Rct (Ω cm2) Cdl (mF cm− 2) τ (ms)

SGC-28BC Before 2.02 0.50 1.00
After 0.81 7.40 6.01

SGC-38BC Before 0.49 1.27 0.63
After 1.21 1.24 1.50

Freudenberg H23C6 Before 0.64 0.92 0.59
After 1.44 1.34 1.92
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details, in Fig. 9 ethylene initially exhibited approximately 23 % FE, 
later increasing to 36 % until pore occlusion (by bicarbonate precipi
tation) began obstructing CO2 transport to the active electrocatalytic 
sites, occurring at 310 min. From that point, ethylene production 
gradually declined to a minimum of 8 % at 720 min. These results 
suggest that the system was not flooded because no sign of visual 
flooding was appreciated over the CFL; rather, the decline in production 
was solely due to pore occlusion, which limited the total amount of CO2 
available for conversion but did not completely cease the reaction. For 
the competing H2 production, it steadily increased throughout the 
experiment, reaching 43 % FE at 720 min. Meanwhile, carbon monoxide 
and methane remained relatively stable at 6 % FE and 2 % FE, respec
tively, until pores occlusion occurred. Thereafter, both decreased to 3 % 
FE and 0.5 % FE, respectively, due to the reduced CO2 availability. 
Liquids products were comparable to previous result (Fig. S4i). As 
mentioned before, partial gas loss on the liquid side is occurring once 
referring to the Configuration B1, utilizing PG on the GDE. Previous re
sults reflected a combined contribution of gas-phase products and those 
released into the headspace from the cathodic liquid. Fig. 10 presents 
the distribution of individual gas products collected separately from the 
gas and liquid sides of the GDE during humidified CO2 experiment.

Interestingly, the analysis of product losses due to gas breakthrough 

and diffusion suggests that approximately 10 % of the carbon-based 
products were lost. Moreover, given its higher diffusivity, H2 loss con
centration increases in the liquid phase as pore occlusion progressed, 
while remaining stable in the gas phase. A further experiment validating 
the current industrial production conditions at 0.2 Acm− 2 was carried 
out, investigating a much more significant time scale, exceeding 50 h. In 
Fig. S19, a 66 h of continuous electrolysis is reported showing similar 
behaviour: flooding is completely prevented, showing a dry back of the 
GDE, however, this did not prevent a significant drop in FECO2RR as the 
pores became clogged with visible bicarbonate.

Having defined the MFC setup similar to MEA in terms of failure due 
to bicarbonate precipitation, a final experimental assessment was con
ducted using an alkaline-MEA setup to allow a comparative analysis 
with the previously described MFC configuration. Fig. S21a reports FE 
obtained from experiments performed at a constant current density of 
0.5 A cm− 2 in a 3using the alkaline-MEA setup. Ethylene production 
initially reached 19 % FE, progressively declining to 8 % by the end of 
the experiment. In contrast, hydrogen production exhibited an 
increasing trend, starting at 41 % FE and rising to 73 % at the point of 
cell failure, a significantly higher value compared to results obtained 
under MFC conditions. Other carbon-based products remained below 10 
% FE throughout the experiment. CO began at approximately 10 % FE 

Fig. 9. Stability test of the MFC electrolyzer, a) gas products distribution plotted versus time, b) PG and PL read by backpressure controllers in Configuration B1 setup. 
PG was set at 30 mbar. SGC-38BC was employed as GDL.

Fig. 10. Gas products distribution versus time coming from the a) gas side of the GDE (back) and b) liquid side of the GDE (front).
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with 3 % at final point, while methane started at 0.8 % and rose slightly 
to 1 % by the end. Notably, methane production increased in the final 
stages of the experiment, peaking at 1.7 % at 43 min, coinciding with the 
onset of performance failure due to salt deposition. As a result of this 
crystallization, the gas serpentine in the cathode compartment became 
completely blocked, as it can be seen in Fig. S21b showing a decreasing 
gas flow form the outlet of the cell by time. Such occlusion did not allow 
CO2 to reach the catalyst properly and hinders gaseous products removal 
from the cell. Considering this experiment, the MFC setup showed a 
more performing electrolyzer in terms of CO2RR selectivity.

Interestingly, comparing SEM images (Fig. S16) of the electrodes 
after electrolysis with KHCO3 anolyte, reveal a greater accumulation of 
crystalline deposits in the alkaline-MEA setup compared to the MFC. 
Additionally, the morphology and spatial distribution of the crystallized 
material appear distinctly different. EDX elemental mapping shows bi
carbonate crystal formation initiates predominantly at the back side of 
the CFL where humidified CO2 is introduced, totally opposite of the MFC 
electrodes in which is only detectable closest to the CL [36].

Based on the collected and analyzed data, the optimized MFC 
configuration emerges as the most promising approach for mitigating 
flooding/crystallization failures. However, the occurrence of partial gas 
breakthrough while working in the flow-by condition, highlights the 
ongoing need for further investigation into GDL materials that can 
tolerate gas overpressure while maintaining electrode wettability over 
extended periods, being essential for the realization of a fully optimized 
MFC system. It should also be noted that, due to the inherent complexity 
of the experimental setup, this experimental study focused on a defined 
geometric area of the electrode, thus the scaling size of the cell and the 
increasing hydrostatic pressure generated by the liquid height should be 
considered and properly modelled, thus remaining an open avenue for 
future research and modelling.

4. Conclusions

In conclusion, this paper presents experimental proof of concept, 
supported by multiphysics modelling, of the causes and consequences of 
flooding phenomenon on GDE mounted on an MFC, further revealing 
how its optimization can prevent this failure. The study begins by 
defining the physics occurring at the GDE interface while managing the 
gas and liquid side from the cathode combined or separately, moving 
then to the realization of different ΔP scenario identifying a proper 
condition to prevent flooding. Such experimental value was validated by 
a multi physic model, predicting the origin of a second failure: bicar
bonate crystal precipitation. Together with SEM and EIS analysis, bi
carbonate precipitation was proofed and buffered with an optimized 
configuration working with humidified CO2 inlet. This experiment 
proofed to outperform to several MEA experiments in terms of stability 
and product selectivity.

This paper clarifies the nature of the physical-chemical phenomena 
occurring inside the GDE, while highlighting the necessity in the CO2RR 
field, besides the MFC/MEA setup, to work in acidic environment to 
neutralize the intrinsic hydroxide formation caused by the cathodic re
action, thus preventing the unresolvable bicarbonate precipitation.

5. Methodology

5.1. MFC experiments

In all the MFC setups, the electrochemical tests were ran using an 
electrochemical workstation (Biologic; EC-Lab SP300) on the above 
described commercial MFC. An Anion Exchange Membrane (AEM) 
(Fumasep FAB-PK-130) was used to separate the cathodic and anodic 
sides. The cathodic side was in turn divided into two compartments 
(liquid and gas ones) by the working GDE with a geometric active area of 
0.5 cm2 (Fig. S17a). An Ag/AgCl (1 mm, leak-free LF-1) was used as the 
reference electrode and inserted in the catholyte. A Titanium plate 

covered by a Pt deposition (Electro cell) was used as the counter elec
trode and immersed in the anolyte. The electrolytes used in the anodic 
and cathodic part was an aqueous solution of 1 M KOH (84 wt%, Sigma 
Aldrich) and circulated at 1 mL min− 1 during the tests. CO2 was 
constantly flowing at 30 mL min− 1 in the cathode gas-pool. Setup A is 
composed by a commercial transparent three-compartment MFC (Elec
trocell) able to visualize the back of the GDE (Fig. S1), one Mass Flow 
Controller (Bronkhorst; Max. 200 sccm CO2), two BackPressure 
Controller (Bronkhorst; Max. 100 sccm CO2//0,5 bar, ±0.025 bar) and 
one FlowReader (Bronkhorst; Max. 100 sccm CO2) placed in sequence 
after the BackPressure. The connections were done using plastic tubes 
(RS; BlueDext, 6 mm diameter) for the gases and transparent plastic 
tubes for (VWR, 3.17 mm diameter) the liquid electrolytes. A peristaltic 
pump (Longer Pump BT100-1 L) was used to flow the electrolytes. For 
the liquid reservoir (and also gas traps of next configuration), glass 
bottles of 1.0 L, 0.25 L and 0.1 L equipped with plastic caps featuring 
two or three ports were used. All the gas connections and bottlecaps 
were tapped with PTFE and leak-checked using a CO2 Gas detector to 
prevent gas leakage and obtain constant flow and pressure. In Setup B 
(Fig. S2) the gas outlet is connected to a silica-filled reservoir referred to 
as Gas Trap, which was designed to prevent liquid entering the gas line 
and reaching the BackPressure and FlowReader. In the Optimized-Setup B 
a humidifier tank was integrated to provide a feed of upstream- 
humidified CO2. A MassFlow Controller (Bronkhorst; Max. 100 sccm 
N2), connected to an N2 line regulated at 2.5 bar, is used to precisely 
control the N2 flow rate. Measured flow values are corrected using a 
factor of 0.7 to convert CO2-calibrated readings to equivalent N2 values. 
About Backpressure controller readings, the following acronyms have 
been used: differential pressure (ΔP), absolute gas/liquid pressions (P*) 
and gas/liquid overpressure (P).

5.2. Electrode preparation

For the MFC experiments, the CL was deposited onto the MPL of the 
GDE by spray coating (Nadetech Spray Coater – Ultrasonic Nozzle) an 
ink onto three different 6 cm2 commercially available carbon papers: 
SGC-28BC and SGC-38BC (from Sigracet SGL Technologies), H23C6 
(from Freudenberg) and Carbon Cloth with MPL (Fuel Cell Store). The 
sprayed ink consisted of 11 mg of CuNPs (40–60 nm particle size, Merck) 
mixed with 13 μL of a solution containing the ionomeric binder (Sus
tainion XA-9 5 % in EtOH, Dioxide Materials) in a 4 mL isopropanol 
solution. The ink was sonicated prior to the deposition for 30 min. 
Catalyst loading was 1 mg cm− 2. From the 6 cm2 electrode, three smaller 
pieces of 2 cm2 were extracted. The front size of the electrode bearing 
the catalyst layer was then partially covered by PTFE tape exposing a 
circular section of 0.5 cm2 of active area (Fig. S17). The diffusion layer 
was kept completely free at 2 cm2.

5.3. MEA experiments

Alkaline-MEA system was constructed using a commercial zero-gap 
MEA electrolyzer (Dioxide Materials) with an active area of 5 cm2. 
The cathode GDE (SGC28 BC and 38BC) were prepared by spraycoating 
Cu NPs with the same procedure of the MFC experiment. While the 
anode electrode was made of Iridium Oxide (IrO2) deposited on a Ti felt 
(285 μm thickness, porosity 50 % from Fuel Cell Store). The pre-treated 
felt was coated with an ethanol-based solution of Iridium Chloride 
(IrCl4, Iridium (IV) chloride, 99.95 %, Ir 56.5 min, Thermo Scientific) 
using a dip-coating technique. After each layer the felt was calcinated in 
an oven at 450 ◦C until the target loading of 2.5 mg cm− 2 was reached. 
Working in alkaline condition a Sustainion X37-50 Grade RT anion ex
change membrane (50 μm thickness, from Dioxide Materials) was used 
to separate the anode and cathode compartment. The anionic mem
branes were pre-treated in 1 M KOH overnight and activated in 0.1 M 
KHCO3. To ensure controlled and optimal compression, the cells were 
assembled accordingly to the substrate’s characteristics. The 
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compression ratio was optimized to 16 % and 18 % for the 28BC and 
38BC separately. Starting with the gasket spacing matching the total 
thickness of the cathode GDE, and the electrochemical response was 
evaluated while gradually lowering the cathode gasket thickness. A 
torque wrench was used to cross tighten each cell bolt first at 2 N m and 
then at 4 N m. In the anodic compartment, a 0.1 M KHCO3 (Potassium 
bicarbonate 99.95 %, Sigma Aldrich) electrolyte was continuously 
recirculated using a peristaltic pump (BT100-L and WT600-1F Lon
gerPump from Drifton) with a flow rate adjusted to 20 mL min− 1. While 
at the cathode, a constant 25 mL min− 1 flow rate of humidified CO2 was 
maintained using a MassFlow controller, while a MassFlow Reader 
monitored the outlet gas stream, anolyte. Additionally, a Gas Trap sys
tem was installed to prevent liquid crossover into the gas line.

5.4. Products quantification

Successively, chronopotentiometry studies were conducted to 
monitor potential variations over time. All experiments were performed 
without iR compensation, and potential values were referenced to 
Reversible Hydrogen Electrode (RHE) using the Nernst equation (Eq. 
(2)). 

EvsRHE = EvsAg/AgCl +EAg/AgCl (3M KCl) +0.0591× pH (2) 

Gas-phase products were analyzed by a microGas Chromatograph 
(μGC, Fusion, INFICON), composed of two channels with a 10 m Rt- 
Molsieve 5A column and an 8 m Rt-Q-Bond column, respectively, and 
each channel with a microthermal conductivity detector (TCD). The 
inlet of μGC was connected to the exit of the FlowReader (cathodic gas 
chamber) of the electrochemical cell. Liquid-phase products were 
analyzed post electrolysis by a High-Performance Liquid Chromato
graph (HPLC, Shimadzu Nexera ELSD – LTIII), equipped with a perme
ation chromatography column ReproGel H+ (Dr Maisch 300 × 8 mm) 
coupled with a Photo Diode Array (PDA) detector and a Refractive Index 
Detector (RID), with a 5.0 mM H2SO4 mobile phase solution (flow rate of 
1.0 mL min− 1). The HPLC samples were taken at the final point of the 
experiment and results are expressed as an average overtime.

The faradic efficiency (FE) for each gas-phase product was deter
mined from its concentration in the outlet gas stream, as shown in Eq. 
(3). 

FE =
V × t × CG × n × F

Vm × Q
(3) 

where Vm is the molar volume of an ideal gas (L mol− 1), V is the flow rate 
of CO2 at the cathodic side (L min− 1), t is the electrolysis time (min), Q is 
the total charge passed through the system during the electrolysis time t 
(coulombs, C), CG is the concentration of the gas product (% v/v), n is 
the number of electrons required to obtain one molecule of this specific 
product, and F is the Faraday constant (96,485C mol− 1).

The FE for each liquid-phase product was determined from its con
centration of a final aliquot taken from the final volume of electrolyte 
consumed and calculated using Eq. (4). 

FE =
v × CL × n × F

Q
(4) 

where v is the volume of electrolyte recovered from the outlet of the 
cathode (L), Q is the total charge passed through the system during the 
electrolysis (coulombs, C), CL is the concentration of the gas product 
(mol L− 1), n is the number of electrons required to obtain one molecule 
of this specific product, and F is the Faraday constant (96,485C mol− 1).

5.5. Scanning electron microscopy

The different GDEs were morphologically characterized using FE- 
SEM, carried out with a Zeiss Supra microscope operating at an accel
erating voltage of 5 kV. Images were obtained from the CL to identify 

potential defects or notable morphological features on the electrode 
surface. Additionally, images of the DL were taken both before and after 
electrochemical operation to evaluate morphological changes associated 
with applied bias or flooding phenomena (see Supporting Info). Cross- 
sectional FE-SEM and EDX analyses were also conducted to determine 
the thickness of the different GDE layers and to verify the migration and 
presence of potassium ions (K+) within the pore structure as a result of 
electrolyte permeation caused by flooding. These measurements were 
conducted in the same Zeiss Supra microscope at an accelerating voltage 
of 15 kV.

5.6. Electrochemical impedance spectroscopy

Prior to each experiment, EIS was performed to assess the electrode 
total resistance and ECSA, ensuring the reproducibility of the catalyst 
layer preparation, thereby maintaining carbon paper and pressure var
iations in the gas-phase cathodic compartment as the only independent 
variables. All experiments were carried out at a fixed potential of − 1.0 V 
vs. RHE to ensure adequate polarization of the electroactive species 
involved in the electrode–electrolyte interface and to optimize the 
signal-to-noise ratio of the electrochemical data. Measurements con
ducted under constant current density conditions at − 500 mA cm− 2 

exhibited excessive noise, preventing reliable data integration using the 
employed analysis software (ZSimpWin, EChem Software). Nyquist 
plots obtained from EIS characterization were analyzed using the soft
ware to extract key parameters, including charge transfer resistance 
(Rct) and double-layer capacitance (Cdl), enabling characterization of the 
interfacial properties and electrode stability.

5.7. Multiphysical simulation assumptions

A multiphysics model was developed using COMSOL Multiphysics® 
to simulate the GDE behaviour under electrochemical operating condi
tions. The model focused on pore saturation dynamics, evaluating the 
pores saturation (S) in relation to variations in the contact angle (θ) of 
the electrode over time of experiment due to electrowetting. A simplified 
numerical model of the GDE during operation was developed to inves
tigate the impact of gas pressure on electrolyte flooding. The GDE was 
represented as a one-dimensional domain comprising the CL, MPL, and 
the CFL (Fig. S18a). The CL thickness was estimated from cross-sectional 
SEM-EDX imaging as approximately tCL= 10.7 μm (Fig. S18b). The three 
layers were assumed to be contiguous, with material properties varying 
linearly between interfaces.

Structural and transport parameters for the MPL and CFL were taken 
from manufacturer datasheets. The CL specific surface av,0 was derived 
from ECSA measurements, yielding approximately 1.27 mF cm− 2. 
Assuming a nominal capacitance of 10 μF cm− 2 for metallic copper and a 
CL thickness of 10.7 μm, the resulting specific area was estimated as 
av,0 = 1.2⋅10− 7 m− 1. This value was used to compute the absolute 
permeability of the CL via the Kozeny–Carman relation (Eq. (5)): 

K0 =
ϕ3

5(1 − ϕ)2a2
v,0

(5) 

where ϕ = 0.5 is the assumed porosity of the CL. The resulting perme
ability ∼7⋅10− 16 m2 aligns with values reported in the literature [37,38].

Electrochemical reactions were simplified to source/sink terms for 
gaseous species. The applied current density (i0 = 500 mA cm− 2) was 
assumed to produce both gaseous and non-gaseous products, based on 
experimental measurements. The Faradaic efficiency ri of species i was 
used to define its corresponding source term (Eq. (6)): 

ṁi = ± i0riav,0S
Mi

nF
(6) 

where Mi is the molar mass of species i, n is the number of electrons 
involved in the i-th reduction reaction, F is the Faraday’s constant, and S 
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is the local electrolyte saturation; positive and negative signs are 
respectively related to source (C1 and C2 products, H2) and sink (CO2 
consumption) terms. S is defined as the fraction of pore volume occupied 
by electrolyte, with S = 1 denoting complete flooding. Note that the 
active surface area av,0 was further scaled by the local saturation S, 
reflecting that CO2 reduction occurs only where gas and electrolyte 
coexist at the catalyst interface. Faradaic efficiencies were assumed 
constant across operating conditions, in agreement with experimental 
observations. The total FE of gaseous products was set to 0.62; the 
remaining 0.38 was attributed to liquid products, which, for simplicity, 
were modelled as consuming one CO2 molecule per two electrons. CO2 
consumption was evaluated from the total C1 and C2 products genera
tion. Source terms were set to zero as the CO2 concentration approached 
zero to avoid numerical instability.

The model includes three main mass transport mechanisms: multi
component gas diffusion, to identify the local composition of the gaseous 
mixture; Darcy flow, to evaluate the gas pressure filed through the GDE; 
capillary-driven electrolyte transport in the hydrophobic CL. The MPL 
was modelled as an ideally hydrophobic barrier, impermeable to liquid 
water. Thus, flooding occurs when the CL becomes fully saturated, 
suppressing CO2 access and leading exclusively to H2 evolution.

Multicomponent diffusion was formulated using the Stefan–Maxwell 
framework, with mixture-averaged diffusion coefficients. Convection 
was modelled via Darcy’s law, using a composition-dependent gas vis
cosity and local ΔP. Knudsen diffusion was neglected. Binary gas 
diffusion coefficients were estimated via the Fuller method [39]. Source 
terms for CH4, C2H4, H2, and CO were computed according to the 
simplified electrochemical model, as described above. The CO2 sink 
term accounted for both gaseous and liquid product formation. Mass 
transport limitations in the liquid phase were neglected. The gas feed 
was modelled as humidified CO2 (97.5 % CO2, 2.5 % H2O vapor in molar 
fraction). Local water vapor concentration was used to compute relative 
humidity, which in turn affected electrolyte evaporation: water vapor 
partial pressure was modelled via Raoult’s law [40]. A no-flow boundary 
condition at the CL-electrolyte interface was considered.

Gas pressure within the GDE was obtained by solving the gas-phase 
mass balance, with convective flow governed by Darcy’s law and driven 
by local permeability, porosity, and viscosity. Gas viscosity was evalu
ated using the Herning–Zipperer method [41,42]. Both permeability and 
porosity were functions of the local saturation S, coupling gas flow with 
capillary transport. Gas pressure was fixed at the DL/gas-feed interface; 
a no-flux condition was imposed at the CL/electrolyte interface.

Electrolyte transport in the CL was modelled using the Richards 
equation [43], solving the liquid-phase mass balance in terms of satu
ration S and capillary pressure. A minimum saturation S0 = 0.05 was 
imposed to reflect partial pre-filling. The capillary pressure PC = P*

G − P*
L 

was related to saturation through a Leverett J-function closure equation 
for hydrophobic porous media [44]. Note that, in this section, P*

G and P*
L 

refer to the absolute pressure of the gaseous mixture and the electrolyte, 
respectively. The electrolyte pressure at the electrolyte–CL boundary 
was fixed to P*

L = 1 bar. Instead, the boundary gas pressure at the 
CFL–gas feed interface was set as P*

G = 1 bar + PG, where PG is a constant 
boundary overpressure, consistent with the experimental framework. 
The contact angle was assumed spatially uniform across the CL. Elec
trolyte evaporation was modelled via Hertz-Knudsen equation [43], 
considering a specific liquid-gas surface area of 10− 2 av,0S [45]. The 
liquid pressure was fixed at 1 bar at the CL/electrolyte interface, while a 
no-flux boundary was set at the CL/MPL interface. For the sake of 
simplicity, the electrolyte density, viscosity and surface tension were 
approximated with those of water.

Numerical simulations were conducted in COMSOL Multiphysics 
using a time-dependent solver. Fig. S18a reports the boundary condi
tions for the variables solved for. A mesh refinement study determined 
an optimal element size of tCL/75, ensuring convergence while main
taining acceptable computation times. Further information regarding 

model implementation and the adopted parameters are reported in 
Supplementary Information (SI§5).
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