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A B S T R A C T

The zero-gap CO2 electrolyser with an anion exchange membrane (AEM) is a promising candidate, owing to its 
alkaline condition, which suppresses hydrogen evolution reaction and stabilises the catalyst. Nevertheless, 
crystallisation of salt and flooding in the gas diffusion electrodes (GDE) are still issues for long term operation. 
While prior studies have examined water permeation and cation crossover individually, their combined impact 
on Faradaic efficiency and carbon utilisation remains poorly understood. In this study, systematic experiments 
were conducted in a zero-gap electrolyser with cathode water injection to evaluate the potassium crossover, the 
water balance, and the carbon utilisation of the membrane electrode assembly (MEA). The, results showed that 
45% of the ionic current through the membrane derives from potassium ion crossover in case of Fumasep® AEM 
at 200 mA/cm2, which is nearly twice that of PiperIONⓇ AEM which showed only 27% ionic current crossover. 
Furthermore, this cation movement was found to drive water transport across the membrane through electro
migration rather than diffusion, linking to GDE flooding and salt crystallisation. Finally, a positive correlation 
was established between potassium crossover, water permeation and the observed cell potential underscoring 
their coupled impact on performance. This investigation highlights that precise control of cation crossover and 
water balance is critical for enhancing the durability of AEM CO₂ electrolysis systems. Prioritizing the devel
opment of AEMs specialised to minimize cation crossover is a key step towards feasible scaling up of AEM-based 
CO2 electrolysis.

1. Introduction

CO2 electroreduction (CO2RR) is a strategic technology to accelerate 
carbon recycling by converting CO2, a known greenhouse gas, into 
useful chemicals and fuels. Coupling the process with renewable energy 
sources, such as solar and wind energy, enhances sustainability. Among 
the products, CO is one of the biggest large volume chemicals worldwide 
and serves as a building block for numerous chemicals, such as meth
anol, dimethyl ether, and hydrocarbon via Fisher-Tropsch [1,2]. For the 
industrial-scale electrolysis of CO₂, an affordable and efficient electro
lyser is required. An electrolyser, with zero-gap design in membrane 
electrode assembly (MEA) configuration offers several key advantages in 
terms of power consumption and design scalability, making it suitable 
for gas-phase CO2 electrolysis towards CO production [3]. Of the 
different membranes available, anion exchange membranes (AEM) 
maintain an alkaline environment near the cathode surface which 

suppresses hydrogen evolution, while still achieving lower cell potential 
compared to bipolar membranes (BPM) [4]. However, several chal
lenges are still encountered to enable the industrial application: flooding 
of gas diffusion electrodes (GDE) [5,6] and gas transport limitations due 
to salt crystallisation [7]. In particular, flooding of the GDE by electro
lyte intrusion can severely limit CO2 access to the catalyst layer and also 
speed up bicarbonate precipitation. Studies show that over longer pe
riods of operation at high current density (>250 mA/cm2), the con
centration of cations at the cathode will eventually reach a critical 
threshold level with excessive flooding and/or salt precipitation as a 
consequence. At this point the GDL becomes active towards hydrogen 
production causing a decline in performance [8]. Various strategies have 
been employed to mitigate salt formation, including use of Cesium 
electrolytes [9], potential pulsation [10], acidic/neutral electrolyte [11]
or pure water [12] as anolyte and even applying a temperature gradient 
across the cell [13]. Each of these strategies is designed to reduce either 
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the concentration of potassium or carbonate ions in the cathode 
compartment, achieving varying levels of effectiveness. [14]. However, 
over longer periods of operation, an oscillation in product efficiencies 
was still observed suggesting irregular ion crossover and water perme
ation through the membrane as the underlying cause of these stability 
issues [15,16]. Deeper understanding on the transportation of these 
species through the membrane appears to be crucial to regulate and 
optimise the zero-gap electrolyser design.

Numerous studies have investigated water transport through mem
branes [17–19], and carbon balance across MEA. [20–22] employing 
both modelling [23] and experimental approaches. However, only a 
limited number of these studies has addressed the unavoidable cation 
crossover [24,25]. More specifically, an increased water permeation 
with rising current density for both high and low water uptake mem
branes [17] and the crossover of carbonates and bicarbonates across the 
AEM have been observed. Nevertheless, at high current densities (> 200 
mA/cm2), the dominant transported species shifts towards hydroxide 
ions from cathode to anode side, [20,26] as such limiting the CO2 
maximum single pass conversion to 50% through the chemical reaction 
between hydroxide ions and CO2 to (bi)carbonate as such consuming 
CO2 [27]. Additionally, potassium crossover through the membrane was 
observed when the cathode is not sufficiently humidified [22,28]. 
Though process optimisation can prolong the electrolysis, [24,29] the 
salt crystallisation remains unavoidable for long-time electrolysis and 
results in mass transfer limitations [30]. Moreover, as noted by Burdyny 
[31], performance during short-term transient conditions serves as a 
strong predictor of long-term operation, and has highlighted ion man
agement as a critical factor influencing sustained system stability. 
Therefore, systematic studies of cation crossover and water permeation 
are essential to effectively understand and mitigate their impact on 
crystallisation and CO2 consumption. Even though individual studies 
have focussed on each component of the transport, an overall relation
ship between different species migrating across the AEM remains 
lacking.

In this paper, we systematically investigate the transport of ions and 
water across different AEMs in a zero-gap electrolyser. A special focus on 
their interrelationships is established at various operational conditions. 
Our findings reveal a linear correlation between potassium ion crossover 
and water permeation indicating that water molecules are consistently 
dragged by the cation via electrostatic shielding. This movement is 
predominantly driven by electromigration under applied bias, and is 
significantly higher than diffusion-driven transport. This ion-water 
coupling complicates water management, especially towards low - 
water consuming CO2RR to CO which can lead to GDE flooding and 
eventual cell failure. Controlling these transport can be achieved 
through the membrane selection, since the potassium crossover behav
iour relates to intrinsic membrane properties. Potassium accounts for 
27.1% of the charge transport in PiperIONⓇ 40 μm, compared to 45% in 
Fumasep® FAA-3-50, resulting in a significant difference in the salt 
formation. Finally, for a given anolyte concentration a positive corre
lation between the cell potential and potassium crossover was observed, 
strongly suggesting that by reducing the overall cell voltage the potas
sium crossover can be mitigated. Taken together this study emphasises 
that controlling potassium crossover through careful selection and 
design of AEM is critical to enhance long-term durability of zero-gap 
electrolysers.

2. Materials and methods

All experiments were conducted using Type-I ultrapure water (18.2 
MΩ) sourced from Merck Millipore synergy, USA. CO2 (N48, Air Liq
uide) was fed into the cathode at 35 S.mL/min (Aalborg DPC) which was 
also connected with a water injection pump (ShenChen Lab S3) by 
means of a T-junction. A custom gas liquid separator was used to collect 
any liquid, and the product gas was then analysed using a gas chro
matogram with a thermal conductivity detector (Shimadzu 2014 GC, Ar 

gas carrier – ⍺1, Air Liquide). This gas chromatogram was calibrated for 
CO, H2 and CO2 gases. A mass flow meter was then used to read the flow 
coming out of GC, and hence the electrolyser by extension. Both cathode 
and anode gases were analysed using GC. A nickel mesh (Nanografi) was 
used as the anode and was changed between each experiment. Anolyte 
solutions were pumped at 5 mL/min and membrane pretreatment so
lutions were prepared using KOH pellets (>85%, Chem-Lab Belgium).

The GDEs for the experiment were prepared by air-spraying silver 
ink onto Sigracet 39BB (SGL Carbon, Ion Power) GDL for each experi
ment. The ink was prepared by mixing Silver nanopowder (99.8%, 
>100 nm, Sigma Aldrich), with Sustainion XA-9 ionomer (in 5w/w% 
ethanol, Dioxide materials, BioConnect) at a catalyst-ionomer ratio of 
19:1 (w:w%). This mixture was made into an ink for spraying by adding 
isopropyl alcohol (99.8%, Chem-Lab Belgium) maintaining a solids 
concentration of 10 w/w%. The mixture was then sonicated for 30 min 
in a bath sonicator to homogenously disperse the ink. A Fengda FE183K 
air-brush with 0.3 mm nozzle was then used to spray the ink on a 49 cm2 

substrate at 60 ◦C temperature using N2 (⍺1, Air Liquide) as carrier gas. 
This substrate was then cut into equal pieces of 4 cm2 for the experi
ments and was done to ensure homogeneity of sprayed silver across 
experiments. A target loading of 1 mg/cm2 was obtained and was 
measured by the GDL weight difference before and after spraying.

Fumasep® FAA-3-50 (fumatech Quintech) was used for all experi
ments unless stated otherwise. PiperIONⓇ 40 μm self-supporting AEM 
(Versogen, BioConnect) was used as a comparison to Fumasep® AEM. 
Both the membranes underwent the same pretreatment procedure. They 
were cut into 5cmx5cm pieces and placed in 1 M KOH solution over
night, which was then changed every day for the first three days to 
completely exchange ions. It was then left in 1 M KOH solution till 
further usage. Care was taken to use the treated membrane within 2 
weeks of initial pretreatment so that the membranes do not fail due to 
limited stability in alkaline solution [32].

An electrolyser with serpentine flow fields integrated into the current 
collectors made of stainless steel was used for all experiments as illus
trated in Fig. S1a. The active working area was 4 cm2 and silicone 
gaskets were used for sealing. All electrochemical experiments were 
done with a PARSTAT 4000 potentiostat, using chronopotentiometry 
and electrochemical impedance spectroscopy (EIS). EIS studies were 
done at open circuit potential (OCP) ranging the frequency from 100 
mHz to 1 kHz. Temperature differences were measured and during the 
length of the experiment no significant increase (max. 0.9 ◦C difference) 
was observed meaning that temperature effects did not impact our 
observations.

The anolyte was collected as it is from the reservoir. Cathode salt was 
collected by flushing water at 22.5 mL/min for 30 s so that water is also 
forced through the Sigracet GDE to dissolve salt from the porous struc
ture of the GDE. The weight of the gas liquid separator was measured 
before and after each experiment to quantify water collection using a 
weigh balance and water crossover was calaculated as outlined in Sup
plementary info S1.1. Further analysis procedures employed and 
calculation of various parameters presented in this study are detailed in 
Supplementary section S1. Water and potassium crossover samples were 
collected over a period of 1 h. Gas chromatography (GC) measurements 
were performed at 25, 45, and 65 min from the start of each experiment 
to confirm that the product distribution had reached a stable state over 
time.

High performance liquid chromatography measurements for quan
tification of formate production was done using Alliance 2695 HPLC; 
Shodex RSpak KC811 column with 210 nm PDA detector (Waters) and a 
10 mM H2SO4 mobile phase. The samples taken from anode and cathode 
were diluted 10 times in ultrapure water and neutralised with 1.2 M 
HClO4 (70% Chem-Lab). Total inorganic content measurements (TIC) 
for (bi)carbonate analysis was done using Shimadzu TOC-L, with H3PO4 
(Chem-Lab) solution used to release CO2 which is then quantified using a 
non-dispersive infrared (NDIR) detector. Samples were prepared using 
3.5× and 3× dilution for cathode and anode, respectively. Finally, 
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inductively coupled plasma – mass spectroscopy (Agilent 7850) was 
used for quantification of potassium ions at the cathode with 1% Yttrium 
acting as internal standard. The cathode liquid was neutralised in HNO3 
(>69% Fluka) and diluted 40 times along with the internal standard 
before analysis.

3. Results and discussion

The CO₂RR relies on water near the catalyst, making water transport 
through the membrane critical to performance. While AEMs are inten
ded to transport anions, cations like K+ can cross the membrane, espe
cially in swollen membranes or membranes with weak Donnan 
Exclusion [33]. Additionally, CO2 neutralisation at cathode forms (bi) 
carbonate which migrates through the AEM, leading to CO₂ loss at the 
anode and reduced single-pass conversion. Effective membrane and 
water management are therefore essential to limit both cation and car
bon crossover. Represented in Schematic 1, the ion movement can be 
reformulated through mass and charge balance in terms of Eqs. E1 to E4
with a more detailed account presented in Section S2. 

V̇cross = V̇out − V̇in +(V̇HER + V̇CO2RR) (E1) 

ṅCO2 ,in = ṅCO + ṅcathode
CO2

+ ṅanode
CO2

+ ṅcathode
salt + ṅanode

salt + ṅcathode
formate + ṅanode

formate (E2) 

jA = iOH−
+ iHCO3− + iCO2

3 −
+ iHCOO− + iK+ (E3) 

FE(CO)+ FE(H2)+ FE(formate) = 100% (E4) 

In these equations, V̇cross refers to the net water crossover V̇out and V̇in 

to the water collected at the outlet and water injected to the system 
respectively, V̇HER refers to the water consumed towards Hydrogen 
Evolution Reaction (HER) and V̇CO2RR to the CO2RR reaction. A thorough 
analysis of the water balance is presented in S2.1. Moreover, ṅCO2 ,in refers 
to the moles of CO2 fed to the system, ṅCO to the moles of CO produced, 
and ṅY

X refers to the moles of component X produced (CO2, salt or 
formate) produced at Y (either cathode or anode). Supplementary sec
tion S2.2 presents a detailed account of how the carbon utilisation is 
calculated from various analytical methods. j refers to the current den
sity, A is the area of electrolysis, and iN refers to the current carried by 
ion N. FE(product) refers to the Faradaic Efficiency of the product of 
interest. Eqs. E3 and E4 pertains to the overall electron balance of the 
system and is also further discussed in Section S2.3 and S2.4 
respectively.

3.1. Effect of water injection

Typically a humidified gas is supplied to provide the necessary water 
for the reaction and to prevent the cathodic side of the membrane from 
becoming dry and fragile [34–37]. However, continuous water injection 
at very low flow rates on the cathode side can serve as a substitute, of
fering the additional benefit of flushing out any blockage (i.e. salts) 
formed within the flow field. To evaluate the efficiency of this approach, 
the water injection rate at the cathode was first varied to examine its 
effect on performance and water management using 1 M KOH as ano
lyte. As shown in Fig. 1a, when no water was injected, 0.036 mL/h.cm2 

of water crossed over from anode to the cathode. At 0.225 mL/min in
jection rate, the crossover goes to 0.062 mL/h.cm2. Notably, the po
tassium flux across the membrane also increases from 24.7 mg/h.cm2 

when no water is injected to 55.8 mg/h.cm2 at 0.225 mL/min injection 
rate using 1 M KOH anolyte. In terms of Faradaic efficiency (FE), the 
efficiency for CO remained high while the FE for hydrogen exhibited a 
slight increase: from 2.75% without water injection to 7.41% at 0.225 
mL/min, as illustrated in Fig. 1b. It is hypothesised that the injected 
water flushes away potassium ions that are needed to stabilise the in
termediates [38] and as such creates a dynamic concentration gradient 
for potassium ion to transport through the membrane-GDE pair towards 
the cathode. This effect becomes more significant at higher injection 
rates, where the ions are flushed away more quickly which increases the 
potassium flux across the membrane as a result of the higher concen
tration gradient. In theory, however, potassium should not be able to 
cross the AEM due to the co-ions present in the membrane, but their 
migration is facilitated by associated water molecules acting as a shield 
[39]. Consequently the increased potassium crossover leads to an 
increased rate of water permeation and thus an increase in FE towards 
hydrogen. Surprisingly, these trends are opposite to CO2RR employing 
humidification, where an increased gas humidification directly corre
lates with a lower potassium crossover across the AEM [28]. This 
behaviour can be attributed to Schroeder's paradox, which indicates that 
the water uptake of a membrane differs between saturated vapor and 
liquid water. Specifically, Fumasep® membranes exhibit higher water 
uptake, particularly in the hydroxide form and will thus be more hy
drated in the case liquid water is utilised [40]. Naturally, a more hy
drated membrane leads to more potassium crossover since they are 
shielded from the co-ions of membrane. As a comparison, the potassium 
and water crossover difference between humidified gas stream and 
water injected stream was measured as shown in Fig. S8, and both po
tassium and water crossovers were found to be lower in case of gas 
humidification compared to water injected at 0.15 mL/min. However, 
here we focus mainly on water injection effect, as studies on 

Schematic 1. A brief overview of all the reactions and ion crossover within an electrolyser for reduction of CO2 to CO.
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humidification have been done elsewhere [28]. Even though, it appears 
that no water injection would be the best way to reduce potassium 
crossover, the cathode flow field was blocked due to intense salt crys
tallisation within 1.83 h of electrolysis as shown in Fig. S6 when no 
water was injected and 1 M KOH was used as anolyte. Indeed, after 1.83 
h, the operation completely stopped when the pressure rapidly increased 
due to blocking of flow fields by salt crystallisation as observed in 
Fig. S7. On the other hand, by injecting water, the operational time was 
prolonged further to 4.2 h without any flow field blockage due to the 
washing away of the deposited salt as a result of the injected water, 
reinforcing the importance of water injection. Overall, the water injec
tion has a significant impact on cation transport by enhancing potassium 
crossover across the membrane. This highlights the importance of 
optimising the water injection rate to minimize potassium crossover, 
mitigate gas diffusion electrode (GDE) flooding, and ultimately reduce 
salt formation. However, to evaluate the intrinsic cation and water 
balance property of the membrane without the influence of water in
jection, further experiments were conducted with dry CO2 gas.

3.2. Effect of anolyte concentration

Naturally, an alternative approach to reduce potassium crossover 
across the membrane is decreasing the cation concentration in the 
anolyte and thus lower the concentration gradient. Accordingly, feeding 
with dry CO2 gas, a series of anolyte concentrations (0.1 to 2 M) was 
investigated to determine the influence on the ion and water transport 
behaviour. As shown in Fig. 2a, when the anolyte concentration 
decreased from 2 M to 0.1 M a decrease in potassium flux was observed 

from 96.5 mg/h.cm2 to 21.7 mg/h.cm2. Moreover, the water permeation 
decreased from 0.090 mL/h.cm2 at 2 M KOH to 0.045 mL/h.cm2 at 0.1 M 
KOH, further supporting that water acts as a co-migrating species 
alongside potassium through the AEM. Notably, the use of highly 
concentrated anolytes led to increased water permeation, which in turn 
resulted in a substantial rise in hydrogen production, as shown in 
Fig. 2b. The average FE for H₂ reached 42.5% and 63.5% when using 1 M 
KOH and 2 M KOH as the anolyte, respectively. As shown in Fig. S2a, 
feeding higher anolyte concentrations lowers the cell potentials, which 
can be attributed to enhanced ionic conductivity and reduced ohmic 
losses, as detailed in Table S1. Further analysis, as shown in Fig. S2b, 
reveals that the gas inlet pressure of the electrolyser increased by 70 
mbar at 2 M and 20 mbar at 1 M anolyte concentration, within 1 h of 
electrolysis, indicating the blockage of the flow fields due to salt crys
tallisation, ultimately causing flooding. Together with the increased 
water cross-over, this flooding explaines the higher hydrogen produc
tion and has also been observed previously especially in highly alkaline 
conditions [41]. Based on these observations, a lower anolyte concen
tration seems beneficial, which is why we also investigated the possi
bility of using pure water as the anolyte instead of KOH for CO2RR as this 
should significantly reduce potassium crossover. However, a significant 
increase in cell potential was observed (Fig. S3), which may be associ
ated with absence of ionic conductivity, intermediate stabilising ions 
[42–44], or mass transport limitations, discarding the possibility of 
using water using the current configuration and membrane [45]. 
Moreover, given that direct experimental evidence to distinguish these 
contributions are not available in this study, the dominant mechanism 
for increasing cell potential warrants future investigation.

Fig. 1. Impact of cathodic water injection on water and salt balance over the membrane and reaction performance at a current density of 100 mA/cm2: a) illustrates 
water permeation towards the cathode, and potassium ion crossover and b) presents the Faradaic efficiency of the resulting products. Reaction conditions: The gas 
flow rate was maintained at 35 S.mL/min, using a Fumasep® FAA-3-50 membrane. 1 M KOH solution was circulated through the anode at a flow rate of 5 mL/min.

Fig. 2. Effect of Anolyte concentration on the water and cation balance at 100 mA/cm2: (a) Potassium crossover and water permeation through membrane and (b) 
Faradaic efficiency of the different products. Reaction conditions: 35 S.mL/min gas flowrate. No water was injected and Fumasep® FAA-3-50 was used.
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3.3. Effect of current density

The current density has an important effect in ion transport phe
nomena, thus a systematic studies was conducted by varying the current 
density from 0 mA/cm2 to 200 mA/cm2, maintining a 1 M KOH solution 
as anolyte. As seen in Fig. 3a, without the application of any bias, 
0.0006 mL/h.cm2 of water crossed over to the cathode purely due to 
diffusion, in case of Fumasep® FAA-3-50. Upon increasing the current 
density the water permeation increased to 0.081 mL/h.cm2 at 100 mA/ 
cm2 and 0.125 mL/h.cm2 at 200 mA/cm2. Moreover, a similar 
increasing trend is observed for the crossover of potassium cations to the 
cathode. At OCP a non-zero flux of 1.2 mg/h.cm2 was recorded, simply 
due to diffusion. This flux increased significantly with applied current 
density, reaching 73.6 mg/h⋅cm2 at 100 mA/cm2 and 140.5 mg/h⋅cm2 

at 200 mA/cm2. At high current densities, the increased concentration 
gradient along the membrane, cause by enhanced water consumption 
for HER and CO₂RR at the cathode, leads to an increase in water 
crossover. Addtionally, the electromigration of potassium ions also 
draws water molecules due to the hydration sphere surrounding it.

As demonstrated in previous water injection studies, we propose that 
the shielding of water molecules over the cation, facilitates potassium 
crossover across the AEM. The significant difference of the water cross- 
over rate with and without potential bias confirms that water perme
ation across the membrane due to potassium assisted electromigration 
dominates over diffusion. Furthermore, the ionic current associated with 
potassium crossover was calculated according to Section S2.3 as the 
ratio of the current carried by potassium ions (1 mol of K+ carries 
96,485C of charge) to the total current supplied to the electrolyser and 
passing through the membrane. The remaining ionic current can be 
attributed primarily to other charge-carrying species, mainly 

bicarbonate, carbonate, formate, and hydroxide ions. On closer inspec
tion, the calculation shows that on average almost ~45% of the ionic 
current is contributed by potassium ions (Fig. 3d) suggesting that the 
Fumasep® membrane used for CO2RR towards CO production may not 
be the most suitable option as this cation cross-over eventually causes 
salt formation and flooding. This is only logical as it was originally 
designed for AEM water electrolysis systems [46] where salt formation is 
not a significant concern and excessive water crossing over the mem
brane does not critically impact cathode activity. Previous research has 
indeed shown that Fumasep® FAA3–50, has a rather low resistance to 
cation crossover [47], as such explaining its issues during CO2RR with 
respect to salt deposition. With respect to the HER, 2.3% FE for H2 at 
100 mA cm− 2 and 30% FE for H2 at 200 mA cm− 2 were observed, as 
shown in Fig. 3b, with 1 M KOH as anolyte. This increase is primarily 
attributed to electrowetting-assisted flooding at higher current densities. 
After the liquid water enters the porous structure of the GDE the hy
drophobicity is weakened thereby blocking mass transport of the reac
tant CO2 to the catalyst layer.

In terms of product distribution, the FE's for individual products are 
also presented in Fig. 3b. At current densities of 150 and 200 mA/cm2 

the FE for formate is 13.78% and 16.75%, respectively. This is attributed 
to the highly alkaline local environment at the cathode, resulting from 
the in-situ generation of OH− ions by both HER and CO2RR [48]. In 
detail, even though OH− does not directly result in formate production, 
it can cause local consumption of hydronium ions inducing a reduced 
reaction barrier for formate production [49]. However, CO remains the 
most selective product at all current densities while using Ag catalysts. 
Finally, the calibration of the flowmeter towards pure CO2 instead of a 
mixture of product gases can result in a deviation from the true flowrate, 
which also explains why the total Faradaic efficiency is not exactly 

Fig. 3. CO2 electrolysis performance analysis at different current density from 0 mA/cm2 to 200 mA/cm2 with Fumasep® and PiperIONⓇ membranes: a) Specific 
water permeation towards cathode and potassium crossover. b) Faradaic efficiency for individual products were measured. c) The overall carbon distribution across 
the system. d) Overall contribution of cation as a ratio of total current. Reaction conditions: No water was injected with a gas flowrate of 35 S.mL/min. 1 M KOH 
anolyte was circulated in single pass mode at 5 mL/min.
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100%. Methodologies to overcome this issue, have been discussed pre
viously [50], however, in this study the data is presented as such to 
highlight the trends related to salt and water balance, and was not 
normalised due to consistent deviation.

Finally, the carbon balance was investigated in term of CO2 uti
lisation and is shown in Fig. 3c. At 0 mA/cm2, 8.6% of the fed CO2 
converts to salt (collected at both cathode and anode) even without an 
applied potential, simply due to diffusion of OH− from the high con
centration anode (1 M KOH anolyte) towards the cathode, where no in- 
situ OH− generation occurs under these conditions. However, at high 
current densities due to localised production of OH− , salt formation is 
more efficient, and eventually the carbon utilisation as a result of (bi) 
carbonate formation reaches 23% of the fed CO2 at 200 mA/cm2. The 
highest carbon utilisation for Fumasep® towards CO was observed at 
100 mA/cm2 with 8.73% of the fed CO2 turning to CO. However, for the 
same current density, 15.82% of the fed CO2 also neutralises to (bi) 
carbonates. Thus at 100 mA/cm2 the salt production is 1.81 times higher 
than the CO production. This ratio between carbon loss to salt formation 
and carbon utilisation towards CO production increases to 3.35 at 150 
mA/cm2 and 4.64 at 200 mA/cm2, mainly because of the competing 
HER. The value for formate also gradually increase from 0.9% utilisation 
at 100 mA/cm2 to a maximum of 2.9% utilisation at 200 mA/cm2. 
Finally the experimentally measured unreacted CO2 matched with the 
theoretical balance, hence proving the validity of the analysis. As re
ported in previous studies no CO2 was detected at the anode tail gas 
[26,50–52]. This absence is mainly due to the short term of experiments 
in alkaline condition, [53] in which the reoxidation of formate or neu
tralisation of (bi)carbonate rarely happens and hence all the anodic 
product were encountered only in the liquid phase. Finally, the anodic 
loss coefficient (τ) which measures the amount of carbon crossing the 
membrane per Coloumb of charge supplied to the system (Supplemen
tary section S2.2), determines the major charge carrier across the 
membrane during reaction. Consistent with previous literature, a 
gradual shift of the major charge carrier from bicarbonate to carbonate 
was observed as shown in Fig. S4 where the value of anodic loss coef
ficient shifts from 15 μmol/C (i.e. mostly bicarbonate) at 50 mA/cm2 to 
6.4 μmol/C (mostly carbonate) at 200 mA/cm2. It is important to note 
that even though a shift towards hydroxide as major charge carrier at 
higher current densities (>250 mA/cm2) has been predicted from 
models [54], the absolute amount of CO2 towards salt formation still 
increases with current density as a result of the higher amount of locally 
produced OH− at these higher current densities. Consequently, at in
dustrial production scales, a higher proportion of feed CO2 is converted 
and transferred across membranes to the anode in form of carbonate/ 
bicarbonate leading to greater losses. Stratergies such as use of micro
channeled solid electrolyte to recapture the (bi)carbonate [55], or use of 

low ion exchange capacity or thicker AEMs [21] or design of membranes 
that are more selective towards hydroxide groups (OH− ), can be 
employed to increase overall CO2 conversion.

3.4. Correlation between cell potential and potassium flux

The effects of water injection and current density studies have clearly 
demonstrated that potassium crossover arises from both diffusion and 
electromigration. This increased potassium crossover, in turn, enhances 
water permeation. To quantify this correlation, a regression analysis 
between potassium flux and water crossover obtained from all preceding 
experiments of this study is presented in Fig. 4a. This analysis strongly 
correlates that at an increased potassium flux observed for Fumasep®, 
the water permeation across the membrane linearly increases, suggest
ing that the water aids in the crossover of potassium ions.

Furthermore, the potassium crossover flux was mapped with respect 
to the recorded cell potential. Again, a strong linear correlation between 
the cell potential and the potassium crossover was observed for a given 
anolyte concentration in case of Fumasep® (R2 = 0.86) membranes as 
shown in Fig. 4b. According to the Nernst–Planck equation, when no 
current is applied (potential gradient, ∇V = 0), ion transport is governed 
primarily by diffusion (with negligible convection). In contrast, under 
applied current, the potential gradient (∇V) increases, leading to a 
substantial rise in potassium flux. This clearly indicates that electro
migration plays a dominant role under operating conditions. This has 
also been confirmed by in-situ characterization [56]. This strongly 
suggests that to achieve lower cation crossover across the membrane it is 
necessary to reduce the cell potential which is among others determined 
by membrane properties like area specific resistance, and water uptake 
which will be discussed further in the following section. A lower po
tassium crossover ensures the inhibition of salt crystallisation due to 
lower cation availability while also ensuring a lower water permeation 
thereby keeping the electrowetting and flooding of the GDE under 
control.

3.5. Effect of membrane

As discussed previously, with the cation carrying up to 45% of the 
total current through the membrane, Fumasep® was revealed to have 
poor ion selectivity. To illustrate the impact of membrane performance, 
PiperIONⓇ 40 μm membrane, which has been proven to exhibit long- 
term stability for CO₂ reduction reactions [9] was used for compari
son. PiperIONⓇ has piperidinium cationic sites allowing for stronger 
electrostatic interactions with bicarbonate ions as compared to Fuma
sep®, which has quarternary ammonium cationic sites. As shown 
earlier, within the studied current density range, bicarbonate is the 

Fig. 4. Regression analyses for MEA CO2RR using the Fumasep® FAA-3-50 membrane: a) the relationship between water permeation and potassium ion crossover, 
and b) the correlation between cell potential and potassium ion crossover. These analyses are based on comprehensive data collected under varying conditions, 
including different current densities and water injection rates.
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dominant charge carrier. Therefore, the conductivity of the AEM in its 
bicarbonate form is a more relevant parameter for CO₂RR performance 
than its hydroxide conductivity. In addition, previous studies have re
ported that membranes with high water uptake may undergo excessive 
swelling, leading to structural degradation and poor long-term stability 
[17]. Zhao et al. further showed that a higher ion exchange capacity 
(IEC) can reduce cell potential by lowering ionic resistance; however, 
excessively high IEC is also associated with increased water absorption 
[47]. A comparison of the properties of FAA-3-50 and PiperIONⓇ 40 is 
provided in Table S2 and reveals that the better performance of Pipe
rIONⓇ 40 is most likely associated due to its higher IEC and lower Area 
specific resistance (ASR) compared to FumasepⓇ FAA-3-50. From 
Fig. 3a, at 100 mA/cm2 and using 1 M KOH as anolyte, the potassium 
flux rate for PiperIONⓇ membrane is just 20 mg/h.cm2 compared to 
73.5 mg/h.cm2 for Fumasep®. Moreover, PiperION® exhibits a lower 
potassium crossover compared to Fumasep® at all current densities, 
although the proportion increases with rising current density, as shown 
in Fig. 3a and d. Apparently within the range of observation, the Pipe
rIONⓇ membrane is more resistant to potassium crossover. This 
behaviour is also evident from the water permeation rates (Fig. 3a), 
where at 100 mA/cm2 the PiperIONⓇ exhibits ~50% lower water 
permeation across the membrane as compared to Fumasep® using 1 M 
KOH as anolyte. This trend remains consistent across all observed cur
rent densities, including at OCP, where PiperION® exhibits a water 
permeation rate of 0.0003 mL/h⋅cm2—half that of Fumasep®, which 
reaches 0.0006 mL/h⋅cm2. Thus, even though the ratio of cation current 
increases with current density, and water crossover increases alongwith 
it, the absolute net crossover rates are still lower than that of FumasepⓇ 

membranes. The reduced water permeation through PiperION® leads to 
lower hydrogen formation and a higher CO production, as seen in 
Fig. 3b, especially at 200 mA/cm2 where 13.2% of total FE goes to H2 
and 75.8% of total FE goes to CO. The plot in Fig. 3c indicates that salt 
formation is consistently lower for PiperION® across all current den
sities compared to Fumasep®. In regards to to carbon utilisation, a 
significantly higher proportion of carbon is converted to CO at 200 mA/ 
cm2 when using PiperION® 10.43% compared to 4.53% for Fumasep® 
and is attributed to the improved water management (less flooding). 
Moreover, the optimal current density for maximum carbon utilisation 
towards CO production is observed at 150 mA/cm2 for PiperION®, 
where the ratio between carbon loss to salt formation to carbon uti
lisation towards CO is just 1.41. Although this value increases slightly to 
1.80 at 200 mA/cm2 it is still much better than with Fumasep®. Add
tionaly, as shown in Fig. S4, the anodic loss coefficient for both Fuma
sep® and PiperION® converges to a similar value of 6.5 μmol/C at high 
current densities, indicating that carbonates serve as major charge car
riers regardless of the membrane type. The superior performance of 
PiperION® may not only be attributed to its higher bicarbonate con
ductivity, as reported in literature, but also to its reduced potassium 
crossover where the latter mitigates salt crystallisation. Moreover, 
membranes that exhibit resistance to potassium crossover also tend to 
demonstrate lower water permeation, thereby significantly reducing the 
risk of flooding due to electrowetting. In addition, the choice of mem
branes also affect the overall cell potential as shown in Fig. S5, where the 
correlation line of PiperION® is lower compared to that of Fumasep®. 
The area specific resistances listed in Table S2 reveals that Fumasep® 
exhibits a higher resistance than PiperION® which naturally leads to a 
lower cell potential for the latter. Therefore, selecting an appropriate 
membrane exhibiting less cation crossover and higher anion charge 
carrier conductivity is crucial for the efficient operation of a zero-gap 
CO₂ electrolyser, targeting long-term stability and enhanced energy ef
ficiency [57].

4. Conclusion

In summary, this study shows that the potassium crossover is un
avoidable due to the inherent ion selectivity of AEM, which was 

facilitated by the hydration shielding of potassium ions. The water 
permeates the AEM primarily via potassium-driven electromigration, 
rather than through water diffusion. This leads to cathode flooding and 
requires careful water management at the GDE, especially in low water 
consuming CO2RR pathways like CO production. A clear relationship 
between potassium crossover, and cell potential was observed under
lining the importance of membrane selection with lower area specific 
resistance. Moreover, an informed choice of membrane that is selective 
towards anion can further control both potassium crossover and water 
permeation. Overall, we conclude that an AEM designed specifically for 
CO2 reduction should focus to achieve high anion selectivity rather than 
water permeability The presented study aims to elucidate the coupled 
relationship between potassium ion crossover and water permeation to 
in order to characterise how AEM affects CO2 electrolysis in zero-gap 
system.
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