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ABSTRACT 

The implementation of gas diffusion electrodes (GDEs) is a prerequisite to achieve industrially 

relevant reaction rates in gas phase electrochemical CO2 reduction (CO2RR). In the state-of-the-

art anion exchange membrane flow electrolyzers, however, there is a substantial loss of reactant 

due to a non-electrochemical CO2 consumption at the cathode and the transport of its products to 

the anode. Our detailed analysis on CO2 crossover in a zero-gap CO2-to-CO flow electrolyzer 

showed a change in the chemical nature of the transported ionic species through the membrane. 

With increasing reaction rate, a continuous shift from HCO3
− to CO3

2− conduction was found 

reaching pure carbonate conduction in the high current density region (> 100 mA cm−2). As 

competing hydrogen evolution takes over the cathodic reaction in a CO2 rich environment, 

hydroxide conduction becomes more pronounced. This reveals an alteration in the chemical CO2 

consumption, the so-called CO2 hydration (CO2 + OH− ↔ HCO3
− + OH− ↔ CO3

2−), implying 

unidentical environment for the hydroxide ions generated in CO2RR and HER under CO2 

atmosphere. Our work draws attention to the incomplete description of CO2 hydration at the 

confined cathode/membrane interface in MEA-type zero-gap CO2 electrolyzers. 

KEYWORDS 

CO2 electroreduction, CO2 hydration, flow cell electrolyzer, membrane electrode assembly, gas 

diffusion electrode, anion exchange membrane  
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1. INTRODUCTION 

Electrochemical CO2 reduction (CO2RR) backed by carbon neutral energy sources is expected to 

be an attractive technology for the sustainable production of value-added chemicals and fuels.1 

The mild operating conditions along with the achievable sharp product distribution makes the 

technology particularly attractive as green electricity availability expands.2 Economic viability can 

only be achieved with high current density (˃˃ 100 mA cm−2) operation,3 which in turn requires 

the enhanced delivery of CO2 to the electrocatalyst.4 To overcome mass transport limitations gas 

diffusion electrodes (GDEs) are to be used in a flow cell configuration, where continuous gas-

phase electrolysis is carried out.5,6,7 In recent years anion exchange membrane (AEM) based 

electrolyzers8 became prevalent as alkaline electrolytes (1–5 M alkali hydroxides) are commonly 

employed, and because of the inherently basic local environment of a CO2 reduction active site.9,10  

All the three basic CO2RR flow cell configurations, namely 1) zero-gap or MEA type, 2) three-

compartment liquid catholyte type and 3) microfluidic electrolyzers have their own advantages 

and disadvantages.4,5,11 Despite the well-defined cathode environment in a liquid catholyte cell, 

achieving high energy efficiency is hindered by the relatively high Ohmic resistance of the cell. 

Moreover, stable cell operation needs the continuous control of the pressure difference between 

the CO2 stream and the liquid cathode compartment. By pressing the cathode and anode GDEs 

directly against the AEM a membrane electrode assembly (MEA) is formed.12 The main advantage 

of a gas-fed MEA-type or zero-gap electrolyzer is the lower operating cell voltage due to the 

absence of a catholyte stream, and the corresponding lower Ohmic losses.11 13 However, this poses 

a further challenge in developing a molecular level understanding of the ongoing processes due to 

the ill-defined local environment. 

On the other hand, anionic CO2 electroreduction products can cross AEMs14 along with a 

substantial CO2 loss in the form of HCO3
− and CO3

2− as CO2 reacts with OH− ions either generated 

in CO2RR or already present in the electrolyte.15 An AEM acts as a “CO2 pump”; one or two CO2 

molecules are liberated at the anode when carbonate or bicarbonate ions pass through the 

membrane, respectively.15 The so-called “carbonation process”, i.e. the coexistence of OH−, 

HCO3
−, CO3

2− is a present challenge to be solved in anion exchange membrane fuel cells.16, 17 In 

flow cell CO2 electrolysis carbonation is the main source of the low CO2 utilization efficiency.18 

Up to 70% of the reactant feed is captured under basic conditions and later released in the form of 
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gaseous CO2 at the anode.19,20,21 Moreover, carbonate/bicarbonate salt precipitates at the cathode 

in alkaline electrolyzers, resulting in activity loss and long-term stability issues in high current 

electrolysis.22,23 

Herein, we aim to elucidate the charge transport through the AEM in a zero-gap flow electrolyzer 

in 2e− processes. To this end, we present a detailed description of the mass balance for CO2-to-CO 

and HER up to 900 mA cm−2 on carbon supported silver (Ag/C) and various non-CO2RR (Pt/C, 

IrO2/C, NiFeCo/Ni) gas diffusion electrodes using KOH and KHCO3 anolytes. We recorded the 

reactant flow rate depression, the O2 and CO2 evolution at the anode, and the anolyte pH change 

during electrolysis. The dominant charge carriers were identified at a wide range of operational 

parameters (current density, CO2 feed rate and partial pressure, different anolytes and catalysts), 

and a variation in the chemical nature of the transported ionic species was found. This in turn 

implies differences in the non-electrochemical CO2 consumption at the cathode/membrane 

interface through unidentical CO2 hydration conditions in MEA-type zero-gap electrolyzers. 

2. EXPERIMENTAL SECTION 

2.1. Materials 

Silver nitrate (>99%), 2,5-pyridinedicarboxylic acid (2,5-pydc, 98%), potassium hydroxide 

(99.99%), potassium bicarbonate (99.99%) and N,N-dimethylformamide (DMF, 99.8%) were 

purchased from Sigma-Aldrich and were used without further purification. The gas diffusion 

cathodes were constructed on ELAT LT1400 microporous layer (MPL) containing gas diffusion 

layers (Fuel Cell Store). Nickel mesh (Nilaco Corporation) was used as anode, while Pt/C 

(TEC10E40E, Tanaka Precious Metals), IrO2/C and NiFeCo/Ni (both from Dioxide Materials) 

were investigated as cathode materials as well. The two cell compartments were divided by a 

Sustainion S-50 anion-exchange membrane (Dioxide Materials). In the CO2 electroreduction tests 

high-purity (99.999%) CO2 (AHG Industrial Gases) and N2 (Air Liquide) gases were used. 

2.2.Synthesis of Ag-GDE 

The synthesis of the microporous carbon layer supported Ag nanoparticles was reported in a 

previous publication; the same recipe was followed here.24 In short, first a silver coordination 

polymer (Ag-CP) was deposited on the MPL of the gas diffusion layer floating it alternately on 

the surface of 36 mM pydc/DMF and 113 mM AgNO3/DMF solutions for 1 min each. After drying 
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the sample in a drying oven at 90 °C, the former steps were repeated twice. The obtained 3-layer 

Ag-CP-GDE was in-situ reduced later in the flow cell under CO2 reduction conditions forming the 

catalytically active Ag-GDE. We did not experience any morphology or activity variation in the 

deposited silver-GDE catalyst using ex-situ or in-situ reduction in 1 M KOH or 0.1 M KHCO3, 

and using either low or high current treatment in three-electrode or flow-cell configurations. 

2.3. Flow cell assembly and testing 

The CO2 electrolysis was performed in a Fuel Cell Technologies 5 cm2 PEM single cell modified 

for CO2RR using stainless steel (316L) and titanium (Grade 2) cathode and anode flow fields, 

respectively (Figure 1). Membrane electrode assemblies (MEA) were constructed with 5 cm2 

active areas at both sides of an imidazolium-functionalized anion-exchange membrane (Sustainion 

S-50). The overall mass balance of the cell was investigated using the Ag coordination polymer 

derived Ag-GDEs, while the cathode dependency was studied with Pt/C on carbon cloth, IrO2 on 

carbon paper and NiFeCo on Ni fibre paper electrodes. A woven nickel mesh was utilized as a 

non-nobel metal anode throughout the whole study. 

The flow fields were pressed against the MEA using silicone gaskets of 15 mil thickness in-

between contacting surfaces, and the aluminium end plates were screwed together at 25 in-lbs 

(~2.8 N m) torque. 1 M KOH or KHCO3 aqueous solutions were used as anolyte recirculated by a 

Watson Marlow 323 peristaltic pump at 20 mL min−1. Non-humidified CO2 stream served as 

reactant at the cathode at flow rates between 2.5 and 120 mL min−1 controlled by mass flow 

controllers (Brooks Delta Smart II) and measured via flow rate meter (Agilent ADM3000, 

calibrated by the bubble method). Humidifying the CO2 stream was not necessary in our setup as 

the water permeability of the Sustainion AEMs provides sufficient water flux for 1) the 

humidification of the membrane and 2) supplying reactant to the CO2RR. Additional gas 

humidification leads to cell flooding, a well-known technical issue in fuel cells and flow-cell 

electrolyzers.25,26 Chronopotentiometric CO2 electrolysis tests were conducted at current densities 

between 2.5 and 900 mA cm−2 using either an electrochemical potentiostat (BioLogic SP-150) or 

an Autoranging DC Power Supply (Agilent 6035A, 500V, 5A). As no dedicated reference 

electrode was inserted into the cell, the two electrode cell voltage was recorded during electrolysis. 

Separate fresh samples from the same batch were used for each investigated current density, pH 

and cathode/anode gas composition. In the flow rate dependency measurements, each current 
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density set was recorded on a freshly assembled cell. Due to the essentially screening nature of 

this study, it was necessary to run hundreds of experiments in order to deliver the presented 

complete picture. The repeatability of the work was checked by running randomly selected 

experiments in triplicate. Repeatability was better than 5 rel% in all tested cases. 

The product distribution at the cathode and the anode side was determined in separate experiments 

by an SRI Instruments T-3000 micro gas chromatograph equipped with MolSieve 5A and Poraplot 

Q columns and a micro TCD detector. Chromatograms were recorded every 5 min. The evolved 

gas amount and the corresponding Faradaic efficiencies were reported for every measurement 

point. 

The product distribution in the cathode stream was obtained via direct injection from the cell outlet 

into the GC sampling loop (Figure S1a), whereas the evolved gas composition at the anode side 

was determined through bubbling 10 mL cm−1 nitrogen through a 50 mL anolyte container in the 

recirculating line (Figure S1b). The molar flow rate was determined from the composition and the 

independent flow rate data. The pH and conductivity of the anolyte was recorded with a Mettler-

Toledo SevenGo Duo pH/Ion/Conductivity meter in a 50 mL anolyte chamber open to the 

atmosphere (Figure S1c). 

2.4. Theoretical quantity of reacted and evolved gases 

The theoretical molar quantity (ni) can be expressed as 

𝑛𝑖 =
𝑗 ∙ 𝐴 ∙ 𝑡

𝑧 ∙ 𝐹
 (1) 

where j is the current density through an A area electrode, i.e., the current passing through the cell 

in a t time interval (equals to the total charge), F = 96,485 C mol−1 is the Faraday constant and z is 

the number of electrons involved in the given redox reaction. The CO2-to-CO and hydrogen 

evolution (HER) reactions are 2 e− processes, while oxygen evolution (OER) is a 4 e− process. The 

theoretical amount of evolved O2 (155.46 nmol mA−1 min−1 = 3.765 µL mA−1 min−1) and H2 

((310.93 nmol mA−1 min−1 = 7.530 µL mA−1 min−1)) (or reacted CO2 with an opposite sign) with 

the applied current density is depicted in Figure S2. 

The fraction of the total charge consumed to form product ‘i’ (Faradaic efficiency, FE) was 

calculated according to 
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𝐹𝐸𝑖 =
𝑛𝑖 ∙ 𝐹 ∙ 𝑥𝑖 ∙ 𝑣𝑚𝑜𝑙𝑎𝑟

𝐼
 (2) 

Where ni is the number of electrons consumed to produce one molecule of product, xi is the mole 

fraction of the certain gas product, vmolar = pv/RT is the molar flow rate calculated from the v 

volume flow rate, and I is the cell current at each applied potential in A. 

The partial current density of a product is expressed as 

𝑗𝑖 =
𝐹𝐸𝑖 ∙ 𝑗𝑡𝑜𝑡𝑎𝑙

100
 (3) 

Where ji is the partial current density of product i (mA cm−2) with FEi Faraday efficiency (%), and 

jTotal is the total current density all product combined (mA cm−2). 

3. RESULTS AND DISCUSSION 

The flow cell mass balance was investigated utilizing in-situ formed silver nanoparticle GDEs 

(Ag/C).24 All analyses were done in a fuel cell single cell derived flow reactor (Figure 1), where 

the deep-bore flow channels (Figure 1a) allows prolonged electrolysis by delaying clog 

formation.22 Titanium and stainless steel cathode and anode flow parts were used at the opposite 

sides of a Sustainion X37-50 AEM with nickel mesh anode (Figure 1b). Gaseous CO2 was fed 

directly to the cathode without prior humidification; no liquid catholyte was used (Figure 1c). 

Optimal water management is important in flow electrolyzers,23,25 and Sustainion water 

permeability provided sufficient environment for CO2RR and HER at the cathode. The anode was 

fed by either 1 M KOH or KHCO3 electrolyte, and the exiting gas mixtures were analyzed by 

online gas chromatography at the outlet of the cathode (Figure S1a) and the anode (Figure S1b) 

in separate experiments. The change in the anolyte pH was also recorded during electrolysis 

(Figure S1c). 
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Figure 1. Expanded view of the zero-gap flow electrolyzer cell with deep-bore reactant channels 

(a) and photos of the actual cell during assembly (b). Flow diagram of the CO2 electrolysis system 

using gaseous CO2 catholyte and recirculated liquid anolyte (c). 

As acidic cathode environments favor HER, CO2 electroreduction is mostly carried out under 

alkaline or near-neutral conditions. We can divide the reactions at the cathode and anode into 

electrochemical and chemical processes.27 The reactions and the corresponding ion transfers are 

depicted in Figure S3. 

Electrochemical processes at the cathode: 

CO2 + H2O +2e− ↔ CO + 2OH− (1) 

2H2O + 2e− ↔ H2 + 2OH− (2) 

Electrochemical processes at the anode: 

H2O ↔ 2H+ + 0.5O2 + 2e− (acidic) (3) 
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2OH− → H2O + 0.5O2 + 2e− (alkaline) (4) 

Both the HER and the CO2-to-CO processes generate the same amount of hydroxide ions, turning 

the catalytic sites’ local environment alkaline.9,10 It would be straightforward to assume that these 

OH− ions act as the main charge carriers through the AEM, but instead a combination of the 

OH−/HCO3
−/CO3

2− trio closes the electric circuit due to the carbonation process. An ideally 

permselective AEM would be permeable for counterions (anions in AEM) only, while excluding 

co-ions (cations in AEM).28 In real life systems, however, there is always an opposite flux of 

cations in AEMs from either the electrolyte (Na+, K+ etc.) or the generated H+ at the anode. The 

emergence of alkali cations at the cathode explains the 20% larger current using CsOH anolyte 

instead of KOH,27 and the trend of increasing activity in NaOH << KOH < CsOH in a zero gap 

electrolyzer.27, 29, 30 

These cations react with HCO3
− and CO3

2− ions previously formed at the cathode, and precipitation 

occurs once the corresponding solubility limit is reached.24,31,32 

Chemical processes at the cathode: 

OH− + CO2 ↔ HCO3
− (5) 

OH− + HCO3
− ↔ CO3

2− + H2O (6) 

M+ + HCO3
− ↔ MHCO3, (M

+ = Na+, K+, Cs+ etc.) (7) 

2M+ + CO3
2− ↔ M2CO3, (M

+ = Na+, K+, Cs+ etc.) (8) 

The anions in the cathode compartment then migrate through the AEM and react with the protons 

formed in the oxidation process at the anode (Eq. 3). 

Chemical processes at the anode: 

2H+ + CO3
2− ↔ H2O + CO2 (9) 

H+ + HCO3
− ↔ H2O + CO2 (10) 

H+ + OH− ↔ H2O (11) 

The latter neutralization reactions are the source of CO2 in the O2 stream at the anode outlet. The 

prerequisite of pure O2 gas evolution at the anode is pure OH− conduction through the membrane, 

which can be solely realized by feeding the cathode with a CO2 free catholyte. 

The Ag/C cathode was characterized in galvanostatic experiments at current densities between 25 

and 900 mA cm−2 (Figure 2a). The advantage of applying galvanostatic control is the steady-state 
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ionic membrane transport. The gas composition at the cathode and anode outlets are shown in 

Figure 2b. The CO Faradaic efficiency (FE) is around 98% up to 400 mA cm−2 as we reported 

earlier,24 whereas the FE(CO) decreases along with the increase in FE(H2) with increasing current 

density. Gas flow instability and clogging prevented us to quantify the gas composition at current 

densities of 800 and 900 mA cm−2. 

The anode gas composition was determined installing a N2 purged degasser in the gas-tight anolyte 

loop (Figure S1b). The FE(O2) was around 100% in the whole investigated current density range, 

and the CO2:O2 ratio was also calculated by quantifying the evolved CO2. The value of 0, 2 or 4 

of the latter parameter indicates that the dominant charge carrier through the membrane is OH−, 

CO3
2− or HCO3

−.19,20 In Figure 2c a representative anode gas composition measurement is depicted 

at 150 mA cm−2 using 50 mL 1 M KOH anolyte and 60 mL min−1 CO2 catholyte. The area 

normalized (5 cm2) O2 concentration is stable throughout the 5-hour electrolysis, while CO2 started 

to evolve only at 2.5 h, after the initial anolyte was already neutralized by the CO2-related ions 

pumped into the anolyte. The latter was confirmed by the same level of O2 and CO2 concentrations 

(and CO2:O2 ratio thereof) after the first 30 min of electrolysis using 1 M KHCO3 anolyte. CO2:O2 

ratio of ~2 was obtained throughout the whole CO2 evolving part of the electrolysis in both 

investigated anolytes. 

CO2 concentration during HER at 150 mA cm−2 was also recorded at the anode using IrO2/C 

cathode and N2 catholyte, and a continuously decreasing trace amount of CO2 was detected in the 

anode stream (Figure S4). Just like in atmospheric air-fed AEM fuel cells, CO2 from lab air 

absorbs into the hydroxide activated membrane (AEM carbonation) during cell assembly (Eqs. 5-

6). Under pure HER conditions, however, the rise in OH− concentration transforms HCO3
− into 

CO3
2− and subsequently purges it out of the membrane.16, 33 
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Figure 2. Cell voltage as a function of current density for the Ag/C gas diffusion electrode 

integrated into a membrane electrode assembly (MEA) with Sustainion membrane and Ni mesh 

anode using 1 M KOH and KHCO3 anolytes (a). Faradaic efficiency of H2, CO (cathode) and O2 

(anode) using 1 M KOH anolyte (b), and the area normalized molar quantity of O2 and CO2 evolved 

at the anode side during CO2 electrolysis at 150 mA cm−2 using 1M KOH and KHCO3 (c). 

We calculated the area normalized maximum molar quantity of products formed in 2 e− (CO2-to-

CO and HER) and 4 e− (OER) processes (Eqs. 1-2): 310.9 and 155.5 nmol mA−1 min−1 (7.530 and 

3.765 µL mA−1 min−1 were given at FE = 100% under the conditions used throughout the study 

(Figure S2). 

The current density dependent flow rate change was monitored in-situ by a flow meter at each 

outlet (Figure S1a-b). The area normalized depression from an initial 60 mL min−1 CO2 flow rate 



12 
 

under CO2RR, and its increment under HER is seen in Figure 3a-b. In both cases the same Ag/C 

cathode was used but the cell was fed by CO2 or N2. The dashed line shows the theoretical 

maximum flow rate change for the underlying 2 e− processes (±7.530 µL mA−1 min−1 at 100% FE) 

in good agreement with the data points. This implies a near 100% FE and pure carbonate current 

through the membrane (Eqs. 1 and 5-6).  

Along with the consumption of the reactant HER starts to emerge at >600 mA cm−2 and 

continuously dominates the cathode product flow with increasing current density (Figure 2b). The 

transition from CO2RR to HER can be seen in the current density dependent flow rate changes is 

seen at ~700 mA cm−2 onward (Figure S5f), as the CO2RR limiting flow rates are always half of 

that of the initial flow rate between 10 and 120 mL min−1 (Figure S6). This means that identical 

amount of CO2 was pumped to the anode and transformed into CO at the cathode; a further 

indication of CO3
2− conduction. 

The carbon balance was determined by recording the area normalized molar quantities at the anode 

outlet between 2.5 and 800 mA cm−2 at 60 mL min−1 CO2 feed (Figure S7). The CO2 loss at the 

cathode is −7.726 µL mA−1 min−1 = 319.0 nmol mA−1 min−1, which is 2.6% higher than that for 

100 FE% CO2 (Figure 3c). Considering the additional salt formation at the cathode, we can 

account for the total mass balance of the cell within the experimental error. A ratio of CO2:O2 = 2 

was obtained in the industrially relevant current density regime of >> 100 mA cm−2 (Figure 3d). 

However, an increase in the ratio with decreasing current density is seen. This implies an 

increasing HCO3
− contribution to the membrane transport at lower reaction rates. The ratio of 3.81 

at 2.5 mA cm−2 shows an almost complete bicarbonate conduction. 
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Figure 3. Flow rate depression (a) and increment (b) during CO2 electrolysis at different current 

densities using gaseous CO2 (CO2-to-CO) and N2 (HER) as catholyte, respectively. The amount 

of evolved O2 and CO2 (c) and the corresponding CO2:O2 ratio (d) at the anode side of the 

electrolyzer. ■: CO2:O2 ratio for HER on Ag/C at 10 mL min−1 CO2 at 500 mA cm−2 (Figure S5a). 

In all experiments above Ag/C, Ni mesh and 1 M KOH was used as electrodes and anolyte, 

respectively. 

Two-step pH curves were recorded in the anolyte (1 M KOH) during electrolysis (Figure S8-9), 

similar to a bipolar membrane electrolyzer in reverse bias mode.34 The resulted curves resemble 

to that of a pH titration curve of a diprotic weak acid by a strong base (e.g., carbonic acid-KOH). 

Here, the AEM and the anode function as a burette’s tap controlling H+ and CO3
2− delivery into 

the KOH ’titrant’ through water oxidation and membrane ionic current, respectively; the higher 
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the transport rate, the faster the neutralization is (Figure 4, 5e and S8). Even a carbonate-

bicarbonate eluent generator was constructed for ion chromatography on a similar principle.35 

 

Figure 4. Correlation between pH and conductivity of the anolyte (50 mL 1 M KOH at the 

beginning) in CO2 electrolysis at 25 and 150 mA cm−2. The cell voltage follows the changes in 

anolyte pH. 

At the initial stage of the electrolysis, CO3
2− ions are injected into the 1 M KOH anolyte (pH ≈ 

14). The OER at the anode is highly pH sensitive (Eqs. 3-4)36 and here the consumption of OH− 

(Eq. 4) causes the early steep pH drop. The result is similar to the pH change in CO2 bubbling 

through 1 M KOH electrolyte in three-electrode CO2RR experiments.37 However, since CO3
2− is 

the stable species at pH > 10.3 in the carbonic acid system, no CO2 evolution is seen at the anode 

till that point (CO2-t and pH-t curves in Figure S7). CO2 concentration in the anode stream starts 

to increase after the depletion of OH− in the anolyte, and the subsequent formation of a 

CO3
2−/HCO3

− buffer along with the increasing contribution of Eq. 3 in the water oxidation reaction. 

With ongoing electrolysis a steady state is reached, where all the transferred CO3
2− ions react with 

the generated H+ and the 2:1 CO2:O2 gas mixture evolves. The change in current density only 

changes the rate of reactant delivery, i.e. the ’titration’ rate (Figure S8). Changes in ionic 

composition can be followed by recording the anolyte’s conductivity (Figure 4). By consuming 

the highly mobile and conductive OH− ions (199.1 S cm2 mol−1) and replacing them by the less 

conductive CO3
2− ions (138.6 S cm2 mol−1)38 the solution conductivity drops from 220 to 80.5 S 

cm−1 at the endpoint of the first pH drop (Λ(1 M KOH) = 209.0 S cm2 mol−1).39 With ongoing 

electrolysis CO3
2−/HCO3

− buffer is formed and the conductivity decreases to 68.8 S cm−1. Since 

alkaline conditions minimize cell voltage, the two-step pH drop can be seen on the increase in cell 
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voltage as well.22 Using 1 M KHCO3 anolyte the pH decreased from 8.5 to 8.0 in the first 1 h of 

the electrolysis at 150 mA cm−2 (Figure S9), and stabilized later at the pH of the CO2-saturated 1 

M KHCO3 (pH = 7.7). 

By simply considering Eqs. 1-2 it seems that membrane transfer in a CO2 rich environment must 

be identical in CO2RR and HER. The CO2 crossover was investigated by using HER on Ni cathode 

instead of a CO2RR catalyst in CO2 saturated 1 M KHCO3 catholyte in a recent study.18 The authors 

found HCO3
− ions as the main charge carriers through the membrane based on the 4:1 CO2:O2 

ratio in the anode gas mixture in both CO2RR and HER. To examine the bicarbonate/carbonate 

formation identity under CO2RR and HER conditions (Eqs. 5-6), we evaluated the CO2:O2 ratio 

for Ag/C using 10 mL min−1 CO2 feed at 500 mA cm−2 (■ in Figure 3d and S5a). The decreased 

ratio of 0.68 shows higher hydroxide contribution during HER at the expenses of carbonate. The 

combination of low reactant feed rate and high current density depleted CO2 along the flow 

channels due to electrochemical conversion and non-electrochemical consumption and thus HER 

prevailed.40 This can also be seen on the flow rate increase of +7.280 μL mA−1 cm−2 (Figure S5a) 

that is close to the theoretical 2e− value (Figure S2). By decreasing the CO2 partial pressure in the 

inlet feed of 60 mL min−1 at 150 mA cm−2 the effect of HER starts to develop below p(CO2) ≈ 

0.33, as it is seen on the cathode flow rate and CO2:O2 ratio in Figure S10. 

In electrochemical CO2 separators electrochemically generated nucleophiles are utilized to capture 

gaseous CO2 and release it in pure form.41 In pH-swing capture the CO2 hydration/dehydration 

equilibrium is electrochemically shifted between acidic and basic pH in a working fluid by 

electrolysis.42 We thus investigated the membrane transport in CO2 environment (60 mL min−1 

CO2, 1 M KHCO3, 150 mA cm−2) using various commercially available GDE-type HER/non-

CO2RR cathodes (Pt/C, IrO2/C and NiFeCo/Ni paper) to decouple HER from CO2RR (Figure S11-

S13).25 
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Figure 5. Change in the inlet CO2 flow rate (a)-(d), 1 M KOH anolyte pH (e) and the corresponding 

CO2:O2 ratio (f) in CO2 environment during electrolysis at 150 mA cm−2 using GDE-type Ag/C, 

Pt/C, IrO2/C, NiFeCo/Ni catalysts. CO2:O2 ratios were calculated from GC (blue) and flow rate 

(red) measurements. 

Feeding the cathode with 60 mL min−1 N2, an increase in flow rates close to the theoretical 2 e− 

value was obtained (Figure S12). If the local environment for bicarbonate/carbonate formation is 

identical in HER and CO2RR (Eqs. 5-6), the CO2 flow rate depression (Figure 5a) levels off the 

flow rate increase of H2 and a nearly unaltered total flow rate would be measured at the outlet. We 

found non-zero total flow rates for every investigated HER catalyst (Figure 5b-d). This implies a 

lower amount of transported CO2 into the anolyte than under CO2RR conditions. The phenomenon 

can also be seen on the slower ’titration’ curves in Figure 5e, and the decreasing CO2 amount at 

the anode in the Ag/C > Pt/C > IrO2/C > NiFeCo/Ni order (Figure S13). The CO2:O2 ratios were 

calculated from independent in-line GC and flow rate measurements (Figure 5f), and the 

decreasing ratio of ~1.1, ~0.8 and ~0.7 was found for Pt/C, IrO2/C and NiFeCo/Ni, respectively. 

This shows a decreasing CO3
2− and an increasing OH− contribution in the membrane transport. 

Pure hydroxide conduction exists only in N2 environment after membrane self-purging.16 There is, 

therefore, a seemingly counterintuitive difference in the generation rate of CO3
2− in CO2RR and 

HER, despite of the equivalent amount of OH− generated in both reactions. 

In AEM electrochemical CO2 separators CO2 from a diluted gas feed is removed and transported 

to the anode in the form bicarbonate/carbonate.43 In indirect (bi)carbonate production the 
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carbonation process (Eqs. 5-6) is exploited using either ORR or HER for OH− generation at the 

cathode, while a direct path (O2 + 2CO2 + 4e− = 2CO3
2−) is also plausible on certain catalysts.44 

The contribution from hydroxide/bicarbonate/carbonate to the membrane transport varies greatly 

among different separators. A shift from carbonate to hydroxide conduction was observed in leaner 

feeds,43 while even an almost exclusive bicarbonate transport (CO2:O2 = 3.56) was observed at 6 

mA cm−2 in another system.45 Conversely, a CO2:O2 ≈ 1 ratio indicated high hydroxide 

contribution on Ni cathode.46 These findings are in accordance with our results in Figure S10, 

Figure 3d, and Figure 5, respectively. However the dominant charge carrier was mainly carbonate 

in electrolyzer mode, which then switched to bicarbonate during fuel cell operation.47 The 

dominant anion transport shifted from carbonate to mixed carbonate/bicarbonate with increasing 

potential in an ORR-OER setup.44 Direct formation, and hence, pure transport of carbonate was 

found in a Ca2Ru2O7-y pyrochlore carbonate fuel cell cathode due to the preferential CO2 

adsorption on high surface basicity.48 

There is still little mechanistic understanding on the formation of the dominant charge carriers at 

the GDE/membrane interface. Activated AEMs are typically in their OH− form before cell 

assembly. Hence, when CO2 is fed to the cathode first HCO3
− is formed (Eq. 5), which then 

transforms into CO3
2− (Eq. 6).49 This so-called ’hydroxide path’ dominates at CO2 hydration at pH 

> 8.5 (Figure 6).50, 51 At low current densities (j = 0-100 mA cm−2) the number of OH− is limited 

by the membrane’s ion exchange capacity and the high CO2 availability results in HCO3
− formation 

via Eqs. 5-6 and CO2 + CO3
2− + H2O ↔ 2HCO3

−.52 The bicarbonate dominated near-neutral 

cathode/membrane surface was verified by operando Raman spectroscopy at 0 mA cm−2.9 During 

high current electrolysis (> 100 mA cm−2) the hydroxide ions formed in Eq. 1 generate carbonate 

ions and increase the local pH > 12 favoring the hydroxide path of CO2 hydration.9 Thus carbonate 

transport dominates the conduction (Figure 3d at high currents),19,20,27 with steadily increasing 

bicarbonate contribution by decreasing current density (Figure 3d inset). 
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Figure 6. CO2 hydration under CO2RR and HER conditions in a CO2 atmosphere with the 

corresponding dominant ionic species (a), and the proposed CO2 hydration mechanism in the near-

electrode electrolyte layer via the nucleophilic attack of water molecules (near-neutral) or OH− 

ions (alkaline) (b).50 

To the best of our knowledge, no explanation exists for the unidentical CO2 hydration conditions 

at MEAs in CO2 atmosphere to date. Regarding the complexity of the MEA interfaces, a series of 

phenomena has to be taken into account. As a recent critical literature analysis concluded, CO2RR 

primarily takes place at the solid-liquid double phase boundary with the reaction zone extending 

10-1000 nm deep into the liquid phase.53 Here, adsorbed CO2 accumulates into the top 1 nm of the 

water surface with a ~20 times higher density than that in bulk liquid water. This CO2-rich film in 

turn affects the reaction kinetics of chemical reactions at the gas-liquid interface. However, during 

high current electrolysis the local hydroxide concentration increases (> 7 M KOH) in this shallow 

electrolyte layer along with the substantial decrease in water activity,54 i.e. the ion hydration ability 

of water molecules.53 A further factor to be considered is the near-electrode concentration gradient 

formed during electrolysis. The concentration of the interfacial species depends on the rate of the 

electrochemical reaction (i.e., current density) determined by the electrode potential. In an 

unstirred system the near-surface concentration of dissolved CO2(aq) drops with increasing 

potential,55 as the interfacial CO2 concentration depends on the CO2 depletion rate by CO2RR and 

the CO2 hydration reactions.56 A MEA, unlike a liquid-catholyte cell, can be regarded as an 

unstirred electrochemical cell with partially flooded catalyst layer at the cathode/membrane 

interface (Figure 6b).53 In addition, the utilization of bicarbonate in the reduction process cannot 

be ruled out. Bicarbonate HER becomes the dominant pathway with increasing buffer capacity, 
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i.e. increasing HCO3
− concentration, and thus dominant reaction path depends on the polarization 

induced pH gradient.57 ATR-SEIRAS studies also showed that CO2(aq) originates from the 

bicarbonate equilibrium rather than diffusion in the electrolyte. Thus bicarbonate acts not only as 

pH buffer and proton donor, but as CO2(aq) transport species through rapid equilibrium 

exchange58,59 The latter phenomenon is utilized in direct bicarbonate flow cell CO2 electrolysis.10 

In order to obtain mechanistic insights into the differences in CO2 hydration conditions on various 

cathodes under CO2 atmosphere, the near-electrode pH needs to be followed during electrolysis. 

Besides the extensively used spectroscopic methods, like ATR-SEIRAS55 and micro area Raman,9 

more fundamental investigations can be carried out using an RRDE setup. By following the redox 

properties of the electroactive products at the ring electrode the local pH change can be derived.60 

Furthermore, the structure of surface water can have an influence on the nucleophilic attack of 

water molecules or solvated OH− to CO2. To that end laser-induced temperature jump experiment 

could serve valuable addition to our understanding,61 It is also expected that cations in the electric 

double layer can affect hydration through a) their effect on the local water structure, and b) their 

local potential field.62 Besides the characterization of the local environment, a systematic flow-

cell investigation needs to be conducted by varying the type of catalysts, anolyte cations, and 

membranes at a wide range of operational parameters. Controlled potential electrolysis, i.e. 

inserting RE into the cathode side,63, 64 could serve further invaluable details on the conditions at 

the catholyte/cathode/membrane interfaces in MEAs. 

4. CONCLUSIONS 

In summary, in an AEM based CO2 electrolyzer HCO3
− and CO3

2− are generated at the 

cathode/membrane interface, which are then transported to the anode through the membrane. 

Gaseous CO2 is liberated at the anode along with O2 from OER. Recording the change in flow rate, 

anode CO2:O2 ratio and anolyte pH we found a shift in the chemical nature of the transported 

species in the membrane. On the one hand, in CO2RR the initial HCO3
− conduction evolves into 

CO3
2− conduction with increasing current density, while on the other hand in HER an increased 

hydroxide conduction was observed under CO2RR conditions. The latter implies a change in the 

CO2 hydration in HER in a CO2 rich environment, and reveals how little we know about its 

mechanism at a confined cathode/membrane interface of a zero-gap CO2 electrolyzer. 
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5. ASSOCIATED CONTENT 

Schematics of the experimental setups used for cathode/anode gas analysis and pH/conductivity 

measurements. Anode outlet gas composition at various current densities and CO2 partial pressure, 

the change in pH and reactant flow rates during electrolysis in CO2RR and HER experiments in 

the whole investigated current density range. 
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