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Abstract 

Electrochemical CO2 conversion to chemical feedstock is of environmental and economic 

benefit as it makes use of excess CO2 waste and stores (temporarily) renewable energy 

in the form of value-added chemicals at the same time. High performance catalysts, 

including nanomaterials, have already been developed in the past to optimize product 

selectivity of the CO2 electrolysis. To overcome CO2 mass transfer limitations, which are 

intrinsic to classical aqueous reaction environments, more advanced CO2 electrolyzer 

devices based on gas diffusion electrodes (GDEs) are currently being developed which 

in principle allow achieving industrially relevant current densities. What, however, still 

prevents their implementation into real industrial applications is the actual electrolyzer 

stability which can be compromised at these high reaction rates by so-called “electrolyte 

flooding” phenomena and related salt precipitation occurring inside the GDEs during their 

operation and causing severe and irreversible deterioration in the overall electrolysis 

performance.  

Despite the growing interest in this particular kind of electrode degradation scenario in 

recent years, the physical origin of the experimentally observed electrolysis performance 

losses remained unclear. To develop tailored concepts towards the long-term stabilization 

of the CO2 electrolyzers it is, however, crucial to identify possible GDE degradation 

pathways based on flooding phenomena which presumably depend on the structural and 

chemical characteristics of the applied GDE.       

This PhD project particularly aimed at elucidating the interrelation between the GDL 

“crackness” (defectivity) and its stability in a so-called zero-gap GDE-membrane 

configuration. Furthermore, effects related to the catalyst layer (CL) formation (e.g., the 

chemical nature of the ionomer binder) were systematically addressed in this work using 

silver nanoparticles (Ag-NPs) as model catalysts for the CO2-to-CO conversion. To this 

end dedicated GDE stressing protocols were developed which allowed for accelerated 

but controlled electrode degradation. Electrolysis-time dependent phenomena of 

electrolyte precipitation could be made visible and quantified by a new experimental 

approach based on combining cross-sectional potassium (EDX) mapping with post-

electrolysis inductively coupled plasma mass spectrometry (ICP-MS). Using these novel 
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analytical approaches it was possible to unambiguously correlate the GDE stability in the 

zero-gap configuration with an increasing crack abundance of the gas diffusion (support) 

layer (GDL) which facilitates electrolyte transport. These findings demonstrate that the 

effective electrolyte transport through the GDE during operation, a phenomenon called 

“electrolyte perspiration”, is vital for keeping the GDE stable at high reaction rates 

(“electrolyte transport matters”). In the absence of an effective electrolyte perspiration 

pathway, electrolyte may accumulate in the CL thereby physically blocking the active sites 

for CO2 reduction and causing performance losses through hindered CO2 mass transport.              

The absence/presence of polymeric capping agents, typically applied for the synthesis of 

the nanoparticulate Ag catalysts, and the chemical nature of the ionomeric binder, used 

to improve the adherence of the NP catalyst to the carbon support, were identified as 

further contributors either hindering or facilitating the electrolyte perspiration and therefore 

crucially affecting the system stability.     

Results presented herein pave the way for the tailored design of high-performance gas 

diffusion electrodes used in (quasi) zero-gap electrode/membrane configurations.  
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1. Theoretical background 

1.1 CO2 emission, capture, storage, and utilization  

Carbon, an essential element on Earth, has a unique ability to form inorganic and organic 

compounds, and consequently is critical for all known forms of life1. The carbon cycle is 

a fundamental biogeochemical process on Earth in which carbon is exchanged and 

cycled among the atmosphere, oceans, and the terrestrial ecosystem through processes 

such as photosynthesis, decomposition of organisms, respiration, and mineralization2. 

These processes maintain carbon in a balanced state. Each CO2 reservoir (e.g., the 

atmosphere, ocean, and the strata of the earth) provides a relatively stable environment 

for life. However, the global carbon cycle has been substantially perturbed by human 

activities since the Industrial Revolution. Deforestation, urbanization, fossil fuel 

combustion, and chemical manufacturing not only have retarded carbon transition but 

also emitted increasing amounts of carbon dioxide (CO2) into the atmosphere. According 

to the Keeling curve in Figure 1.1, the mean atmospheric CO2 concentration has 

increased steadily from 313 parts per million by volume (ppm) in 1958 to appropriately 

420 ppm in 2023; this rate of increase has been unprecedented over at least the past 

800,000 years3. The accumulated CO2, along with other greenhouse gases (e.g., 

methane (CH4) and nitrous oxide (N2O)), absorbs the heat radiated by the Earth, and 

causes global climate change, ocean acidification, ice melting, and sea-level rising. These 

environmentally harmful trends must urgently be mitigated4. 

 
Figure 1.1 Keeling curve of CO2 concentration over time recorded at Mauna Loa 

Observatory3. Reprinted from Ref. 3. Copyright Scripps Institution of Oceanography at 

UC San Diego. 
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Carbon capture, utilization, and storage (CCUS) are necessary to curb CO2 emissions. 

Processes include capturing CO2 from biomass, from fossil fuel sources, and directly from 

the air; transporting the captured CO2 for use or storage, e.g., via pipelines, ships, or 

railways; storing the captured CO2 in geological structures, such as onshore saline 

aquifers or exhausted oil and gas fields; and using the captured CO2 to produce value-

added chemicals and fuels through photochemical, thermochemical, and electrochemical 

processes, with the aid of catalysts. Figure 1.2 shows the pathways of the CCUS5. The 

production of fine chemicals from waste CO2 has the potential to achieve a net negative 

carbon emission footprint, thus markedly decelerating CO2 emissions and benefiting the 

chemical industry6. The “Power to X” concept proposes methods for renewable energy 

storage in the forms of chemicals and fuels. Within this framework, CO2 conversion using 

excess or intermittent renewable energy is an avenue for a sustainable circular carbon 

economy7. 

 
Figure 1.2 Roadmaps of CCUS5. Reprinted from Ref. 5. 
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1.2 Electrochemical reduction of CO2 

The CO2 molecule is linear, and its central carbon atom is covalently double-bonded to 

two oxygen atoms, with a high C=O bond energy of 803 kJ/mol and thermodynamic 

stablility8. Consequently, breaking this chemical bond requires a considerable amount of 

energy. An electrochemical technique using electrons as reducing agents is among the 

most appealing approaches for breaking this bond, because of its advantages including 

(1) operation under ambient pressure and room temperature conditions; (2) ability to 

utilize renewable energy sources; and (3) competitive controllability, relatively simple 

modularity, and options for scaling up, thereby supporting the feasibility of future 

applications9. 

A Faradic electrochemical reaction is a redox process that can be split into two half-

reactions occuring in two spatially separated compartments: the oxidation occurs at the 

anode (loss of electrons), and the corresponding counter-reaction occurs at the cathode 

(gain of electrons). By an external power source, electrons are forced to transfer through 

an external electric circuit (electron conductor) from the anode to the cathode, and ions 

travel as charge carriers within an electrolyte (ion conductor). In CO2 conversion, CO2 is 

reduced at the cathode, and this reaction is usually coupled with an anodic oxygen 

evolution reaction if an aqueous electrolyte environment is present. 

1.2.1 Thermodynamics  

Chemical conversion is driven by the Gibbs free energy difference ∆𝐺𝐺  between the 

reactants and products. The spontaneity of a reaction is determined by the sign of ∆𝐺𝐺. A 

negative value of ∆𝐺𝐺 indicates a spontaneous (exergonic) process, whereas a positive 

sign indicates a non-spontaneous (endergonic) process. The spontaneity of a reaction of 

interest is often discussed on the basis of the standard Gibbs free energy, ∆𝐺𝐺0, at the 

standard state (1 atm and 298 K), defined as follows:  

∆𝐺𝐺0 = ∆𝐻𝐻0 − 𝑇𝑇∆𝑆𝑆0     (1-1) 

where ∆𝐻𝐻0 is the standard enthalpy of the reaction when reactants change to products in 

the standard state, 𝑇𝑇 is the absolute temperature, and ∆𝑆𝑆0 is the standard entropy of the 
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The standard Gibbs free energy for an electrochemical cell is expressed as the work 

performed when a certain charge is carried by a certain number of electrons traveling 

through a potential difference 𝐸𝐸 (𝑣𝑣𝑣𝑣. 𝑆𝑆𝑆𝑆𝑆𝑆):  

∆𝐺𝐺 = −𝑧𝑧𝑧𝑧𝑧𝑧       (1-3) 

∆𝐺𝐺0 = −𝑧𝑧𝑧𝑧𝐸𝐸0     (1-4) 

Here, 𝑧𝑧  is the number of electrons, and 𝐹𝐹  represents the Faraday constant (in 

coulombs/mole). A positive 𝐸𝐸0 suggests that a cell reaction, under standard conditions is 

spontaneous, and a negative value indicates the non-spontaneity of the cell. 

The actual Gibbs free energy change is associated with ∆𝐺𝐺0 and varies with composition:  

∆𝐺𝐺 = ∆𝐺𝐺0 + 𝑅𝑅𝑅𝑅 ln 𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅
𝑎𝑎𝑂𝑂𝑂𝑂

    (1-5) 

where 𝑅𝑅 is the gas constant and 𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅 and 𝑎𝑎𝑂𝑂𝑂𝑂 are the chemical activities of the reductants 

and oxidants, respectively. Therefore, the potential can be written as follows:  

𝐸𝐸 = 𝐸𝐸0 −  𝑅𝑅𝑅𝑅
𝑧𝑧𝑧𝑧

ln 𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅
𝑎𝑎𝑂𝑂𝑂𝑂

     (1-6) 

This equation, called the Nernst equation, quantifies how the potential varies with the 

concentration of a redox-active species in an electrolyte, and enables the prediction of 

the equilibrium potential for a reactant from the standard electrode potential. In an 

electrochemical cell, an external electromotive force is applied to reverse the direction of 

the non-spontaneous reaction12. 

1.2.2 Kinetics 

During a chemical reaction, chemical bonds change in their bond length and geometry, 

and an unstable transition state is formed, the energy level of which is higher than those 

of both the reactants and products. Thus, an extra energy, 𝐸𝐸𝑎𝑎, is required to activate the 

reaction. The rate constant of a chemical reaction (𝑘𝑘) is expressed as:  

𝑘𝑘 = 𝐴𝐴𝑒𝑒−
𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅      (1-7) 

where 𝐴𝐴 is the pre-exponential factor. The activation energy, 𝐸𝐸𝑎𝑎, of a particular reaction 

therefore crucially determines the overall rate. At constant temperature, the greater the 
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additional energy required, the slower the chemical reaction. The ∆#𝐺𝐺 quantity (the free 

enthalpy of activation) scales linearly with the 𝐸𝐸𝑎𝑎 activation energy, and equals the free 

enthalpy change associated with the formation of the activated complex.  

𝜂𝜂 = 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒     (1-8) 

 
Figure 1.3. Energy landscape of uncatalyzed and catalyzed reactions. Reprinted 

(adapted) with permission from Springer Nature. Copyright © 2009, Vieweg Teubner | 

GWV Fachverlage GmbH 

A catalyst is a type of substance that can lower the energy barrier 𝐸𝐸𝑎𝑎  of a particular 

reaction and by which decrease the activation enthalpy ∆#𝐺𝐺 , ideally without being 

consumed or altered during the catalyzed process. As shown in Figure 1.3., a lower 

activation enthalpy can be achieved on catalysts by tuning the geometry of molecular 

entities and reaction coordinates, while leaving the enthalpy of reactants and products 

unchanged. In electrochemistry, activation energy is associated with the overpotential (𝜂𝜂), 

i.e., the potential required to leave the equilibrium state of chemical reactions and initiate 

charge transfer. Specifically, an electrocatalyst is used to decrease the overpotential that 

must be applied to achieve a particular current density. The more active the 

electrocatalyst is, the lower the overpotential, and the higher the rate constant 𝑘𝑘. 

𝑘𝑘 is the key kinetic parameter determining the reaction rate 𝑟𝑟: 

𝑟𝑟 = 𝑑𝑑𝑐𝑐𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝑘𝑘 ∙ 𝑐𝑐𝐴𝐴𝑥𝑥 ∙ 𝑐𝑐𝐵𝐵
𝑦𝑦 ⋯    (1-9) 
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where 𝑐𝑐𝑖𝑖  is the molar concentration of the reactant 𝑖𝑖  ( 𝑖𝑖 = 𝐴𝐴,𝐵𝐵,𝐶𝐶 … ) and 𝑥𝑥,𝑦𝑦… are 

corresponding partial orders of reaction. The reaction rate is dictated largely by the rate 

constant of the electrocatalyst and the reactant concentration, which involve interfacial 

charge transfer and mass transfer of reactants and products. In this sense, apart from the 

overpotential (𝜂𝜂), the overpotential originating from the electrode, concentration gradient, 

and junctions between each component of the cell contribute to the additional energy 

barrier in an electrochemical cell. Therefore, to drive sufficient CO2 reduction and produce 

great yields of targeting products, the voltage 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 in excess of the standard potential 

must be applied to overcome the sum of several energy barriers or resistances13:  

𝛥𝛥𝛥𝛥𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝛥𝛥𝛥𝛥𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0 + 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜 + 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑖𝑖𝑖𝑖   (1-10) 

where 𝑖𝑖 is the current in the circuit, and 𝑅𝑅 is the sum of the resistance caused by the 

electrodes, electrolyte solution, membrane, gas bubbles, precipitate formation, and other 

possible sources. 

1.2.2.1 Catalysts for CO2 electroreduction  

Catalysts for electrochemical CO2 reduction have been classified by Hori et al. into groups 

according to the products formed: (1) gold (Au), silver (Ag), and zinc (Zn) produce mainly 

carbon monoxide (CO); (2) lead (Pb), mercury (Hg), indium (In), tin (Sn), and cadmium 

(Cd) form formate or formic acid almost exclusively; (3) copper (Cu) produce C1, C2, and 

even C3 products; and (4) nickel (Ni), (iron) Fe, (platinum) Pt and (titanium) Ti favor the 

hydrogen evolution reaction (HER) over CO2 reduction14. Table 1.3 shows the product 

distribution for several metallic catalysts. 
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Table 1.3 Catalysts classified by Hori et al.14 Adapted with permission from 

Electrochimica Acta, Volume 39, Issues 11–12, August 1994, Pages 1833–1839. 

Copyright 1994 Elsevier. 

Catalyst Potential 
(V) vs NHE 

FE
CH4

 FE
C2H4

 FE
EtOH

 FE
PrOH

 FE
CO

 FE
formate

 FE
H2

 

Pb -1.63 0.0 0.0 0.0 0.0 0.0 97.4 5.0 

Hg -1.51 0.0 0.0 0.0 0.0 0.0 99.5 0.0 

In -1.55 0.0 0.0 0.0 0.0 2.1 94.9 3.3 

Sn -1.48 0.0 0.0 0.0 0.0 7.1 88.4 4.6 

Cd -1.63 1.3 0.0 0.0 0.0 13.9 78.4 9.4 

Tl -1.60 0.0 0.0 0.0 0.0 0.0 95.1 6.2 

Au -1.14 0.0 0.0 0.0 0.0 87.1 0.7 10.2 

Ag -1.37 0.0 0.0 0.0 0.0 81.5 0.8 12.4 

Zn -1.54 0.0 0.0 0.0 0.0 79.4 6.1 9.9 

Pd -1.20 2.9 0.0 0.0 0.0 28.3 2.8 26.2 

Ga -1.24 0.0 0.0 0.0 0.0 23.2 0.0 79.0 

Cu -1.44 33.3 25.5 5.7 3.0 1.3 9.4 20.5 

 

*CO (where * stands for an adsorption state) is widely agreed to be the key intermediate 

in CO2 electrochemical reduction to many products, such as C1 products like methane, 

and C2 products like ethylene and ethanol15. However, because high activation energy is 

required, the reaction rate is low, and the overall cell reaction proceeds slowly. The 

presence of an electrocatalyst can stabilize intermediate products at a lower energy level. 

According to the Sabatier principle, catalysts with moderate binding strength to key 

intermediates achieve the highest activity16. Figure 1.4(a) shows a volcano plot showing 

the relationship between the overall electrochemical reduction of CO2 (CO2RR) partial 

current density and the *CO binding strength. Metals on the left of the plot (e.g., Pt and 

Ni) strongly bind *CO. Because *CO is not easily desorbed from these metals they have 

a high risk of irreversible catalyst poisoning. Metals on the right side of the volcano 

maximum (e.g. Au, Ag, and Zn) show weaker *CO-binding. In this case CO is more readily 

released and therefore is the main CO2RR product13, 17. Cu presenting in the middle 
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products33. The Siemens/Evonik consortium has demonstrated the feasibility and high 

economic value of coupling CO2RR with a fermentation process to yield fine chemicals 

such as butanol and hexanol at market scale34.  

Table 1.4 Current and estimated costs of producing CO2 reduction products32. 

Product Produced by 
Current 
market 

price, $ kg-1 

Current 
production 

volume, Mt y-1 

Production 
cost with 

electrolysis, 
$ kg-1 

H2 Steam reforming, partial oxidation 
of methane or gasification of coal 2-4 65 4 

CH4 
Methanogenesis or hydrogenation 
of CO2 <0.08 2400 2-4 

C2H4 Pyrolysis or vapocracking 0.8-1.5 141 1.6-3.2 

CO Boudouard reaction 0.65 210000 0.27-0.54 

HCOO-

/HCOOH 

Hydrolysis from methyl formate 
and formamide or by-product of 
acetic acid production 

0.8-1.2 0.8 0.17-0.34 

CH3OH From natural gas, coal, biomass, 
waste 0.4-0.6 100 0.70-1.4 

 
When appropriate catalysts are used, CO2 reduction can form CO almost exclusively. Ag 

is a highly selective CO-producing catalyst, which is more abundant and less expensive 

than Au. Synthesized Ag-NP can achieve 100% Faradic efficiency of CO formation, and 

therefore were used in this PhD research. Nanowires can readily pile into uniform layers, 

thus mitigating the effect of inhomogeneous catalyst distribution and further simplifying 

the system25. 

1.2.4 Evaluation metrics for CO2 reduction performance 

The efficiency of electrochemical CO2 conversion toward certain products is commonly 

assessed in terms of the Faradic efficiency (𝐹𝐹𝐹𝐹𝑖𝑖 , %), which refers to how selective a 

certain product 𝒾𝒾 is produced. FE𝑖𝑖 is expressed as the ratio of the charges consumed to 

generate a certain product species (e.g., CO) to the total transferred charge (Q, C): 

𝐹𝐹𝐹𝐹𝑖𝑖 = 𝑧𝑧𝑖𝑖𝑛𝑛𝑖𝑖𝐹𝐹
𝑄𝑄

= 𝑧𝑧𝑖𝑖𝑥𝑥𝑖𝑖𝑣𝑣𝑚𝑚𝐹𝐹
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

     (1-10) 

where 𝑧𝑧𝑖𝑖  is the number of transferred electrons, 𝐹𝐹  is the Faraday constant ( 𝐹𝐹 =

96485 𝐶𝐶 𝑚𝑚𝑚𝑚𝑚𝑚−1), n𝑖𝑖 is the molar number of the target product, 𝑥𝑥𝑖𝑖 is the molar number of 
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the given gaseous product, 𝑣𝑣𝑚𝑚 is the molar CO2 gas flow rate, and 𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the total current 

at the time of the measurement. The liquid-phase products remaining in the electrolyte 

can be analyzed by high-performance liquid chromatography (HPLC) or ion exchange 

chromatography (IC) after the electrolysis. Volatile products flowing out along with the 

CO2 stream can be detected and quantified with online gas chromatography (GC). 

The reaction rate is directly associated with the current density (𝑗𝑗, A cm-2), which is the 

total current (𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 , A) normalized to the geometric (or the electrochemically active) 

cathode surface area (𝑆𝑆𝑆𝑆, cm2), and is used to assess the activity of catalysts and the 

scale of the electrolyzer. 

𝑗𝑗 = 𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑆𝑆𝑆𝑆

     (1-11) 

The partial current density (𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖, A cm-2) of a specific product is expressed as the total 

current density multiplied by the corresponding 𝐹𝐹𝐹𝐹𝑖𝑖 value: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 = 𝑗𝑗 𝐹𝐹𝐹𝐹𝑖𝑖     (1-12) 

Additional important aspects in the assessment of electrolysis performance, beyond 

catalyst activity and product selectivity, are the durability of the catalyst, the electrode and 

the electrolytic cell. Notably, electrolytic cell durability is essential for future 

commercialization of the CO2 electrolysis process. 

1.3 Electrolyzer configurations for CO2RR 

In benchmark tests, CO2RR is studied in a three-electrode cell, which consists of a 

working electrode serving as the cathode, a reference electrode, and a counter electrode 

acting as the anode. To obtain controllable substance transfer and minimize product 

crossover, an ion-selective polymer membrane is usually used to separate the device into 

cathodic and anodic compartments. At the cathode, the CO2 reactant takes up electrons 

from a solid heterogeneous catalyst and is protonated by either H+ directly (in an acidic 

environment) or through H2O serving as the proton source (under neutral or alkaline 

conditions). The ion transfer occurs in the electrolyte, which can be a liquid solution or a 

“polymer electrolyte.” In the latter case, the interaction between the solid catalyst and the 
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polymer membrane is crucial for the creation of a microenvironment in which the CO2RR 

occurs.  

The classical CO2RR reactor is an H-type cell (Figure 1.5(a)), which has typically been 

used in initial catalyst screening experiments in the past. In this configuration, all 

electrodes are exposed to a liquid (often aqueous) electrolyte, and the reactant CO2 is 

dissolved into a bulk catholyte. The cell should be gas-tight to enable accurate evaluation 

of yields of gaseous products. Catalysts are often loaded on conductive but 

electrochemically carbon-based materials (e.g., glassy carbon and carbon paper). The 

contribution of the substrate material to the CO2RR is thereby largely eliminated; 

consequently, the observed performance can be directly attributed to the catalyst itself. 

This approach is suitable for studying the catalysts’ intrinsic activity, selectivity, and 

stability behavior, and the related solid-liquid interfacial phenomena. However, an 

insufficient CO2 supply is the main disadvantage of using an H-type cell as reactor, 

because the solubility of CO2 is limited, at least in an aqueous electrolyte environment 

(only 0.034 M at room temperature in water35). The mass transfer issue, intrinsic to 

aqueous electrolytes, makes the electrolysis process favor the HER and limit the CO2 

reduction reaction rate to current densities below 100 mA cm-2. Of note, the local pH is 

often increased near the electrode, because of the OH- generation from CO2RR and the 

parasitic HER. Hydroxide anions can react with CO2, thus forming (bi)carbonates and 

impacting product selectivity36.  

 
Figure 1.5 Schemes of primary electrolyzer configurations for CO2RR37. Adapted from 

Ref. 37 
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From an economic perspective, CO2 reduction should achieve a current density above 

200 mA cm-2 to cover the capital and operation costs, which requires CO2 mass transfer 

limitations to be overcome38. Inspired by proton-exchange membrane fuel cells 

(PEMFCs), modified cell structures incorporating a so-called gas diffusion electrode have 

been used to approach commercially relevant conditions, which enable CO2 to diffuse to 

the cathode in gaseous form. Prevalent reactors for CO2RR have been based on primarily 

two architectures: liquid flow electrolyzers and membrane-electrode-based assemblies 

(MEAs).  

As shown in Figure 1.5(b), a flow electrolyzer generally consists of three flow channels, 

one each for the CO2 gas, the catholyte and the anolyte. A GDE cathode is placed 

between the gas channel and the catholyte channel, with the catalyst layer facing the 

catholyte and the other side facing a constant CO2 stream. Thus, CO2 diffuses in a gas 

phase, which provides fast mass transport, and the reactant, electron, and proton easily 

collide with one another at the interface. The catholyte and anolyte are separated by a 

polymer ion-exchange membrane and are circulated with peristaltic pumps. Products flow 

out with either the catholyte or the CO2 stream. Of note, many processes that occur near 

the electrode surface such as the convective flux of gases and liquids, electrochemical 

reactions, product diffusion, and bubble formation and removal are complex and require 

careful system engineering beyond the catalyst design39.  

MEA refers to a configuration in which the electrode and membrane are pressed together 

in a zero-gap manner, with the catalyst layer in direct contact with the membrane and 

ideally no liquid electrolyte solution in between. As in a flow cell, the gaseous CO2 reactant 

is fed from the back side of the porous electrode to the catalysts. Notably, the membrane 

should serve as a physical barrier against gas passing into the electrolyte in the anode 

compartment and against the penetration of electrolyte from the anode compartment to 

the GDE (cathode). The absence of liquid catholyte decreases the likelihood of catalyst 

detachment and electrolyte contamination that are present in flow electrolyzers40. Half 

and full MEA configurations are available for CO2 reduction, as shown in Figures 1.5(c) 

and (d). The former refers to a zero-gap cathode design with an anolyte used, whereas 

the latter represents an assembly of a cathode, membrane, and anode pressed together 

without any electrolyte solution. MEA configurations have low ohmic losses and can yield 
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high reaction rates, involve fewer electrolyte pumps and flow fields, and are easy to 

operate at low cost, thus serving as a tool for rapid catalyst screening under realistic 

conditions. Of note, most membranes must currently be “wetted” through humidification 

of the CO2 gas supply or penetration of water into the membrane from the anode 

compartment. The advanced zero-gap cathode setup developed by the Arenz group 

allows for thorough examination of PEMFC catalysts in terms of activity, selectivity, and 

stability under accelerated stress conditions41. This setup has also been demonstrated to 

be feasible for CO2RR applications, up to 600 mA cm-2 and 85% FE for CO has been 

reached on Ag nanocubes42.  

In general, cation/proton-exchange membranes, anion-exchange membrane (AEMs) and 

bipolar membranes are used, whose names indicate the types of ions able to pass 

through them. Membrane selection should consider the pH of the electrolyte. An acidic 

electrolyte (e.g., phosphoric acid) can decrease CO2 alkalization. A buffer solution (e.g., 

bicarbonate) can partially counteract overall pH changes15, 43. For acidic to neutral 

electrolyte solutions, H+ generated at the anode side during the course of the oxygen 

evolution reaction is transferred to the catholyte through a cation-exchange membrane 

as a proton source for CO2RR. In an alkaline solution (e.g., KOH), a high concentration 

of OH- helps inhibit the parasitic HER and possibly promotes multi-carbon production 

formation (e.g., on Cu-based catalysts)44-45. AEM facilitates the flow of anions (e.g., OH-

/HCO32-/CO32-) from the cathode to the anode. Many of the best-performing CO2 flow 

electrolyzers use AEMs46. Bipolar membranes are composed of a cation exchange layer 

and an anion exchange layer, which facilitate the dissociation of water under reverse bias. 

The dissociated H+ and OH- sustain the acidic and basic environments on the cathode 

and anode sides, thereby allowing a constant pH to be maintained in the cell46-47. The 

potassium ion (K+), a typical cation used for the CO2 reaction, can tune the hydrogen 

coverage on electrode, thereby favoring CO2RR by influencing the potential at the outer 

Helmholtz plane or delivering water molecules from the solvation shell to the electrode48-

49. 
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1.4 Gas diffusion electrode fabrication 

GDEs are high-surface-area porous electrodes that are critical for CO2RR electrolyzers. 

The fabrication techniques for GDEs have been developed by the fuel cell community. 

Electroactive materials and ionomer binders are intermixed and deposited as a catalyst 

layer (CL) on top of a gas diffusion layer (GDL)50. A commercial GDL usually consists of 

a carbon-based microporous layer (MPL) providing transport channels for the essentially 

gaseous CO2, and a macroporous carbon fiber layer (CFL) that serves as a mechanical 

support for the MPL. The GDL is usually subjected to hydrophobic treatment to keep the 

diffusion pores dry for CO2. With a shortened CO2 diffusion distance, the CO2 reaction 

rate can be accelerated by at least one order of magnitude with respect to that with planar 

electrodes51. Figure 1.6 illustrates the three-dimensional structure of a GDE (cross-

sectional view). This structure strongly influences the CO2RR rate but also introduces 

complexity into the system and therefore should be inspected thoroughly. 

     

Figure 1. 6 Cross-sectional illustration of the three-dimensional GDE structure. 

For the CL, the catalyst material, as well as the catalyst loading (i.e., the mass of catalyst 

per electrode geometric area), the catalyst layer thickness31, the carbon support 

material52, and the ionomer used to tether the NPs electronically and bind the catalyst to 

the support affect the resultant CO2RR performance53. The thickness tuned by catalyst 

mass loading is assumed to affect the concentration gradients of both H+ and CO254. 

Thicker CL may trap OH-, which converts CO2 to (bi)carbonate containing salts, thereby 
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that a dense crack-free GDE exhibits the highest initial electrolyte resistance, but 

completely degrades at 200 mA cm-2 and does not permit any product quantification64. 

For the purpose of ensuring non-wettability, some GDLs used for flow electrolyzers have 

been fabricated entirely from a hydrophobic polymer. Senocrate et al. have studied 

polymer-based Ag GDEs with different porosities in a CO2RR flow electrolyzer and found 

that the pore size determines the resistance to aqueous electrolyte penetration: smaller 

substrate pore size is associated with higher resistance, and better the CO selectivity and 

stability65. These findings are consistent with the intrinsic saturation/capillary-pressure 

relationship reported for PEFC66. Therefore, GDLs should be designed with consideration 

of both effective gas transportation and electrolyte/water management during electrolysis. 

1.5 Flooding-related phenomena in CO2RR electrolyzers 

Despite the excellent selectivity of CO2 conversion achieved at high current densities, the 

aspect of long-term stability is often neglected. Like a water-splitting electrolyzer, CO2RR 

is expected to run for more than 20,000 h38. However, apart from possible catalyst 

degradation phenomena29, electrolyte flooding and carbonate precipitation within the 

GDE are major issues that decrease the durability of electrolyzer systems67. Flooding 

refers to electrolyte invading GDEs, and precipitation refers to (bi)carbonate salt formation 

on or inside GDEs, which are mutually perpetuating processes. Both processes can clog 

micro-channels, block active sites, and impede CO2 mass transfer. A transition from 

CO2RR to predominant HER typically results, thus decreasing the overall Faradic 

efficiency of CO2 conversion. For simplicity, these processes are referred to as “flooding-

related phenomena” herein. 

Various strategies have been proposed to mitigate electrolyte flooding. A passive strategy 

against flooding is based on the hydrophobicity increase in GDEs, as discussed in Section 

1.4. Although GDEs are designed to be hydrophobic, they can readily be transformed into 

a hydrophilic state, mainly by (1) electrowetting68, (2) hydrophilic product formation (e.g., 

formate or ethanol), and (3) hydrophilic (bi)carbonate salt formation67. Avoiding flooding 

is clearly an engineering task involving but not limited to GDE fabrication, humidification 

of the CO2 stream, optimization of membrane permeability, selection of cell voltage or 

current density, and careful control of pressure and temperature differences within the 



 

20 
 

electrolyzer cell, all of which are substantial challenges. Although few studies have 

reported extended durability of more than 100 h at above 100 mA cm-2, slow-acting 

degradation modes that might be apparent over long time scales should not be ruled out67. 

The operational lifetime of CO2 reduction must be improved to levels comparable to those 

with PEMFC technology. Some research groups have sought to actively manage 

electrolyte flooding. Sinton et al. have eliminated flooding by electromigration at a lower 

potential69. Operando activation via periodic direct water injection into a zero-gap cell has 

been reported to recover the decayed catalysis performance70-71. OH-, HCO3-, and CO32- 

anions crossing over from cathodes to anodes have been identified as major charge 

carriers in AEM-based zero-gap electrolyzers; however, they also provoke precipitation 

processes on the cathode side71.  In a PEMFC field, the flooding liquid within the GDE 

can be drained out through large voids in the form of droplets, in a process called 

perspiration72. Some groups have also achieved that steady CO2 diffusion and inhibition 

of salt formation (i.e., bicarbonate and carbonate) in CO2RR flow electrolyzers with 

sufficient perspiration73-74. A critical difference in definitions should be emphasized: 

perspiration refers to the delivery of excess electrolyte of GDE as droplets, whereas 

flooding refers to electrolyte that is trapped within GDE and blocks gas channels. Because 

the performance of CO2RR on the electrolyzer level remains in the development stage, 

these system degradation scenarios must be further explored with robust analytical tools 

and protocols.   

A variety of tools have been used to probe and characterize flooding/precipitation 

phenomena to better understand the complex interplay between flooding and 

performance losses. As shown in Figure 1.7(a), the change in the electrochemical double-

layer capacitance has been used as a measure for an electrode wetting by electrolyte. 

An abrupt increase in the double-layer capacitance indicates an increase in liquid 

electrolyte at the gas-liquid-solid interface, which correlates with the transition from the 

desired CO2RR to the parasitic HER40, 75. The rate of this transition is dependent on the 

applied current density: GDEs exposed to higher current density lose their initial 

hydrophobicity more rapidly, as revealed by ex situ measurements of water breakthrough 

pressures75.  
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Post-electrolysis scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDX) analyses have used salt precipitation as a tracer for flooding-related 

phenomena. Nwabara has observed Ag-NP GDEs bound with different polymers and 

subjected to CO2 reduction in flow electrolyzers. Figure 1.7(b) illustrates the displacement 

of different surface coverages of carbonate precipitates on GDEs. Intermixing of PTFE 

and Nafion as a binder has been shown to result in less carbonate precipitation than 

observed with a single binder-component for the same electrolysis time76. Bienen et al. 

have combined electrochemical impedance spectroscopy with post-mortem SEM-EDX 

analysis of GDE cross-sections of GDE after CO2 reduction. The presence of electrolyte 

cations in a deeper layer of GDE demonstrated that the extent of electrode wetting 

increases with the electrolysis time (Figure 7(c))40.  

A transparent window can be attached to the electrolyzer to observe precipitate 

crystallization or liquid flooding at the cathode during electrolysis77. According to these 

observations, clear correlations exist between the degree of electrolyte intrusion and the 

humidity of the CO2 stream, the partial pressure, and the GDE structure. Jeanty et al. 

have observed perspiration droplets on the gas side of the GDE for CO2RR in flow-by 

operation, and have found that perspiration avoids salt accumulation on the gas side and 

thus increases system stability. The effects of decreasing the active area of the GDE can 

be minimized by decreasing the perspiration rate by increasing the partial pressure in the 

gas compartment73. Similarly, Mot et al. have found that the rate of perspiration can be 

controlled by the differential pressure74. The rate should not fall below the required 

minimal rate; otherwise, the perspiration would be blocked by salt deposition. Figure 7(d) 

illustrate the appearance of liquid and crystallization in the flow channel and (e) the 

perspiration droplets. 

Control of bubble formation and liquid crossover have also received attention. Lee et al. 

have visualized gas bubble formation in the electrolyte chamber via operando synchrotron 

X-ray imaging in a flow cell, and observed a correlation between bubble accumulation 

and undesired cell voltage instability, in which the syngas bubbles disturb gas-liquid-solid 

interfaces and impede electrical connection78. Operando neutron radiography imaging is 

used in a zero-gap CO2 electrolysis cell, as shown in Figure 1.7(f), in which precipitates 

are marked, and the relative water content is visualized. The images clearly show that 
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salt accumulates more under the cathode channel of the flow field than in the land area. 

The right panel shows that water consumption increases with increasing current density. 

Although precipitates and flooding are present over the entire tested current range, good 

cell performance with 90% FE of CO generation (FECO) and hundreds of mA cm-2 is 

maintained. These findings suggest that electrolysis data alone are not sufficient to 

investigate precipitate-flooding phenomena that are crucial to the stable performance of 

the CO2RR electrolyzer system79.  

 
Figure 1.7 Flooding and precipitation phenomena observed with various 

characterization tools: (a) electrochemical double-layer capacitance75; (b) post-

electrolysis SEM76; (c) post-electrolysis EDX40; (d) and (e) transparent window 

observation74, 77; and (f) operando neutron radiography imaging79. Reprinted from Refs. 

75, 76, 40, 74, 77, and 79. Copyright 2020 John Wiley and Sons. Copyright 2021 

American Chemical Society. Copyright 2021 Elsevier. Copyright 2020 Royal Society of 

Chemistry. Copyright 2019 Elsevier. 
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1.6 Scientific questions in this thesis  

Electrochemical CO2 reduction to syngas with an electrolyzer is highly promising. 

However, severe stability issues restrict its industrial applications. The system instability 

is caused primarily by electrolyte flooding and salt precipitation, which can occur in GDEs 

in liquid flow and MEA configurations. Although some progress has been made in 

developing strategies to mitigate flooding, the lifetime of efficient CO2 electrolysis is not 

yet comparable to that of PEMFCs. A recently developed strategy based on an active 

electrolyte management appears to be the most promising73-74. However, a mechanistic 

understanding of the degradation pathways, and the particular relationships between 

flooding patterns and performance losses during electrolysis, remain greatly lacking. 

A more systematic experimental approach is therefore required to unravel the spatio-

temporal evolution of flooding patterns inside a GDE during CO2 electrolysis. Such in 

depth analysis is expected to pave the way to the development of further 

experimental/engineering strategies mitigating flooding phenomena and performance 

losses, by introducing an active electrolyte management system. 

A particular analytical challenge, addressed in this PhD work, is associated with the state-

of-the-art SEM-EDX imaging approaches being hindered by their non-quantitative nature, 

which currently cannot provide truly quantitative descriptions of electrolyte flooding 

phenomena inside the GDEs or enable a straightforward comparison of different “flooded” 

GDE samples80. This particular analytical issue is addressed herein through combining 

SEM-EDX imaging techniques, which provide spatially resolved imaging data on flooding 

patterns, with advanced inductively plasma mass spectrometry (ICP-MS) measurements, 

thus introducing truly quantitative information into the overall analysis.  

Although various operando and in situ advanced tools (e.g., synchrotron based 

tomography techniques combined with gas chromatography analytics) are available to 

study the electrolytic performance losses and corresponding flooding phenomena 

simultaneously78-79, 81, they are time-consuming and difficult to access. This PhD work 

therefore was also aimed at developing analytical tools and protocols for easily applicable 

laboratory-scale experiments. This lab-scale (post-electrolysis) approach should be of 
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high value, particularly in the processing and subsequent analyses of the large numbers 

of processed GDE samples necessary to collect statistically meaningful data sets.   

This general approach is exemplified herein by using a zero-gap cell configuration and 

nanoparticulate Ag catalysts for efficient CO2-to-CO conversion. In addition, key 

experimental factors destabilizing the GDEs are identified, and concepts mitigating 

electrolyzer system failures are proposed.    

2. Results and discussion 

With the ultimate goal of developing a sustainable platform for CO2RR, this research was 

conducted to establish a laboratory-based analytical approach to quantifying the evolution 

and extent of the flooding/precipitation problem of a CO2RR electrolyzer system, and 

identifying the factors that determine the degradation pathway.  

2.1 Development of an analytical tool for flooding-related phenomena  

An advanced zero-gap membrane-electrode assembly was used41, 82 as an experimental 

platform to study flooding-related GDE degradation processes. Figure 2.1 shows a 

schematic representation of the setup used in this PhD project. The GDE cathode was 

placed between a gas flow field and an AEM with an upward facing CL. Humidified CO2 

was fed from the bottom (GDE backside). In the anode compartment, an iridium (Ir) wire 

and an Ag/AgCl (3 M KCl) electrode served as the counter and reference electrode, 

respectively. Unless otherwise stated, a 2 M KOH anolyte was brought into contact with 

the AEM via an orifice. Flooding occurred in this setup, particularly when water and 

potassium cations passed through the AEM, because of hydrostatic pressure and 

electroosmotic drag. A novel aspect of this GDE set-up is a water trap, which is attached 

to the outlet gas stream to collect perspired electrolytes which can exit the system in the 

form of small liquid droplets and aerosols. By probing the potassium content through ICP-

MS elemental analysis electrolysis-time dependent monitoring of perspiration processes 

becomes possible.  

The experimental setup permitted operation under high current densities, thus 

accelerating GDE stressing and substantially shortening the observation time for system 

failure. 
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Figure 2.1. Scheme of the zero-gap membrane-electrode setup used for the accelerated 

stress protocol. Adapted from Publication 5.1. 

Because electrolyte flooding may cause carbonate salt precipitation within the GDE, alkali 

ions (K in this case) of carbonate salt can be used as a tracer of flooding inside the GDE. 

The spatio-temporal distribution and amount of K on and in GDEs thus contain valuable 

information on electrolyte transport into and through the GDEs. A combined EDX/ICP-MS 

analysis was performed on the GDEs subjected to electrolysis, through the procedure 

illustrated in Figure 2.2. The processed GDEs were cut into halves perpendicularly to the 

surface. One part was used for cross-sectional SEM imaging and EDX mapping to 

visualize the relative spatial distribution of the K content, whereas the other was used for 

quantitative ICP-MS analysis to measure the absolute K concentration. The K intensities 

of individual EDX maps were aligned on the averaged distance scale, and the K mass 

over the sample volume was used as the scaling factor to obtain spatial concentration 

profiles for K. For reliability, each profile was statistically obtained from different sample 

batches. 
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Figure 2.2. Combined EDX/ICP-MS analysis approach used to create a spatial 

concentration profile of flooding. Adapted from Publication 5.1. 

This analytical approach provides comprehensive quantitative information on the time 

evolution of flooding patterns, thereby enabling comparison of these patterns, even 

among different GDEs. By considering the amount of K found in the outlet trap, a 

comprehensive portrait of electrolyte transportation though the GDE can be obtained. In 

this manner, robust evaluation criteria were established to support the systematic study 

of electrolyte transport toward the GDE surface and within the GDE interior, and the study 

of GDEs. Compared with advanced operando analyses78-79, 81, this new analytical method 

is less time-consuming and less expensive, and is feasible at the laboratory scale.  

2.2 Identification of the flooding pathway and factors influencing CO2 
electrolysis in the zero-gap configuration 

Section 1.5 describes recent work demonstrating the feasibility of alleviating flooding and 

how system stability varies for different GDE structures and components. The 

degradation pathways of zero-gap GDE and the GDE variables that influence flooding 

were systematically investigated by using the established evaluation criteria. 

2.2.1 Identification of flooding pathways in GDEs with varied crack features 

Commercial GDLs with similar hydrophobicity but different MPL void and crack densities 

were selected for this study. A crack-free H23C8 GDE was applied as a reference. 36BB 

showed an intermediate crack ratio, 39BB had a greater number of narrow cracks, and 
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39BC had broader cracks with sparser abundance. Ag-NW catalysts were well-dispersed 

with binder and airbrushed on MPL, thus forming a uniform catalyst layer. Figure 2.3(a) 

shows representative images of the as-prepared Ag-NW GDEs supported by the selected 

GDLs. The first row shows optical microscopy images of the surfaces, and the second 

row shows SEM images of the corresponding cross-sections.  

Electrochemical CO2 reduction was conducted on the above-mentioned GDEs in a zero-

gap configuration (shown in Figure 2.1) at a current density of 283 mA cm-2 until a total 

charge density of 1839 C cm-2 was passed through the cell. The FECO, cathode potential, 

and amount of K found in the outlet trap as a function of the applied charge are shown in 

Figure 2.3(b). Excellent initial catalytic performance toward CO reaching almost 100% 

FECO, was demonstrated for all applied systems. However, different degrees of durability 

were observed for different GDEs. The crack-free H23C8 GDE exhibited a rapid decline 

in CO production, thus indicating an abrupt transition from CO2 reduction to the parasitic 

HER. The GDEs with crack features exhibited relatively greater stability. For example, the 

36BB with an intermediate crack ratio maintained CO production above 80% for half of 

the electrolysis charge, and 39BB and 39BC with higher crack abundance, maintained 

their stability until the end of the electrolysis. Interestingly, the amounts of K collected in 

the outlet trap showed the same trend with respect to crack abundance and FECO, thus 

suggesting that, compared with defect-free GDEs, GDEs with crack features are clearly 

more efficient in transporting electrolyte of the GDE along with CO2 gas flow. The total 

amount of detected K correlates with the crack density in the microporous layer of the 

GDL. 
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Figure 2.3. (a) Representative top-down and cross-sectional SEM images of as-

prepared GDEs. (b) FECO, resistance-compensated cathode potential and amount of K 

collected from the outlet water trap during electrochemical CO2 reduction on as-

prepared Ag-NW GDEs in a zero-gap setup. The electrolysis was conducted under a 

current density of 283 mA cm-2 for 1839 C cm-2. Adapted from Publication 5.2. 

Catalyst degradation was excluded by SEM examination before and after electrolysis. 

This finding was confirmed by control experiments showing recovery of the 

electrocatalytic performance of GDE after a washing treatment with Milli-Q water (Section 

5.2). Thus, the performance loss was clearly attributable to flooding and precipitation 

phenomena. The K distributions on the surface and within the interior of the processed 

GDEs were visualized. The corresponding concentration profiles are shown in Figure 2.4. 

The K-containing salt was present on top of the catalyst layer, and its coverage area 

expanded during the electrolysis process. This effect was particularly pronounced for the 

crack-free H23C8 a finding fully consistent with the results of cross-sectional EDX 

examination. As shown in Figure 2.4(a)(c), although K penetrated into the deeper layers 

of the GDEs, the non-cracked GDE exhibited a more intense K signal on the top surface 

of the MPL whereas EDX data for cracked GDEs show a lower K intensity at the top but 
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stronger intensity in certain areas of the CFL below the cracks. The concentration profiles 

in Figure 2.4(b)(d) show the concentrations of K within the MPL (marked with shading), 

and the CFL of the H23C8 remained unchanged over time, thus suggesting that 

saturation was reached, and channel blockage occurred, thereby decreasing perspiration, 

as shown in Figure 2.3(b). This phenomenon was delayed for 36BB, which had an 

intermediate crack ratio. In GDEs with higher crack abundance, no clear saturation 

appeared, and the perspiration proceeded unaffected.  

 

 
Figure 2.4. Post-experimental EDX map of K on GDEs in a cross-sectional view (a)(c), 

and normalized K concentration profiles as a function of GDE depth (b)(d), examined at 

total charges of 510 and 1839 C cm-2, respectively. Adapted from Publication 5.2. 
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2.2.2 Effects of surfactant on the flooding phenomenon 

According to the conclusions in the previous section, the electrolyte transport pathway is 

important for stable CO2RR zero-gap cathodes. As described in Section 1.2.2.1, polymers 

present in the CL are likely to affect electrolysis performance. The influence of an excess 

of surfactants present in the CL but not attached to the catalysts was studied through the 

combined approach described in Section 2.1. The 36BB type of GDL with intermediate 

crack abundance was used as the electrode substrate. As an example, polymeric PVP-

capped Ag-NPs with a diameter of 10 nm were used as a catalyst layer. One portion of 

the NP suspension was directly used to formulate the catalyst ink, and another equal 

portion was subjected to ultracentrifugation to decrease the excess free PVP content in 

the solution. After centrifugation, the catalyst was separated from the supernatant and re-

dispersed in a solvent comprising isopropanol and water for the ink formulation. 

Galvanostatic electrolysis was performed on GDEs with the two inks at 283 mA cm-2, and 

the products were quantitatively analyzed. The distribution of K on the GDE surface and 

inside the GDE was visualized with SEM-EDX imaging/mapping, and the trapped K 

content was quantified by ICP-MS. The results are shown in Figure 2.5.  
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Figure 2.5 (a) Comparison of product distribution, resistance-compensated cathode 

potential, and perspiration concentration images between electrolysis conducted on GDE 

with the original Ag-NP ink and Ag-NP ink with decreased PVP. (b) SEM-EDX images for 

GDEs subjected to 60 min electrolysis. The Ag-NPs were loaded at 300 µg cm-2. 

Galvanostatic electrolysis was performed at 283 mA cm-2. Adapted from Publication 5.3. 

Figure 2.5(a) shows that the initial FECO reached approximately 90%, thus suggesting 

that humidified CO2 is accessible to the catalyst’s active sites in both cases. The 

performance of the GDE with the original amount of PVP declined after only 20 min. The 

EDX maps in Figure 2.5(b) indicated that both the interfacial and interior GDE were fully 

covered by the K content, thus suppressing perspiration. Notably, the performance 

decline and K coverage were slower in the case of 100 nm Ag-NWs (as discussed in the 

previous section: Figure 2.3(b) red curve). That is, the flooding phenomenon appeared to 

be accelerated by the presence of excess PVP. When the PVP content was decreased, 

the GDE sustained longer electrolysis times, as with Ag-NWs. Moreover, negligible 

surfactants were present in ink with large NP sizes. The results demonstrated that excess 
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PVP probably clogs the micropores of the MPL, thereby inhibiting electrolyte 

transportation and facilitating flooding of GDEs, and ultimately leading to system failure. 

Hence, efficient perspiration is essential for a zero-gap CO2 electrolyzer, and is also 

influenced by micropores. Polymeric surfactants originally present in colloidal catalysts 

can negatively affect electrolyte transport. Therefore, careful handling of the surfactants 

is important. Additional details regarding the surfactant species and NP sizes are 

presented in Section 5.3.  

2.2.3 Effects of binder on the flooding phenomenon 

The results presented in the previous section demonstrated the need for maintaining an 

effective electrolyte drainage route for stable CO2RR zero-gap cathodes. The function of 

the ionomer binder is described in Section 1.4. The binder affects electrolysis 

performance mainly by modulating the hydrophobicity of the CL. This section presents 

the results of a comprehensive study on the roles of an ionomer binder in the zero-gap 

setup. H23C8-type GDL was used as the electrode substrate, to exclude the variable of 

cracking and provide an initially insufficient perspiration path (Section 2.2.1: Figure 2.3(a)). 

Ag-NPs capped by non-polymeric lipoic acid were used as catalysts. Hydrophobic Nafion 

or the less hydrophobic Fumion were used as binders in forming two types of catalyst 

inks. Galvanostatic electrolysis was performed on GDEs prepared with the two inks at 

300 mA cm-2, and the products were analyzed. The distribution of K on the GDE surface 

and inside the GDE was visualized with the aforementioned SEM-EDX imaging technique, 

and the K collected from the outlet trap was quantified with ICP-MS (Figure 2.6).  

As shown in Figure 2.6 (a), an FECO of appropriately 90% was reached in an early stage, 

thus suggesting that the electrocatalytic sites were active. However, the FECO of Nafion-

fixed GDE then began to decrease. The rapid cathode potential change implied a 

transition from CO2RR to the HER regime, and the unchanged K amounts suggested the 

suppression of perspiration, as observed for Ag-NWs with the same GDL (Section 2.2.1: 

Figure 2.3(b) black curve). Interestingly, the Fumion-fixed GDE exhibited differences in 

performance, with prolonged stability and clear electrolyte drainage; the difference was 

particularly conspicuous in the carbonate precipitate accumulated on GDEs as shown by 

the SEM-EDX images in Figure 2.6 (b). The carbonate salt largely covered the catalysts 
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of Nafion-fixed GDEs during the electrolysis and had eventually formed a thick layer over 

the surface by the end of the electrolysis. In contrast, Fumion-fixed electrodes did not 

show bulky precipitation plaques covering the GDE surface, and some catalytic activity 

toward CO2 reduction remained. The results demonstrated that applying hydrophilic 

Fumion for hydrophobic GDL opens some perspiration bypass in the MPL for electrolyte 

transportation, thus alleviating the catalyst deactivation resulting from carbonate 

precipitate accumulation on GDEs. Hence, efficient electrolyte drainage bypasses 

alleviates carbonate precipitation of GDEs; this alleviation is essential for a stable zero-

gap CO2 electrolyzer. Additional information is presented in Section 5.3. 

 

 
Figure 2.6 (a) Comparison of product distribution, resistance-compensated voltage, and 

perspiration concentration in electrolysis conducted on Ag-NP GDEs for Nafion versus 

Fumion. (b) SEM-EDX images of GDEs subjected to electrolysis for 1080 C cm-2. The 

loading of Ag-NPs for both was 40 µg cm-2. Galvanostatic electrolysis was performed at 

300 mA cm-2. Adapted from Publication 5.4. 
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3. Conclusion and outlook 

The use of GDE-based electrolyzers for electrochemical CO2 reduction to CO on Ag-NWs 

enables enhanced CO2 mass transfer and can achieve an industrially relevant conversion 

rate. However, its durability is limited primarily by electrolyte flooding-related processes 

in the GDEs. Although many studies have observed that the catalytic performance decline 

is usually accompanied by liquid flooding and salt precipitation on the GDE, the 

correlations among these phenomena remain to be fully understood, and factors affecting 

GDE degradation pathways of the process remains elusive. Therefore, an in-depth 

understanding of the origin and evolution of the process for system improvement is 

needed. 

Herein, flooding-related phenomena were studied in an advanced zero-gap setup that 

accelerated the electrolytic stress on GDEs and expedited flooding. A combined SEM-

EDX and ICP-MS analysis approach was developed to monitor the flooding pathway in 

GDEs in dependence of electrolysis time, with the use of K as a tracer to detect flooding. 

The relative K distribution maps on GDEs derived from statistical SEM-EDX analysis 

using top-down and cross-sectional view were integrated with quantitative analysis 

through ICP-MS and normalized to distribution profiles, thus enabling a quantitative 

description and comparison of the flooding distribution for different electrodes. In addition, 

a water trap attached to the gas outlet was used to quantify electrolyte perspiration along 

with CO2 outward stream allowing for the patterning of electrolyte transport through GDEs. 

These means allowed for the extraction of valuable comprehensive information regarding 

the correlation of GDE stability in zero-gap configuration and electrolyte transport. 

Compared with operando analyses, these ex situ approaches are less time-consuming 

and more cost-effective, and are available at laboratory scale, thus supporting systematic 

studies with statistical relevance. 



 

35 
 

 
 

Figure 3.1 Overview of operation mode with flooding due to insufficient micropores or 

blockage (left), and with effective perspiration through cracks, micropores, and 

hydrophilic pathways (right). 

After the procedure was established, flooding pathways were revealed in GDEs with 

different crack features and correlated with GDE stability in the zero-gap configuration. 

GDEs with appropriate crack ratios maintained the catalytic activity of CO2 reduction for 

longer durations than defect-free GDEs. Perspiration was efficient for cracked electrodes 

but was inhibited for non-cracked GDEs, as suggested by trapped K content. Visualization 

and quantification of the K distribution during electrolysis demonstrate clear K transport 

pathways along the cracks for crack-abundant GDEs, rather than clogging the 

microchannels with K carbonate of the GDEs for non-cracked electrodes. Therefore, 

perspiration is crucial for a stable CO2RR operation, which is affected by the GDE 

structure. 

Polymers or ionomers in the catalyst layer were identified as additional factors influencing 

electrolyte transport and consequently the stability of the GDEs. Visualization and 

quantification of the flooding indicated that the excess free PVP surfactant originally 

present in catalyst suspension was detrimental to the stability of CO2 reduction, because 
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free PVP surfactants blocked the micropores of the MPL and inhibited effective 

perspiration. Fumion-fixed GDE with less hydrophobicity than Nafion case showed a 

prolonged CO2 reduction lifespan, thus indicating that GDEs with a certain degree of 

hydrophilicity can facilitates electrolyte transport by creating additional perspiration 

bypass. Figure 3.1 presents an overview of the operation mode with flooding due to 

insufficient micropores or blockage, and with effective perspiration through cracks, 

micropores and hydrophilic pathways. 

In conclusion, both total electrolyte content and its spatial distribution determine catalytic 

performance and stability of CO2RR, and electrolyte transport is therefore essential. 

Effective perspiration enables limiting electrolyte flooding and carbonate precipitation. A 

stable CO2RR MEA electrolyzer requires effective electrolyte management. The design 

of three-dimensional porous GDEs, considering multiple factors such as GDL structures 

and polymers or ionomers, should be approached carefully. Specifically, incorporating 

cracks features and proper wettability into GDEs may facilitate carbonate clearance from 

the gas-liquid-solid interface, thus mitigating the effects of precipitation and flooding and 

promoting efficient and sustained CO2 conversion.  

The results herein provide a tool for analyzing the flooding pathways for GDEs and a 

solution for extending the electrolyzer lifetime by managing electrolyte transport. The 

methods are compatible with other techniques, such as GDE fabrication and optimization 

of operational parameters. Moreover, the comprehensive observations herein provide 

important information regarding the correlations among GDEs, CO2 electroreduction 

performance and flooding, and may inspire rational GDE designs and the optimization of 

cell configurations for CO2 conversion. 
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5. Publications 

This section presents the main research outcomes of my PhD project. The first four 

publications constitute the core of this work. Other articles describe additional research 

activities in which I was involved during the course of my PhD work. 

  



 

45 
 

5.1 Visualisation and quantification of flooding phenomena in gas 
diffusion electrodes used for electrochemical CO2 reduction: A 
combined EDX/ ICP-MS approach 

Authors: Ying Kong, Huifang Hu, Menglong Liu, Yuhui Hou, Viliam Kolivoška, Soma 

Vesztergom*, Peter Broekmann* (* refers to the corresponding author) 

Journal of Catalysis, 408 (2022) 1–8, DOI: 10.1016/j.jcat.2022.02.014 

 

Highlight: Electrochemical CO2 reduction (CO2RR) at a high current density can, in 

principle, be achieved by using a gas diffusion electrode(GDE)-based electrolyzer. 

However, stable CO2 conversion is often hindered by electrolyte flooding and carbonate 

precipitation phenomena. Unfortunately, understanding of flooding intrusion, and its 

correlation with electrolysis performance, is limited, primarily because of a lack of 

analytical tools that can provide truly quantitative information. Therefore, to meet this 

need, a robust laboratory-accessible analytical technique, using energy-dispersive X-ray 

spectroscopy (EDX) elemental mapping and inductively coupled plasma mass 

spectrometry (ICP-MS) concentration determination was developed. Potassium (K) was 

used as an elemental tracer in processed GDEs to indicate the presence of electrolyte 

and potassium containing precipitate. The obtained concentration profiles described the 

flooding distribution relatively accurately, thus enabling the assessment of flooding in 

three-dimensional GDEs. 

 

Contributions: I synthesized the catalysts and fabricated the electrodes. I conducted most 

of the experiments, including electrochemical measurements, SEM-EDX characterization, 

and ICP-MS analysis. I contribute to the analysis and the writing of the manuscript. 
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cured freestanding films of metallic nanowires were demon-
strated to resist even massive gas-evolution reactions without
any indication of structural degradation.43

Electrochemical Activation of Ag-NW Catalysts by
Electrochemical Looping. The working hypothesis, which
was to be verified in the following experiments, is that the
surfactants (i.e., chloride and PVP) on the Ag surface of the
deposited nanowires severely affect the product distribution of
ec-CO2RR and undergo substantial alterations over the course
of the performed coelectrolysis reaction. An efficient catalyst
activation that is induced by the electrolysis reaction itself can
be deduced from the pronounced hysteresis characteristics
observed in the potential-dependent product distribution,
which is displayed in Figure 3 as Faradaic efficiency versus
applied potential (FE versus E) plots (Table S1). These
dedicated electrolysis experiments are referred to as “electro-
chemical looping” (ec-l), in which the applied electrolysis
potentials of the individual 40 min long electrolyses were
changed in a stepwise manner from a fixed starting point of Estart
= −0.6 V vs RHE to a variable “lower” vertex potential (Evertex)
that ranged from−0.9 V vs RHE to−1.3 V vs RHE (Figure 3a−
e). The electrolysis loop is closed through the corresponding
backward run of electrolysis experiments and ends at the initial
starting potential (Estart = Eend). The main products of the
electrolysis in the CO2-saturated 0.5 M KHCO3 aqueous
solution are CO (black circles, Figure 3) and H2 (red squares,
Figure 3). The filled and nonfilled circles/squares refer to FE
values, which correspond to the forward and the corresponding
backward runs of the electrochemical looping campaigns. As
long as the lower vertex potential remains larger than or equal
to −0.9 V vs RHE (Figure 3a), only a marginal deviation is

observed in the product distributions of the forward and the
corresponding backward electrolysis runs (see also Figure S7).
However, a minor trend toward increased CO efficiencies
(decreased H2 efficiencies) can be observed in the backward
run. This positive trend of catalyst activation is continued by
further shifting the lower vertex potential to more negative
applied electrolysis potentials (Figure 3b−e). When extending
the potential window of electrolysis to a vertex potential of
Evertex = −1.3 V vs RHE, CO efficiencies of >80% were achieved
in the corresponding backward electrolysis run (Table S1e). In
general, the shape of the product distribution in the FE versus E
plot in Figure 3e displays an anticorrelated change in the FE
values for CO and H2, which exceed the maximum in CO
efficiency (minimum in H2 efficiency) at potentials between
−1.0 and −1.1 V vs RHE (forward run). Interestingly, a more
extended plateau of approximately 300 mV develops in the
corresponding backward run in the potential range from −1.1 V
to −0.8 V vs RHE, ultimately reaching CO efficiencies of >80%.
The FECO and FEH2

values were the most substantially
impacted by electrochemical looping at medium and low
overpotentials (>−1.1 V vs RHE), whereas only minor
differences were observed in the forward and backward runs
for applied electrolysis potentials of < −1.2 V vs RHE (Figure
3e). In Figure 3e, the differences in potentials between the
backward and the respective forward runs were ΔFECO =
+10.3% at −1.0 V vs RHE, ΔFECO = +32.2% at −0.9 V vs RHE,
ΔFECO = +60.0% at −0.8 V vs RHE, ΔFECO = +71.4% at −0.7
V vs RHE, and ΔFECO = +62.3% at −0.6 V vs RHE (see also
Figure S7).
The absence of any substantial improvement in the FECO

values at the lowest applied electrolysis potentials (<−1.2 V vs

Figure 3. (a−e) Hysteresis effects appearing in the forward and backward runs of the electrochemical looping experiments (40 min duration at each
potential) carried out over Ag-NW catalysts (see Figure 2a−c) in CO2-saturated 0.5 M KHCO3 (single catalyst approach); the total cathodic charges
transferred during the “electrochemical looping” are indicated. (f) Graph showing the total integrated charge corresponding to the electrolysis
experiments shown in panel e.
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RHE) can be rationalized by the onset of CO2 mass transfer
limitations, where the CO2 concentration in the diffusion
boundary layer is expected to drop down to zero as a result of
increased CO2RR rates (partial current densities). Therefore,
the continuous activation of the catalyst material under CO2
mass transport conditions does not lead to a further shift in the
product distribution toward CO. The characteristics of
pronounced hysteresis that can be seen at medium and low
overpotentials (Figure 3a−e, Figure S7) are clearly indicative of
the “activation” of the Ag-NW catalyst toward CO formation,
which is mediated by the applied electrochemical looping. This
is demonstrated in the first experiment, as the coelectrolysis of
water/CO2 resulted in the desired deprotection (chemical
cleaning) of the catalyst surface. It can be hypothesized that
changes in the composition of the surface are responsible for
the observed changes in the potential-dependent product
distribution (see discussion on the XPS analysis below). A first
control experiment proving that the improved FE values
(Figure 3) indeed originate from an effective removal of the
surfactants from the catalyst surface during the ec-l treatment is
shown in Figure S8. It compares the CO efficiencies of a Ag-
NW catalyst before and after the ec-l treatment with the ones of
a Ag-foil (GoodFellow, 99.95%, 0.25 mm thickness) which
serves as a model system for a surfactant-free Ag catalyst. As
expected, the CO efficiencies do not change by the ec-l
treatment in the case of the Ag-foil catalyst. Further, we exclude
severe structural or morphological changes of the Ag-NW
catalyst in the course of the ec-l treatment as origin of the
observed catalyst activation (see combined SEM and TEM
analysis in Figure S9). It should be noted that, based on our
experimental results, it cannot be concluded on which active
sites of the Ag-NWs the HER and the ec-CO2RR take place.
Both experimental and theoretical studies on Ag single crystals
strongly suggest, however, that defects, in particular steps and
kink sites, are substantially more active toward CO formation
than the planar (100) and (111) facets.10,68

One important aspect of this activation effect, discussed
herein, is displayed in Figure 3f. In principle, the total
(integrated) charge that is transferred at each electrolysis
potentialderived from the respective j versus t (40 min)
plotsexponentially increases with the applied overpotential
(Table S2a). However, when comparing the forward and
backward runs, it becomes obvious that the total transferred
charge for a given electrolysis potential does not substantially
change during electrochemical looping. This implies that only
the product distribution (ratio of FECO and FEH2

values) is
altered by this treatment, whereas the total current density
normalized to the geometric surface area (total transferred
charge) remains unaffected. This is an important distinction
between the current study and previous studies on catalyst
activation processes in which only a single electrocatalytic
reaction needs to be considered (e.g., ORR,40,49,55 OER,49 or
HER37) and where increased reaction rates directly correlate
with an increase of the electrochemically active surface area
(ECSA).53,54

In order to elaborate on which experimental factors
contribute to the observed change in the product distribution
(e.g., nature of the formed CO2RR reaction product, applied
vertex potential [Evertex], current density [j], electrolysis time,
total transferred charge [Q], etc.), an extra electrochemical
looping experiment was carried out in an Ar-saturated (CO2-
free) 0.5 M KHCO3 electrolyte (pH = 8.9) while applying the

full range of electrolysis potentials (Evertex = −1.3 V vs RHE).
This approach excludes CO as a reaction product and
exclusively produces H2 during electrolysis. Note that
bicarbonate can be neglected as a reactant when Ag is used
as the catalyst.63 Figure 4a compares the total transferred

charges of the chemical looping experiments carried out in the
Ar- and the CO2-saturated electrolyte (Table S2a). The most
obvious difference is in the total amount of transferred charges,
which is substantially higher for the CO2-free case in which the
HER is the only electrolytic reaction. These results suggest that
the HER is not effectively hindered by the presence of the
surfactants (chloride and PVP). Note that the expected
exponential increase in the total transferred charge passes into
a plateau regime at applied potentials that are more negative
than −1.1 V vs RHE (Figure 4a). This particular feature
originates from the partial blocking of the electrode surface by
hydrogen bubbles, which appear at elevated current densities
(surface area change under massive gas evolution; see Figure
S10).
It becomes obvious from Figure 4a that the total transferred

charges are substantially lower when CO is formed as one of the
reaction products. This is likely owing to a high surface
concentration of formed and temporarily adsorbed *CO (the
asterisk represents an adsorption state), which therefore
effectively sterically blocks those surface sites on the Ag-NW

Figure 4. (a) Integrated cathodic charges of potentiostatic electrolysis
reactions carried out in Ar- and CO2-saturated 0.5 M KHCO3
electrolytes (electrochemical looping). (b) Time-resolved FECO values
derived from electrolysis reactions carried out at −0.9 V vs RHE after
applying various activation protocols (for details, see the text).
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that are active toward the competing HER. It is clear that the
chemisorbed *CO acts as an efficient “suppressor” with regard
to the HER.63 The binding strength of *CO to the Ag catalyst is
generally considered to be relatively low (i.e., in comparison to
Cu),69−71 thereby rationalizing the easy release of the formed
*CO from the catalyst surface into the electrolyte phase (Figure
5). However, the *CO binding to the Ag-NW surface seems

sufficiently high to remove surfactants from the surface during
the water/CO2 coelectrolysis reaction, which can be considered
to be the origin of the profound hysteresis effects observed in
the FE vs E plots (Figure 3). It can be hypothesized that the
observed Ag-NW deprotection is based on the “chemisorptive
displacement” of the surfactants by the *CO. The temporary
presence of chemisorbed *CO on the Ag-catalyst surface has
been previously demonstrated by operando vibrational (IR or
Raman) spectroscopy.72−74 The massive gas evolution (by H2
and CO)which is in agreement with the water/CO2
coelectrolysis at high current densities (Figure S10)can be
considered to be an additional beneficial effect and facilitates
the convectional transport of the released PVP from the catalyst
surface into the bulk of the electrolyte phase. This process
therefore prevents the readsorption of the PVP on the catalyst
surface. Possible surfactant readsorption phenomena have been
identified by Oezaslan et al.54 as one possible drawback of the
oxidative approach to PVP removal.
The chemical nature of the electrolysis product (H2 or CO)

that is formed during the electrochemical looping clearly plays a
vital role in the deprotection of the desired catalyst. This effect
can be denoted as surfactant removal by “chemical” cleaning.
This has been demonstrated by additional experiments for CO2
electrolysis, which were performed at a constant electrolysis
potential of E = −0.9 V vs RHE using Ag-NW catalysts that had
been subjected to a full chemical looping pretreatment (Evertex =
−1.3 V vs RHE) in either the CO2-saturated or the CO2-free
(Ar-saturated) electrolyte. Figure 4b illustrates the time-
dependent evolution of the FECO values of the electrolyses
that were carried out in the CO2-saturated electrolyte following
the ec-l treatments.
For the purpose of comparison, the resulting FECO values of

the as-prepared samples are also provided. It is clear that
maximal CO efficiency (close to 100%) is most rapidly attained
when preconditioning in the CO2-saturated electrolyte, whereas
the one subjected to the chemical looping in the Ar-saturated
electrolyte demonstrates only marginally improved CO
efficiencies. This finding is striking, as substantially higher
charges were transferred, and higher current densities were
applied during chemical looping in the Ar-saturated electrolyte
(Qtot = 895.9 C, jmax = −85.6 mA cm−2 at E = −1.3 V vs RHE,
see Table S2a) in comparison to the CO2-saturated electrolyte
(Qtot = 115.3 C, jmax = −15.1 mA cm−2 at E = −1.3 V vs RHE).
The total charge is obviously not the key parameter for the

activation of the catalyst. Furthermore, the massive gas
evolution alone does not seem to be sufficient for the
deprotection of the Ag-NW catalyst (see also Figure S11).
As the total transferred charges were different in both

electrochemical looping treatments (Ar- and CO2-saturated
electrolytes, Figure 4a) it is hard to compare them directly. We
therefore applied two addition pretreatment techniques on the
Ag-NW catalystsbased on galvanostatic electrolyses at j = −3
mA cm−2in both CO2-saturated and CO2-free electrolytes. In
these cases, the total transferred charge was normalized to Qtot
= 115.3 C, which allowed for a direct comparison to the
electrochemical looping experiment performed in the CO2-
containing electrolyte (Figure 4a). The corresponding FECO
data for the subsequent CO2 electrolysis reactions at −0.9 V vs
RHE are included in the plot in Figure 4b. Again, pretreatment
in the CO2-free electrolyte yields poor FECO values in the actual
CO2 electrolysis experiment. Interestingly, the electrochemical
looping in the CO2-saturated electrolyte is superior to the
galvanostatic pretreatment at j = −3 mA cm−2 that was carried
out in the same electrolyte. Obviously, the applied electrolysis
potential and the electrolysis time are important factors for the
efficiency of surfactant removal (see also Figures S12 and S13,
and discussion of the XPS data below). It can be assumed that,
due to the increased CO partial current densities, the CO
surface coverage is higher at lower vertex potentials thus also
rationalizing the observed potential dependence of the
hysteresis characteristics (Figure 3).
An extra electrolysis experiment was carried out using C-

supported Ag-NWs as the catalyst in order to demonstrate that
the electrochemical looping works when the NWs are
embedded into a technical carbon matrix. The result of this
ec-l experiment exhibits the desired trend of improved FECO
values in the corresponding backward run of the electro-
chemical looping (Figure 6), in which values of FECO = 90.7%

and FECO = 93.4% at E = −1.0 V and −0.9 V vs RHE were
achieved. However, the HER is still dominating the product
distribution at lower applied overpotentials in contrast to the
nonsupported Ag-NWs (see Figure 3e). This observation can
be rationalized by an effect that is mediated by the high surface
area of the C-support, which is active toward the HER but not
toward the CO2RR. The increased FEH2

values at the lowest
overpotentials (Figure 6) are therefore the result of a surface

Figure 5. Reaction pathway of CO2 conversion into CO on Ag
catalysts; the strong suppressing action of the chemisorbed CO with
regard to the HER is highlighted.

Figure 6. Activation of C-supported Ag-NW catalysts (see Figure 2d−
f).
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area effect of the component in the catalyst film, which is
selective toward the HER (Vulcan and glassy carbon support
electrode, see Figure S6d−f).
As the extended electrochemical looping (Evertex = −1.3 V)

was identified as the most effective pretreatment for the
deprotection of the catalyst, a full set of additional electrolysis
experiments were performed using a single catalyst approach63

in which newly prepared and preconditioned catalyst (see
Figures 2a−c and 3e) were used for 1 h long electrolysis
experiments and applied potential. This approach guaranteed
identical starting conditions for CO2 electrolysis and minimized
time-dependent changes on the selectivity of the CO2RR
products. Figure 7a represents the “true” potential-dependent

product distribution of the Ag-NW catalyst after the successful
deprotection of the Ag-NWs. For comparison purposes, the
corresponding 1 h lasting ec-CO2RR experiments of the as-
prepared Ag-NW catalysts are also provided. CO efficiencies of
∼100% are obtained after the ec-l preconditioning (Evertex =
−1.3 V vs RHE) in the potential range between −1.0 and −1.1
V. These efficiencies are competitive in comparison to
previously published data.20,21,63,75 Table S6 provides a
comprehensive overview of the relevant benchmark studies
that have used Ag as the ec-CO2RR catalyst material, while
Figure 7b demonstrates again that only the product selectivity is
changed by the ec-l treatment, and not the overall reaction rate.
The total (steady-state) current densities remain largely
unaffected by electrochemical looping.
XPS Analysis. Our analysis of the ec-CO2RR product

distribution (Figures 3 and 7a) clearly demonstrates an
activation of the Ag-NW catalyst by the chemical looping but

lacks deeper mechanistic insights into the chemical origin of the
observed improved CO selectivity. Therefore, complementary
XPS experiments were performed to provide information on
the compositional changes of the catalyst surface. Figure 8a−c
depicts spectra of the Ag3d, Cl2p, and N1s photoemissions that
are representative of the as-prepared Ag-NW catalyst prior to its
deprotection. These results demonstrate that both chloride and
PVP are present on the surface of the as-prepared Ag-NWs, as
indicated in the schematics of Figure 9. The performed
electrolysis experiments clearly show that the HER does not
effectively contribute to the deprotection of the desired catalyst
(Figure 4b).
Figure 8d,e displays the integrated intensities of the N1s and

Cl2p emissions normalized to the one of the respective Ag3d
emissions. These data can be used to assess the effectiveness of
the surfactant removal depending on the particular pretreat-
ment protocol that is applied. Note that the (ICl2p:IAg3d) ratios
are generally lower than the corresponding (IN1s:IAg3d) values,
irrespective of the applied pretreatment. One possible reason
for this observation is that a layered structure of the surfactant
shell was covering the Ag-NWs. Chloride is likely to be
chemisorbed and would therefore be in direct contact with the
Ag-NW surface.
These halide anions are considered to play a crucial role in

the initial nucleation stage of Ag-NW formation (self-seeding
via AgCl nuclei).32 Furthermore, the (100) textured sidewalls of
the Ag-NWs in particular exhibit a strong tendency toward
specific chloride adsorption, which can result in a maximum
(saturation) surface coverage of Θ = 0.5 ML (normalized to the
number of surface atoms on the [100] surface) when a
Ag(100)-c(2 × 2)-Cl surface ad-layer is formed.76−78 The high-
molecular-mass PVP polymer (Mw = 1 300 000 g mol−1)
presumably constitutes the outermost shell of the as deposited
Ag-NW. A “coiling” of the linear PVP around the Ag-NW is
discussed in the literature, where the pyrrolidone acts as the
anchor group of the polymer backbone to free metallic sites on
the surface (Ag−O or Ag−N coordination).32 Considering the
high molecular mass of the PVP, it is likely that hydrophobic
effects lead to an enhanced PVP agglomeration on the Ag-NWs
beyond monolayer coverages. This layered configuration of
surfactants, as depicted in Figure 9 (left panel), could also
contribute to the reduced intensity observed in the Cl2p
emission of the chloride that accumulated at the “buried”
interface.
The electrochemical activation treatments applied to the Ag-

NW catalysts exhibit strong variations in the PVP removal
efficiency. The treatments in which H2 was the exclusive
electrolysis product (protocols 2 and 3 in Figure 8d) were less
effective, while those using postsynthesis deprotection
approaches involving the formation of CO (protocol 4 and 5
in Figure 8d) were more effective. The optimal PVP removal
characteristics that were observed for the electrochemical
looping approach (Evertex = −1.3 V vs RHE) are in full
agreement with our electrolysis data (Figures 4b and 7a). The
XPS results also confirm that the PVP (and its removal) is the
main origin for the observed hysteresis effects in the product
distribution (Figure 3).
Interestingly, all pretreatments that were applied herein led

to the near-complete removal of the chemisorbed chloride
(Figure 8e). The origin of the chloride removal is the potential-
dependent electrostatic repulsion of the chloride anions at the
negatively polarized electrode surface.

Figure 7. (a) ec-CO2RR product distribution of 1 h lasting electrolysis
experiments comparing the as prepared Ag-NW catalysts and those
pretreated by an electrochemical looping (Evertex = −1.3 V vs RHE, see
Figure 3e). (b) Steady-state total current densities of the electrolysis
experiments which correspond to the data in panel a.
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From these observations it can safely be concluded that it is
the remaining PVP that disturbs the ec-CO2RR rather than the
chemisorbed chloride. Our analyses were further comple-
mented by an extra XPS inspection of the catalyst films
subjected to the systematic electrochemical looping experi-

ments presented in Figure 3a−d. The results of this analysis are
depicted in Figure 8f,g and clearly demonstrate that the vertex
potential Evertex and the width of the potential window that were
applied to the catalysts in the electrochemical looping are
necessary for the effectiveness of the surfactant removal. The

Figure 8. (a−c) Representative XPS spectra of the Ag3d, Cl2p, and N1s emissions derived from the Ag-NW catalyst on the GC support electrode
(see Figure 2a−c). (d, e) Integrated intensities of the N1s and Cl2p emissions normalized to the corresponding integrated intensity of the Ag 3d
emission; the digits on the x-axis indicate the respective catalyst activation protocols. 1, as prepared; 2, galvanostatic electrolysis in Ar-saturated
(CO2-free) 0.5 M KHCO3 solution at j =−3 mA cm−2, the total transferred charge wasQ = 115.3 C; 3, electrochemical looping (ec-l) in Ar-saturated
0.5 M KHCO3 solution, the vertex potential was Evertex = −1.3 V vs RHE, the total transferred charge was Q = 895.9 C; 4, galvanostatic electrolysis in
CO2-saturated 0.5 M KHCO3 solution at j = −3 mA cm−2, the total transferred charge was Q = 115.3 C; 5, electrochemical looping (ec-l) in CO2-
saturated 0.5 M KHCO3 solution, the vertex potential was Evertex = −1.3 V vs RHE, the total transferred charge was Q = 115.3 C (the activation
conditions correspond to those in Figure 2b). (f, g) Integrated intensities of the N1s and Cl2p emissions normalized to the corresponding integrated
intensity of the Ag3d emission measured after the electrochemical looping (ec-l) treatment; the respective vertex potentials are indicated on the x-
axis (the activation conditions correspond to those in Figure 3).

Figure 9. Schematics demonstrating the PVP and Cl terminated Ag surface which is still active for the HER (left panel) and the Ag surface which is
activated upon CO production through PVP and Cl removal (right panel).
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Compared to the tremendous amount of research invested in
the design of new electrocatalyst materials for CO2 electroreduc-
tion, technologies that operate on an industrial scale are still rare.
Undoubtedly, the most important obstacle that hinders the appli-
cation of newly developed catalysts on an industrial level is an
issue of stability: catalysts that may show remarkable features in
lab experiments tend to degrade and lose their performance over
prolonged use. This may especially be true for catalysts owing their
activity to a fine structure, such as colloidally synthesized nanopar-
ticles that are especially prone to degradation over long-time oper-
ation. In case of these catalysts, studying (electro-)mechanical
degradation and its effects on the catalytic performance has to be
the first step of technological up-scaling.

Although many operando techniques (e.g., X-ray diffraction,
scattering or absorption, as well as Raman spectroscopies [5,6])
can provide an insight to nanoparticle transformations occurring
during CO2 reduction, it is still more common to use ex situ electron
microscopic (EM) techniques to observe, in particular, the struc-
tural changes that electrocatalysts suffer during CO2 reduction.

In order to apply EM in an electrocatalysis study, the catalyst
has to be sampled before and after it is made subject to electro-
chemical treatment. When comparing images taken before and
after electrolysis, we usually work under two implicit assump-
tions: (i.) that the areas scanned before and after the electrolysis
are either physically the same, or are both representative of the
sample as a whole; and (ii.) that any changes we observe are
indeed caused by the electrochemical treatment and not by other
operations, e.g., the pre-electrolysis scanning of the sample, care-
less sample transportation, exposition to air or to chemicals, etc.

The former of the above two assumptions can readily be made
explicit, for example, if identical location scanning or transmission
electron microscopies (IL–SEM or IL–TEM) are employed. IL–TEM
was first described by a work of Mayrhofer et al. in 2008 [7], and
the first report on the application of IL–SEM by Hodnik et al. [8] fol-
lowed not much later, in 2012. In early studies, the catalyst mate-
rial was loaded on a TEM finder grid (made of gold) to facilitate
identical location imaging [7]. Later it was found that it is enough
to apply a small incision (a cross-like scratch) on other (e.g., gra-
phite) holders to relocate the scanned site after electrolysis, which
rendered the use of finder grids unnecessary. Due to the fact that
IL–EM is able to visualize changes of a catalyst surface, often down
to the details of individual nanoparticles, IL–EM found immediate
application in catalyst degradation studies on a variety of target
reactions [9,10].

In the field of CO2 electrolysis, IL–EM became a prominent
method of studying catalyst degradation [11–21], mainly because
it is considered (and, starting from its discovery, often advertised
as) a non-destructive method. It is usually assumed that if a given
catalyst preserves good performance characteristics over longer
periods of electrolysis, and neither IL–SEM nor IL–TEM reveal
any structural degradation, the catalyst is stable and can be con-
sidered a potential candidate for up-scaled (e.g., flow cell) studies
[15].

Unfortunately, however, the situation is not this simple, espe-
cially because, in some cases, the pre-electrolysis EM imaging does
affect the future catalytic performance of the sampled catalyst
areas. For example, in the literature of IL–TEM studies of electro-
catalysts, there are reports on the electron beam induced shrinkage
(as well as some ripening) of Pt nanoparticles used in fuel cells
[22]. Based on these results, Arenz and Zana strongly recommend
that in order to check if the electron beam changes the sample,
TEM analysis following the electrochemical measurements should
also be performed at pristine locations; i.e., locations which have
not been previously exposed to the electron beam [23].

For IL–SEM, probably based on the assumption that the electron
dose is much lower than in the case of TEM, no such warning was
59
given, and it is indeed not likely that the beam used under SEM
conditions could induce similar sintering effects observed in
TEM. The sintering of nanoparticles may however not be the only
way an electron beam can alter a catalyst surface: another, equally
important phenomenon —namely, the under-beam formation of a
passive layer— should also deserve attention.

That electron bombardment of a conducting sample in vacuo,
where only slightest traces of organic vapours occur, can result
in the coverage of the sample with a non-conducting layer of poly-
merized carbon compounds was first noticed by Lariviere Stewart
[24] in 1934 — that is, four years before von Ardenne built the first
SEM [25]. That electron bombardment, especially during focusing,
can also cause changes to the surface of a sample inside an SEM
was first noticed as early as 1946 by Marton et al. [26]. Recently,
two reviews from Postek et al. [27,28] discussed some issues of
interpreting SEM images: the second part [28] was entirely
devoted to the issue of electron beam-induced specimen
contamination.

Postek et al. [28] pointed out that the origin of beam-induced
contaminations can both be the sample itself and the vacuum sys-
tem of the SEM. While the cleanliness of the latter can be signifi-
cantly improved (for example, by the replacement of diffusion
pumps with turbomolecular ones backed by dry backing pumps
in modern instruments), the history of the specimen prior to enter-
ing the vacuum system still remains important [28]. In case of
samples with significant organic content, organic molecules
remaining on the sample surface can break, undergo polymeriza-
tion, and get ‘‘pinned” to the sample by the beam during scanning
[28]. Depending on the electron dose, the formed carbonaceous
layer can grow at a rate of a few nanometers/seconds over the sam-
ple surface, even if only low accelerating voltages are used.

It is interesting to note that although under-beam contamina-
tion is a well-studied subject in the literature of SEM (see
[27,28], as well as the references cited therein), studies on the
effect of under-beam contamination/passivation on the future
electrochemical behaviour of the sample are scarce, and are mostly
focused on corrosion and not on electrocatalytic properties [29].
Yet, as we are going to demonstrate in this paper, under-beam pas-
sivation can practically disable the sampled part of a catalyst, espe-
cially if it contains organic remnants (capping agents) from the
synthesis process. While other parts of the catalyst (not affected
by the electron beam before electrolysis) remain active and very
often degrade significantly during the catalysed process, the part
of the sample affected by pre-electrolysis scanning remains intact,
and probably entirely passive, due to the carbonaceous film formed
on it under the beam.

Here we demonstrate, by IL–SEM studies on polyvinylpyrroli-
done (PVP) functionalized Ag nanocubes used as electrocatalysts
for CO2 reduction, a catalytic activity disabling effect of a passive
carbonaceous layer that is known to be formed under the electron
beam during pre-electrolysis SEM scans [30]. The aim of this paper
is to emphasize the necessity of extreme care being taken not to
misinterpret IL–SEM studies that seemingly demonstrate excellent
catalyst stability.
2. Experimental

Catalyst preparation. Ag nanocubes (Ag NCs) were prepared by
an upscaled synthesis route described elsewhere [31]. As support,
a glassy carbon plate (2 mm thickness, Alfa Aesar, type 1) was
mirror-polished (0.5 lm alumina suspension, Buehler), was thor-
oughly rinsed with ultrapure water and ethanol, dried, and masked
with an inert PTFE tape to leave an 0.8 cm � 1 cm geometric sur-
face area open for catalyst coating.
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