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ABSTRACT 

The evaluation of catalysts on gas diffusion electrodes (GDEs) have propelled the progress of 

electrochemical CO2 reduction reaction (CO2RR) at industry-relevant activities. However, high 

experimental complexities exist in GDE-based flow electrolyzers, whereby various experimental 

factors can influence the evaluation of catalytic CO2RR performances. Without accounting for 

these experimental factors could result in inconsistent conclusions and thus hinder rational catalyst 

developments. This Perspective highlights a range of experimental factors that can affect the 

performance metrics for electrocatalysts. Specifically, the product faradaic efficiency can be 

influenced by the overestimation of the effluent gas flow rate, unaccounted losses of products and 

unintended alteration of microenvironments. In addition, cathodic voltage can be inaccurately 

determined due to the unaccounted dynamic changes in uncompensated resistance. By raising 

awareness of these potential pitfalls and establishing appropriate protocols, we foresee a more 

meaningful benchmarking of catalytic performances across literatures. 
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CO2 electrolysis is an emerging approach to electrify the synthesis of chemicals and fuels from 

CO2.
1-3 Coupled with low-carbon sources of electricity, CO2 electrolysis can potentially reduce 

carbon emissions while providing economic value.4 In contrast to high-temperature CO2 

electrolyzer,5 electrochemical CO2 reduction reaction (CO2RR) in low-temperature electrolyzers 

have demonstrated the unique ability to produce valuable multicarbons (products with two or more 

carbon atoms; denoted as C2+).6, 7 Catalyst development plays a key role in advancing CO2RR 

technology as catalysts could control product selectivity while reducing overpotentials.1, 8-12 At the 

same time, the pursuit toward economic feasibility for CO2RR relies on the designs of electrodes 

to intensify the process.13 Particularly, gas diffusion electrodes (GDEs) are essential for attaining 

industry-relevant activities by enhancing the mass transport of CO2 reactants.14-18 Furthermore, the 

microenvironments of the catalyst surfaces in GDE-based electrolyzers are more similar to 

industrial electrolyzers as compared to conventional H-type cells.19 Hence, there has been an 

increasing focus on benchmarking catalysts using electrolyzers based on GDEs, and thus a rapid 

progress in CO2RR performance has been demonstrated.11, 14, 20, 21 For example, production of C2+ 

molecules at ampere-level current densities have recently been achieved, which are comparable 

with the activities in industrial water electrolyzers.22, 23 

Despite the rapid progress of electrocatalyst development demonstrated with GDE-based flow 

electrolyzers, there are still some inconsistencies between reported studies. Specifically, pure Cu 

catalysts, which are often used as control samples in individual studies, can exhibit performances 

that vary widely across different literature reports. For example, in the same electrolyte system, 

sputtered Cu thin films on similar PTFE-based GDE substrates had demonstrated differing C2H4 

Faradaic efficiencies (FEs) and C2H4 partial current densities from ~20–45% and ~10−100 mA 

cm–2, respectively, at −1.1 V vs RHE (Figure 1a).23-27 The presence of such discrepancies in 

baseline-performance among control samples suggests that it is not always meaningful to compare 

newly developed catalysts (Figure 1b) with previous reports. Such inconsistencies are due to the 

presence of numerous experimental factors that can contribute to the observed catalytic 

performance.28-30 When an experimentalist is unaware and thus does not address these contributing 

factors, one could experience an inaccurate determination of product FEs and cathodic voltages 

(Figure 1c). These experimental pitfalls, though already reported, have received less attention in 

the research community as compared to the development of state-of-the-art catalysts. 
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In this Perspective, we will summarize various sources of experimental pitfalls that can impact the 

accuracy of performance evaluation for CO2RR. In particular, the product faradaic efficiency can 

be affected by the overestimation of effluent gas flow rate, unaccounted losses of products and 

unintended alteration of microenvironments. On the other hand, cathodic voltage can be 

inaccurately determined due to the unaccounted dynamic changes in uncompensated resistance. 

At the same time, suitable protocols will be highlighted to address these issues. Specifically, the 

list of pitfalls and protocols will be applicable to three-compartment GDE-based flow 

electrolyzers, which enable convenient three-electrode measurement for catalyst evaluation. 

Among these examples, we will focus on catalytic systems for the electrosynthesis of multi-carbon 

products (e.g. ethylene, ethanol, 1-propanol) as these products have great global market size (> 

$300B) and potential impact on decarbonization (> 1.4 GT CO2 equivalent of emission reduction).4  

 

Figure 1. (a) Comparison of previously reported CO2RR performance of Cu catalysts deposited 

on PTFE GDE substrates, which had been used as control samples for each study, in 1 M KHCO3 

electrolyte (see Table S1 in Supporting Information for the specific literature data). Schematic 
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illustrations of (b) the typical design strategies of electrocatalysts for enhancing CO2RR, and (c) 

the evaluation of catalysts based on performance metrics, which can be affected by unaccounted 

experimental contributions. The paddlers and kayaks signify the catalysts and GDEs, respectively, 

while their performance is measured by a stopwatch. The unaccounted contributions are 

represented by the anchor and fish hidden below the surface of the water that could slow down or 

speed up the kayak, respectively, without being noticed by the evaluator. 

IMPORTANCE OF GDES 

Conventionally, CO2RR has been investigated in aqueous-fed electrolyzers, such as H-type cells 

and sandwiched cells, in which CO2 reactants are dissolved and transported through the liquid 

electrolyte (Figure 2a).31 The low CO2 solubility as well as the sluggish CO2 mass transport across 

the diffusion boundary layer render aqueous-fed electrolyzer unsuitable for industrial use.31 On the 

other hand, gas-fed electrolyzer utilizes GDE to overcome the mass transfer limitations by 

transporting gaseous CO2 directly to the gas-electrolyte-catalyst interface, thus effectively 

reducing the diffusion length for dissolved CO2 to reach the entire catalyst layer (CL).13, 31 As a 

result, gas-fed electrolyzer can maintain a sufficiently high local CO2 concentration to attain high 

current densities of at least 200 mA cm−2 that are essential for commercial CO2RR application.14, 

15, 32 Such enhancement in CO2 mass transport has been quantitatively demonstrated using 1D and 

2D diffusion-reaction models.33-35 These numerical models have also suggested that CO2RR in 

GDEs largely occur at the double-phase boundaries, i.e. catalyst-electrolyte interfaces (10–1000 

nm away from the gas-liquid interface), instead of triple-phase boundaries.33, 34 

There are mainly two types of gas-fed electrolyzers: catholyte flow electrolyzer (Figure 2b) and 

the polymer electrolyte membrane electrolyzer, i.e. membrane electrode assembly (MEA) 

electrolyzer (Figure 2c). Due to the use of polymer electrolyte, MEA electrolyzers require the 

supply of humidified CO2 feed to facilitate sufficient flux of H2O, a proton donor, to the catalyst 

surface. The gas-fed flow electrolyzer, which is a type of three-compartment cell, is the more 

convenient choice for the evaluation of electrocatalysts due to a more accessible placement of 

reference electrode at the liquid catholyte to obtain the cathodic half-cell voltage (Figure 2d).36 In 

contrast, the integration of reference electrode in MEA is challenging, thus the electrochemical 

measurement is typically limited to full-cell voltages.37 Furthermore, MEA electrolyzers are more 

expensive to operate than catholyte flow electrolyzers.36 Apart from the higher cost of 

commercially available MEA electrolyzers, greater amount of catalysts and an additional current 
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booster module for the potentiostat are required due to the larger electrode size (typically 5 cm2 vs 

1 cm2). 

 

Figure 2. Simplified schematic illustrations of various CO2RR electrolyzer configurations: (a) 

aqueous-fed cell, (b) GDE-based flow cell, and (c) GDE-based polymer electrolyte membrane cell. 

(d) A typical representation of the components that are present in a GDE-based flow cell. AEM: 

anion-exchange membrane. (e–g) Commonly used structural configurations of catalyst-loaded 

GDEs. 

Typically, GDEs consist of a catalyst layer (CL) and a gas diffusion layer (GDL), which can exist 

as single or dual layers (Figure 2e,f). A single-layered GDL refers to a GDL with a macroporous 

substrate (MPS) while a dual-layered GDL has both MPS and microporous layer (MPL).31 Dual-

layered GDLs are usually preferred as the properties of the individual layers can be tuned to 

optimize the overall conductivity, hydrophobicity and gas permeance. Carbon-based GDLs, that 

are designed for fuel cells, have been commonly utilized due to their commercial availability,28, 38-

40 though porous polytetrafluoroethylene (PTFE) membranes have been actively explored as an 

alternative GDL because of the enhanced hydrophobicity to prevent flooding issues.41 Since PTFE 
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is electrically non-conductive, an additional conductive MPL is added on top of less conductive 

catalysts, such as metal oxides/sulfides, metal–organic frameworks, etc., to provide better 

electrical contact with the current collector (Figure 2g). On the other hand, if the catalyst of interest 

is conductive, e.g. sputtered Cu thin film, no additional MPL layer will be required, thus the 

structural configuration of the GDE will be similar to that shown in Figure 2e.  

Performing CO2RR with a GDE-based flow electrolyzer enables a more realistic evaluation of 

catalyst performance under conditions relevant to industrial activities.19 Unlike the typical H-cell 

configuration, gas-fed systems exhibit different mass transport characteristics, thus present a 

distinct microenvironment near the catalyst surfaces that can influence the electrochemical 

performance and reaction pathway in CO2RR and hydrogen evolution reaction (HER). 

Specifically, the local concentration of CO2 and OH− are considerably higher, which can affect the 

carbonaceous product selectivity and activity.19, 42 Even though the rate of CO2 consumption is 

higher due to a larger current density, the high local CO2 concentration can be sustained due to a 

significantly shorter diffusion path. On the other hand, CO2RR is coupled with the production of 

OH−, hence a higher current density enabled by GDEs will result in a higher pH near the surfaces 

of the catalyst. Therefore, evaluating catalyst performance using a GDE has been increasingly 

crucial to provide more practical insights to expedite the progress of CO2RR technology toward 

commercialization. 

PITFALLS 

Although GDE-based flow electrolyzers enable a meaningful catalyst evaluation at industry-

relevant activities, a higher experimental complexity exists as compared to H-type cells. These 

experimental factors can influence the catalytic CO2RR evaluation, hence they are considered as 

pitfalls if left unaccounted. Establishing protocols to eliminate/reduce these contributing factors 

during CO2RR can thus enable a more meaningful comparison of catalysts across literatures and 

laboratories. 

Factors Affecting FEs of Products. 



 8 

Other than the effect of catalyst properties, experimental factors can affect the determination of 

product FEs as well (Figure 3). The FE of a specified product is typically calculated from the 

following equation: 

FE𝑖 (%) =
𝑛𝑖𝑧𝑖𝐹

𝑄
 × 100,         (1) 

where 𝑛𝑖 is the number of moles of the product (gas product: product concentration × gas flow rate 

× period of measurement; liquid product: product concentration × volume of electrolyte); 𝑧𝑖 is the 

number of electrons required to generate the product (2 for the formate, carbon monoxide and 

hydrogen; 6 for methanol; 8 for methane and acetate; 12 for ethylene and ethanol; and 18 for 1-

propanol); F is the Faraday’s constant (96,485 C mol−1); Q is the amount of charge passed during 

the measurement. Theoretically, FEs for all accounted products will add up to 100% for the overall 

charge to be balanced in the system. However, this is not a sufficient criterion to determine the 

accuracy of an electrochemical test for a GDE-based system due to a wide variety of contributing 

factors that will be discussed below. 

 

Figure 3. Common pitfalls that affect product FEs when evaluating CO2RR with GDE-based flow 

electrolyzers. (a) Overestimation of effluent gas flow rate used for FE determination due to a 
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decrease in actual gas flow rate. (b) Unaccounted losses of products. (c) Unaccounted alteration of 

microenvironment from experimental factors. 

Considering that charge measurement can be accurately performed with typical potentiostats, 

systematic errors involved in the determination of FEs are usually originated from the 

measurement of ni, which is a function of product concentration and flow rate (for gas products). 

For example, Liu et al. reported that due to the higher gas product concentration generated from 

the high production rate in GDE flow cells, an overestimation of gas concentration could be 

resulted if the obtained concentration is outside of the calibration range.28 This is because the gas 

chromatography (GC) peak area may not vary linearly at high concentration. Therefore, 

conducting a proper calibration range and choosing an optimized split injection condition are 

recommended for experiments dealing with high current densities and/or high single-pass 

conversions. 

The calculated ni, and thus FEs, of gas products in Equation 1 could also be wrongly determined 

if the gas flow rate is inaccurately used. In an H-type cell with CO2-saturated bicarbonate 

electrolyte, the inlet gas flow rate can be used since the consumption rate of CO2 and production 

rate of gas products can be insignificant. However, the use of inlet gas flow rate fed to GDE-based 

electrolyzers for the calculation in Equation 1 could lead to a significant overestimation of gas 

products FE due to a vastly different flow rate at the outlet stream (Figure 3a). This is especially 

serious when alkaline electrolytes are employed as OH− will readily react with the CO2 reactants 

to form carbonates/bicarbonates.29, 43, 44 Alkaline electrolytes, such as KOH (1–10 M), have been 

commonly used to suppress CH4 production while promoting ethylene production,41 though the 

latter effect still debatable.29, 45 Seger’s team showed that other than the CO2RR reaction by the 

catalyst, around 70% of the consumed reactant CO2 are involved in the undesired carbonation 

reaction.29 Furthermore, the authors showed that when the actual outlet gas flow rate is not 

accounted for, the overestimation of the gas product FEs can be up to 1.64 times higher than the 

actual value (Figure 4a). Considering that operating the electrolyzer at high current densities would 

also yield a high local pH at the cathode even with neutral buffers, special care in accounting for 

the outlet flow rate should also be performed in KHCO3 electrolytes.  
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Figure 4. (a) Effect of unaccounted changes in gas flow rate on the determined FEs of gaseous 

products. Reprinted with permission from ref 29. Copyright 2020 Royal Society of Chemistry. 

(b,c) A range of operational parameters that affects the local CO2 concentration, which in turn 

influences the surface coverage of intermediates and thus reaction pathways. Reprinted with 

permission from ref 42. Copyright 2020 Elsevier. 

Another common systematic error involves the crossovers of liquid CO2RR products, which if 

unaccounted, would cause the FE of these products to be underestimated (Figure 3b). Ideally, the 

liquid products should solubilize and remain in the catholyte reservoir. In reality, however, some 

liquid products can pass through the GDE and anion-exchange membrane (AEM), resulting in an 

underestimated product concentration.46, 47 For example, Zhang et al. reported a 36.3% and 46.7% 

loss of ethanol and 1-propanol, respectively, at 300 mA cm−2 via vaporizing and passing through 

the GDE to the gas chamber.46 On the other hand, the concentration of non-volatile products, such 

as formate, could be underestimated by 17%–30% as these anionic products can pass through the 
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AEM by electromigration and end up in the anode chamber. More products will crossover with 

increasing current density due to four factors.46 First, under high current density, concentration of 

products is higher and since the crossover rate is directly proportional to the product concentration, 

crossover of products increases with high current density. Secondly, the increasing current density 

relates to a higher cell potential, which leads to an increase in electromigration rate as well as a 

decrease in electro-osmotic drag. Thirdly, the increased formation rate of gaseous products at 

higher current density results in the faster convective evaporation of liquid products thereby 

promoting the crossover of volatile liquid products. Last, a higher current density would lead to 

higher ohmic heating and an increase in catholyte temperature. The increased temperature not only 

enhances the evaporation of volatile products, such as ethanol and 1-propanol, but it also affects 

the reaction kinetics and thus the catalytic performance.  

Apart from the losses of liquid products, gaseous reactants and products can also crossover through 

the GDE and escape via the catholyte effluent as bubbles (Figure 3a).48 As a result, the gas product 

determined from GC measurement would also be underestimated. Specifically, Niu et al. reported 

that the loss of gas products through bubbles in the catholyte was more serious at higher current 

density, i.e. total gas FEs decreased from 77.8% to 46.3% at 500 mA cm−2. However, it is important 

to note that the extent of losses of gas products depends on the bubble management which varies 

across different system parameters, such as electrolyte flow rate, structure of catalyst layer, GDE 

substrate, etc.48 

Microenvironment, i.e. the local environment near the catalyst surface, have been employed as a 

useful tool to steer the reaction pathways, thus influencing the catalytic CO2RR.49 Hence, 

maintaining similar microenvironments between experimental studies is essential for a proper 

comparison of electrocatalyst performance. For example, the choice of cations and anions in 

electrolytes has significant effects on the microenvironment.50-56 Therefore, most researchers are 

aware that the evaluation of catalysts should be performed in commonly used electrolyte systems, 

such as 1 M KHCO3 and 1 M KOH, to enable comparison across studies with the same electrolyte. 

However, there are other experimental factors that affect the microenvironment, which are not 

always accounted for (Figure 3c). 
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The catholyte flow rate in a GDE-based flow electrolyzer is an extrinsic factor that can affect the 

FE of CO2RR products. Increasing the electrolyte flow rate enhances the diffusion mass transfer 

of ions and molecules by shortening the diffusion boundary layer. Therefore, the 

microenvironment can be influenced by the catholyte flow rate. For example, in an alkaline 

electrolyte system, a higher catholyte flow rate can lower the concentration of carbonates near the 

catalyst, thus maintaining a high local pH and high electrolyte conductivity.57 At the same time, 

the authors suggested that a higher electrolyte flow rate could also facilitate the desorption of CO, 

which was proposed to be rate-limiting. Therefore, the production of CO was demonstrated to be 

enhanced at higher electrolyte flow rates. However, we believe that a higher electrolyte flow rate 

could also play a role in the removal of bubbles in the electrolyte, which reduces the bubble-

induced uncompensated resistance (to be discussed in the next section).30 Additionally, it is 

important to note that a high flow rate could also lead to a higher pressure drop, and thus a higher 

fluid pressure in the catholyte chamber. Consequently, the pressure imbalance between the 

catholyte and gas chambers could cause flooding and instability issues.58  

While evaluating an electrocatalyst, it is essential that the supply of CO2 does not get obstructed 

over time to maintain a consistent microenvironment. GDEs can sometimes suffer from stability 

issues, such as the loss of hydrophobicity and the formation of carbonate precipitates.39 As the 

pores in GDEs are obstructed by liquid or carbonate crystals, the local CO2 concentration will 

decrease and result in the promotion of HER.59 Therefore, considerable efforts have devoted to 

investigating the GDE degradation process and improving the stability of GDEs.60-62 For example, 

Xu et al. proposed a way to minimize the effects of carbonates in GDE with intermittent 

regeneration voltage, which allows carbonate ions (HCO3
−) formed to be transported to the 

anode.63 On the other hand, Endrődi et al. suggested an intermittent flushing of 25 v/v% 

isopropanol aqueous solution to remove salt precipitates in GDEs.64 Although these two studies 

have shown to greatly improve the long-term performance of GDE-based electrolyzers, the loss of 

CO2 reactants through carbonation still persists, thus resulting in additional costs and energy 

penalty.44 In this regard, performing CO2RR in an acidic environment is believed to prevent the 

undesired carbonation, therefore improving the stability and economics of GDE-based systems.65-

67 Alternatively, alkaline electroreduction of CO-to-C2+ has been proposed to avoid carbonation 

issues, in which the CO feed can be produced from acidic CO2 electrolyzers or high-temperature 

solid oxide electrolyzers.68 
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Even though maximizing CO2 availability is important for minimizing HER, Tan et al. reported 

that the catalytic C–C coupling is optimal at moderate level of CO2 concentration at the catalyst 

microenvironment (Figure 4b,c).42 It is hypothesized that the local CO2 concentrations can affect 

the steady-state adsorbate coverage, i.e. *CO2, *H, and *CO, which in turn affects the reaction 

pathway (Figure 4c). Conversely, with a high local CO2 concentration, the high surface coverage 

of adsorbates may also cause adsorbate-adsorbate repulsion of *CO, which weakens the bond 

between carbon and Cu, thereby possibly leading *CO to desorb prematurely.42, 69 Consequently, 

this finding establishes that experimental factors that affects the local CO2 concentration can in 

turn influence the catalytic pathway in CO2RR. 

The CO2 flow rate can also affect the catalyst performance as it alters the local CO2 

concentration.42 The change in flow rate causes the gas diffusion boundary layer thickness to vary 

accordingly, which in turn results in a change in the local CO2 concentration. The flow rate also 

determines the average partial pressure of CO2 in the gas chamber due to the dilution effect from 

the gaseous products. At a moderate CO2 flow rate, the C2+ product FE is the highest while the C1 

product FE is at a minimum. Higher CO2 flow rate results in higher C1 product FE at the expense 

of C2+ product FE, while a low CO2 flow rate increases H2 FE at the expense of C2+ FE.42 Recently, 

Fenwick et al. also highlighted that the gas flow rate can affect the wetted state of Au catalyst 

layer.70 A lower CO2 flow rate led to a high portion of wetted catalyst surface, which caused a 

decrease in CO selectivity. Therefore, this work also suggests a decrease in CO2 flow would reduce 

the local CO2 concentration, thus affecting the reaction pathway for copper-based catalysts. 

The deposition technique for the fabrication of catalyst layers on GDEs is another experimental 

factor that can affect the microenvironment during CO2RR (Figure 3c).42 Even with a fixed catalyst 

loading, the deposition procedure can alter the thickness of catalyst layers, which affects the local 

CO2 concentration (Figure 4b) and thus influences the selectivity toward C2+ products as discussed 

above. More specifically, deposition techniques in which the solvent evaporates more rapidly, such 

as air-brushing, gives a thicker and uniform catalyst layer. On the other hand, deposition 

techniques with slower solvent evaporation rate, such as dropcasting and hand-painting, will have 

some catalyst ink leaking into the microporous layer, yielding a thinner and less uniform catalyst 

layer. Tan et al. demonstrated that air-brushing is the more superior deposition technique, with a 

C2+ FE of 45% as compared to 25% using the dropcasting technique at 200 mA cm−2.42 A similar 
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trend was also observed when the temperature of deposition environment was varied; a higher 

deposition temperature (50 °C – 75 °C) led to a thicker catalyst layer and thus a higher C2+ FE as 

compared to that prepared at room temperature. Furthermore, Berlinguette’s team had also 

highlighted that the choice of solvent for the catalyst ink can also affect the performance in 

CO2RR.71 In particular, the solvent controls the aggregation of the ionomer, which in turns 

influence the structure and properties of the catalyst layer, thus altering the microenvironment of 

the catalyst surfaces. In the reported work, ethanol was found to be the optimal solvent for the 

catalyst/ionomer dispersion system studied.  

The choice of polymeric ionomers has also shown to affect CO2RR activities. Sargent’s team 

proposed that perfluorinated sulfonic acid ionomers, such as Nafion, can enable an optimal gas 

and ion transport due to the hydrophobic and hydrophilic properties.23 Indeed, with a 2-D mass 

transport model, CO2 concentration near the catalyst surface can be enhanced due to a more rapid 

diffusion of the reactants along the ionomer. Consequently, the authors demonstrated that Nafion-

coated Cu catalysts could achieve a remarkable ethylene partial current density of 1.3 A cm−2 in 7 

M KOH.23 However, Nafion is a commonly used ionomer in electrocatalysis, including CO2RR, 

and prior report of ampere-level current density was not observed. Recently, a study by Strasser’s 

group showed that Nafion actually hinders mass transport of CO2.
72 This observation is also 

consistent with another report by Lees et al., which showed that low Nafion content is optimal for 

their system.73 These opposing observations have been validated with oxygen reduction reaction, 

which provides information about the mass transport of gaseous reactants.23, 72 The reason behind 

the contradiction is still unclear, though we believe it could be attributed to the use of different 

GDE substrates; PTFE GDE vs carbon GDE. For example, for the benefits of Nafion to take effect, 

the ionomer-catalyst layer could require a direct contact with the gas-liquid interface, which may 

be a challenge in carbon GDEs.74 Recently, Bell and coworkers proposed a bilayer coating of 

cation- and anion-conducting ionomers on Cu to regulate the microenvironment, i.e. local 

concentration of OH−, H2O and CO2, to favor the production of multicarbon molecules.75 

Nevertheless, the beneficial effect of this strategy in a GDE system has yet to be demonstrated.  

Factors Affecting the Cathodic Potentials. 
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Typically, the cathodic potentials required to achieve specific current densities are determined to 

obtain the reaction overpotentials, which is an important measure of the catalyst efficiency. An 

important step to determine the real working potential is the correction of voltage drop (iR-drop) 

from the measured potentials, such as with the following equation for Ag/AgCl reference electrode 

(saturated KCl): 

ERHE = EAg/AgCl + 0.197 + 0.0591 × pH + I × Ru      (2) 

Conventionally, electrochemical testing in H-type cells uses the following procedure: (1) measure 

uncompensated resistance (Ru), (2) perform chronoamperometry with potentiostat-compensated 

Ru at 85%, (3) manually correct the remaining 15% Ru after the measurement.76 Such a protocol 

assumes that Ru remains constant throughout the chronoamperometry measurement, which can be 

valid for low-current situations. However, a high-current environment in GDE flow electrolyzers 

would experience changes in Ru. Furthermore, considering that currents are usually above 0.2 A, 

inaccurate use of Ru would result in significantly deviated iR-drop-free overpotentials, i.e. an 

inflated Ru value of 0.5 Ω would result in an underestimation of overpotentials by at least 0.1 V.  

During CO2RR, OH− is produced at the cathode. Hence, at high current density (> 50 mA cm−2), 

buffered electrolytes have shown to break down, which leads to a high local pH.19 As the ionic 

strength of OH− is higher, the overall electrolyte conductivity between the working and reference 

electrode increases. At the same time, an increase in electrolyte temperature due to a more 

pronounced ohmic heating under higher current environment causes a further increase in 

electrolyte conductivity. Consequently, a lower solution resistance could be observed during 

electrolysis as compared to that before electrolysis in a GDE-based flow cell (Figure 5a). For 

example, with 1 M KHCO3 electrolyte, Burdyny and coworkers observed a decrease in Ru by ~0.7 

Ω at a current density of 200 mA cm−2 and the decrease of Ru will be more pronounced at even 

greater current densities.28 Considering that typical overpotential required to reach a total current 

of 0.2 A (electrode size: 1 cm2) is in the range of 0.5–1.5 V (Figure 1a), an underestimation of 

overpotential by 0.14 V is substantial. On the other hand, when KOH electrolyte is used, the 

constant consumption of OH− (higher molar conductivity) through acid-base reaction with CO2 

would create an accumulation of bicarbonate/carbonate (lower molar conductivity) in the 

electrolyte. As a result, Ru increases over time, of which the rate of increase depends on the volume 
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of the electrolyte reservoir. Nonetheless, this effect could be negated as the current density 

increases, which creates a consistently high local pH that results in a decrease in Ru. On the same 

note, an accumulation of liquid products in the catholyte could also affect the solution resistance. 

Therefore, it is not advisable to use the original measured Ru for the correction of voltage drop. 

 

Figure 5. Common experimental pitfalls that can affect the determination of iR-corrected cathodic 

voltage in a GDE-based flow electrolyzers. (a) Changes in solution resistance over time for 

different electrolytes. (b) Bubble evolution from the catalyst layer affecting the actual 

electrochemically active surface area and the pathways of the ions. 

Apart from the changes in solution resistance during the electrolysis, another factor that affects Ru 

is the formation of bubbles (Figure 5b). Considering that products such as H2, CO, CH4 and C2H4 

have limited solubility in aqueous electrolytes, bubbles evolving from electrodes in the catholyte 

chamber could happen especially at high current densities, i.e. high product formation rate. Ideally, 

dissolved products should be formed near the gas-electrolyte-catalyst three-phase boundary, which 

enables selective evolution of gas products at the gas-liquid interfaces for facile transport toward 

the gas chamber. However, in practical situation, catalyst-electrolyte interfaces dominate the 

activities of CO2 conversion in a 3-dimensional catalyst layer, i.e. products are formed slightly 

away from the gas-electrolyte interface (< 10 µm).34 As a result, a portion of the product could 

nucleate and evolve as bubbles within the electrolyte-filled catalyst layer and escape through the 

catholyte chamber. The crossover of gas products to the catholyte is also a concern for the accurate 

quantification of products as discussed previously. The extent of bubble formation can be further 

aggravated if the GDE is overly wetted or flooded, which pushes the gas-electrolyte interface 

further away from the catalyst layer (> 10 µm).74, 77 Additionally, the crossover of gas reactant and 

products will be intensified if the pressure at the gas chamber is higher than that in the catholyte 
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chamber. For example, Legrand et al. reported that in their specified electrolyzer system, a pressure 

difference of more than 5 kPa would result in the undesired crossovers and thus formation of 

bubbles in the catholyte chambers.58 Such pressure differences can be affected by a variety of 

factors, such as flow rates of CO2 and catholyte, cell dimensions, etc., while the ease of gas/liquid 

crossovers is influenced by the pore size of GDEs, surface tension, viscosity of catholyte, etc.  

Bubble evolution on the cathode surface would influence three types of overpotential (Figure 5b): 

(1) Additional ohmic overpotential would be observed due to the free and attached bubbles in the 

catholyte, which creates lengthier ion pathways for current transport. (2) Additional activation 

overpotential would also be resulted due to the attached bubbles masking the catalyst surfaces, 

which decreases the effective electrochemically active surface area. (3) A lower concentration 

overpotential could be observed as dissolved gas products can be more efficiently diffused and 

removed into the bubble, thus reducing supersaturation levels of products near the catalyst 

surfaces. The first type of bubble-induced overpotential effect, i.e. ohmic overpotential, would 

mean that Ru changes dynamically according to the nucleation and release of the gas products 

during CO2 electrolysis. Therefore, we again emphasize that utilizing the pre-electrolysis Ru for 

voltage drop correction would not provide a meaningful working potential.  

PROTOCOLS 

Product FEs 

Instead of assuming the gas effluent flow rate to be same as the feed flow rate, we emphasize that 

it is crucial for researchers to measure the effluent gas flow rate and report the method used for 

this measurement (electronic flowmeter, bubble flowmeter, etc.). Therefore, overestimation of gas 

product FEs can be avoided. 

In order to account for the crossover of liquid products to the anode chamber, analyzing of liquid 

products in the anolyte should also be performed. However, there is also the possibility that the 

organic liquid products can be oxidized by the anode. Hence, several protocols have also been 

proposed to minimize the crossovers of liquid products to the anode chamber, such as the increase 

in catholyte flow rate and the replacement of AEM to cation-exchange membranes or bipolar 

membranes.43, 46, 47 On the other hand, crossovers of volatile liquid products to the gas effluent can 
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be accounted by using a cold trap, or minimized by maintaining a low catholyte temperature and 

also increasing the volume of catholyte for circulation.48  

To address for the loss of gas products through the catholyte effluent, Niu et al. recommended a 

protocol whereby the gas effluent of the GDE-based flow electrolyzer is bubbled into a gas-tight 

catholyte reservoir to mix with gas products escaping from the catholyte effluent.48 The gas from 

the headspace of the catholyte reservoir are then fed to the GC for analysis. Although this protocol 

may help in redissolving part of the evaporated liquid products from the gas effluent back into the 

catholyte, there may also be other unintended effects, such as, further vaporization of the volatile 

products from the catholyte if the concentration or temperature is too high. Special care would also 

be needed to ensure minimal pressure build up in the gas chamber to overcome the hydrostatic 

pressure due to the immersion of gas outlet into the catholyte. When too much pressure is built up 

in the gas chamber, more gaseous products and reactants will crossover to the catholyte chamber.58 

An alternative solution would be to recover the evaporated volatile products with a cold trap before 

directing the gas effluent from the electrolyzer to the headspace of the catholyte reservoir. 

Considering that microenvironments of catalyst surfaces can be altered by a wide range of 

experimental factors, it is important to report these experimental conditions: catholyte and CO2 

feed flow rate, preparation of catalyst layer (catalyst loading, ionomer loading, ink solvent, air-

brushing conditions), etc. At the same time, commercially available standard catalysts, such as Cu 

nanopowder from Sigma-Aldrich, should be used as control samples for a more convenient 

comparison across literatures to verify the similarities/differences in microenvironment of the 

reported systems. 

Cathodic Potentials 

Since Ru value would vary dynamically during CO2 electrolysis due to changes in solution 

resistance and effects from bubble evolution, the following protocol is recommended to determine 

the iR-corrected working potential:  

1. Perform chronopotentiometry without in situ Ru compensation from the potentiostat.  

2. Determine Ru with impedance spectroscopy immediately after the chronopotentiometry 

ends.  
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3. Determine the iR-corrected working potential by using the final raw potential data point of 

the chronopotentiometry, specified current and the measured Ru (See Equation 2).  

4. Perform Steps 1–3 consecutively for three times in a single run to obtain an average iR-

corrected working potential.  

Note that three independent runs using different electrode samples are still required to acquire the 

overall averaged iR-corrected working potential for each specified current density. However, 

applying a more accurate Ru value for voltage drop correction will not address the issues of bubble-

induced activation and concentration overpotentials. Additional steps can be taken to minimize the 

extent of gas-masking of catalyst surfaces and bubble evolution in the catholyte chamber, such as 

reducing the pressure differences, optimizing the hydrophobicity/aerophobicity of catalyst layer, 

pre-designing bubble nucleation sites, etc.30, 77, 78  

SUMMARY AND OUTLOOK 

GDE-based flow electrolyzers play an important role in bridging the gap between conventional 

electrochemical cells and industrial electrolyzers while allowing evaluation of catalysts possible. 

In the midst of rapid discoveries of the next-generation electrocatalysts, we emphasized in this 

Perspective the presence of various experimental factors that can influence the evaluation of 

CO2RR performances of the catalysts. Without addressing these pitfalls would result in inaccurate 

product FEs and cathodic potentials. Through a better awareness of these potential pitfalls and 

implementation of recommended protocols, we foresee a more meaningful comparison of catalytic 

properties across literatures and laboratories.36 Consequently, a “cleaner” experimental database 

can be built, which enables a more reliable machine learning-enabled catalyst discovery. 

Nonetheless, the list of operational pitfalls and protocols for GDE-based electrolyzers discussed 

here should be continuously reviewed and refined as the development of CO2RR continues to 

evolve. For example, the following topics will require further discussion and alignment among the 

research community:  

• Experimental conditions for the measurement of electrochemically active surface area. The 

limitation of the commonly used method depends on double layer capacitance, which 

changes based on the extent of wetness of the porous GDE substrate.79 

• Experimental conditions of flow electrolyzer with bipolar membranes for CO2RR.80, 81  
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• Experimental conditions for acidic CO2RR.67  

• Experimental conditions for the coupling of CO2RR with N2/NOx/NO2
−/NO3

− reduction 

reaction.82, 83 

• Experimental conditions and reactor design of GDE-based flow electrolyzers for in situ 

characterizations, such as surface-enhanced Raman spectroscopy and X-ray absorption 

spectroscopy.84, 85  

Apart from three-compartment GDE-based flow electrolyzers, MEA electrolyzers also deserve 

more attention for establishing appropriate experimental protocols as it is still the most industrially 

relevant electrolyzer that can be employed in laboratories. Among the experimental pitfalls that 

are highlighted in this Perspective, not all of them are applicable to MEA systems. For example, 

iR-correction is not required as full-cell voltage are typically reported, hence the dynamic change 

of Ru will not matter. Also, the loss of gas products through bubble formation will not occur as 

solid electrolytes are used, and the loss of volatile liquid products through gas effluent are usually 

anticipated and collected with the typical cold trap connected to the outlet of MEA. Nonetheless, 

MEA electrolyzer systems present a more complex range of operational challenges.37, 72, 86-88 We 

encourage further dialogues and provision of experimental guidelines to address foreseeable 

pitfalls that researchers would face in these fields, hence further accelerating the progress of 

CO2RR toward commercialization. 
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