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ABSTRACT 

CO2 electrolysis is a promising carbon utilization technology. Currently, energetic efficiency 

still requires a significant improvement for commercialization. To rationally design a more 

efficient CO2 electrolyzer, diagnostic tools are necessary to pinpoint the source of voltage losses 

across the full cell at work. Here we develop a five-electrode technique to probe voltage drops at 

the cathode, anode, membrane and their interfaces in a typical zero-gap cell. We show that the 
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cathode/membrane ionic interface is the major source of overpotential, contributing 720 mV 

voltage loss at 600 mA cm-2. This loss can be mitigated by coating the catalyst directly onto the 

membrane to lower ionic resistances, reducing this voltage loss to 80 mV at the same current 

density. The improved design enables us to achieve a full cell performance of 3.55 V and >95% 

CO Faradaic efficiency at 800 mA cm-2 representing the highest performance for CO2 electrolysis 

with a dilute bicarbonate electrolyte. The insights provided by the five-electrode technique may 

guide the rational design of future membrane-based electrochemical cells. 

TOC GRAPHICS 

 

MAIN TEXT 

Carbon utilization technologies have the potential to offset costs of CO2 capture while providing 

sustainable alternatives to fossil-fuel-derived products such as fuels and polymers. Low 

temperature (<100°C) CO2 electrolysis is a promising carbon utilization technology to produce 

polymer and diesel precursors (ethylene, carbon monoxide), as well as liquid fuels (formic acid 

and ethanol)1–3. In a typical CO2 electrolyzer, electrochemical CO2 reduction (CO2R) occurs at the 

cathode (spanning 2 to 8 electrons per CO2 molecule) while water or a fuel feedstock4–6 (e.g., 
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hydrogen, glycerol) is oxidized at the anode with a polymer membrane between the electrodes to 

facilitate ion conduction. The most commercially relevant cell configuration for CO2 electrolysis 

is a zero-gap configuration, where catalyst-coated substrates are compressed directly onto an ion-

conducting polymer membrane (Scheme 1). Energetic efficiencies about 40%7–9 at industrially 

relevant current densities (>400 mA cm-2) has been achieved with zero-gap anion exchange 

membrane (AEM) configurations using commercially available high carbonate conductive 

membranes and ionomeric binders such as with Sustainion9–12 (imidazolium-functionalized 

styrene) and Piperion8,13 (poly(aryl piperidinium)). Current research efforts primarily focus on 

improving individual components (catalysts, membranes) while achieving higher performance on 

a full device level remains challenging because the full cell performance is also impacted by factors 

beyond individual component properties under working conditions14. Thus, there is an urgent need 

to develop an operando tool to assess the performance of components and their interfaces at 

commercially relevant conditions to accelerate the development of CO2 electrolysis for 

commercialization.  
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Scheme 1. Standard zero-gap configuration for CO2 electroreduction to carbon monoxide with 

three reference electrodes. The total energy losses are related to the overpotential from each 

component. Overpotential can be broken down into three types: mass transport, kinetic, and 

conduction overpotential. Quasi-reference electrode wires are validated by open circuit potential 

measurement against the external reference electrode with the cell in an open circuit state. 

 

The cell potential to drive CO2 electrolysis is typically more than double the thermodynamic 

voltage arising from inefficiencies throughout the system. To better understand the source of these 

inefficiencies, the total cell potential can be derived from the sum of each component (Eqn 1). 

Under galvanostatic control, the potentials of the cathode (Ecathode), anode (Eanode) and membrane 

(Emembrane) can be measured by measuring the voltage drop between current collectors and 

reference electrodes pressed on the membrane (Eqn 1, Scheme 1). When the potential of the 

reference electrode under operating conditions are known, contributions from the expected 
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thermodynamic potential, Eth, and inefficiencies manifested as overpotentials, η, can be backed 

out (Eqn 2). Primary sources of overpotential in this system are related to ion/electron transport 

(ηcond), electrode kinetics (ηkin), and mass transport induced thermodynamic/kinetic effects (ηmt) 

(Eqn 3). Typically, ion/charge conduction overpotential both in the bulk and thin film electrolyte, 

generally established to be ohmic (Rcond) can be extracted with relative ease by measuring 

impedance at a fast frequency (>103 Hz)15–17. The combined kinetic/mass transport overpotential 

(ηnon-ohmic) at the operating current density, i", can be evaluated by subtracting the ohmic resistance 

(Eqn 4). For generality, resistances are normalized to the active area of the electrode. There are 

several accounts where fritted reference electrodes and quasi-reference wires have been 

successfully contacted (directly or indirectly) to the membrane in fuel cells18–21, redox flow 

batteries22, and electrolyzers23,24 for CO2 and H2O. However, the techniques employed, such as 

using a flow field with a port for a leak-free reference electrode24,membrane/wetted matrix (e.g., 

paper wipes) to extend the membrane out of the flow field23, or sandwiching a reference electrode 

between a double membrane20,22, lack flexibility in where the reference electrode outside of the 

active area of the electrochemical cell can be positioned (Figure S12). As such, convolution error 

where the probing point can be virtually located within the membrane rather than distinctly on the 

interfaces with the electrodes is difficult to control and mitigate. 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (1) 

𝐸𝐸𝑖𝑖 = 𝐸𝐸𝑖𝑖,𝑡𝑡ℎ + 𝜂𝜂𝑖𝑖 (2) 

𝜂𝜂𝑖𝑖 = 𝜂𝜂𝑖𝑖,𝑘𝑘𝑘𝑘𝑘𝑘 + 𝜂𝜂𝑖𝑖,𝑚𝑚𝑚𝑚 + 𝜂𝜂𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (3) 

𝜂𝜂𝑛𝑛𝑛𝑛𝑛𝑛−𝑜𝑜ℎ𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜂𝜂𝑖𝑖,𝑘𝑘𝑘𝑘𝑘𝑘 + 𝜂𝜂𝑖𝑖,𝑚𝑚𝑚𝑚, 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑖𝑖"𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (4) 

 

To break down overpotentials for CO2 electrolysis, we propose a 5-electrode (5E) measurement 

technique that addresses the issue of membrane convolution while providing better accessibility. 
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For the 5E measurement technique, two quasi-reference wires are introduced to the cell via gasket 

openings to inactive regions on each side of the membrane, enabling flexibility in the wire 

positioning that allows for leveraging optimal misalignment of electrodes to minimize 

convolution19 (Scheme 2a-c, Figure S11, Table S8). By selecting a reference wire thinner than the 

carbon paper or porous transport layer the original gasket can be substituted with two, one for 

placement of the wire and another for insulating the wire from the endplate.  For the quasi-

reference electrode wires, a stable, cheap and easy-to-fabricate silver-silver bromide redox couple 

(about 200 mV vs. 3.5M KCl Ag/AgCl) is selected and prepared via electrodeposition (Figures 

S1-S5, Tables S1-S3, See Supporting Information Section S1 for methods). A third external 

reference electrode, Ag/AgCl 3.5M KCl (Pine Research Instrumentation, Low Profile Silver 

Chloride (Ag/AgCl) Reference Electrode) is introduced to the anolyte fed to the cell for validation 

of the quasi-reference electrode wires. Further discussion about the technique is provided in 

Supporting Information Section S2. In total, a gasket substitution, two simple reference wires, and 

a multiplexer (or programmable relay box) are required to implement the technique (Figure S10). 

As shown in Figure S13, while operating under galvanostatic conditions, the connections to the 

reference and sense leads to each electrode is toggled via potentiostat programming to cyclically 

measure the voltage of each component. The minimal modifications to existing hardware make 5E 

measurements accessible with setups used for typical CO2 electrolysis diagnostics.  
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Scheme 2. Key elements of the CO2 electrolysis cell using a: a) zero-gap or b) catalyst coated 

membrane configuration. c) Schematic of AgBr quasi-reference electrode wire positioning on the 

membrane with accompanying gaskets. 

We use this 5E measurement technique to benchmark the performance of a 5 cm2 zero-gap 

configuration CO2 electrolyzer by producing carbon monoxide as the primary product.  Silver 

nanoparticles (Sigma Aldrich) was used as the cathode catalyst, Orion AMX 2.8 membrane (Orion 

Polymer) was used as the anion exchange membrane (AEM), and iridium oxide (Alfa Aesar) was 

used for the anode catalyst. (Tables S4-S6, Detailed methods are provided in Supporting 

Information Section S2). The resistance attributable to endplates and electrode support electronic 

conduction was evaluated for reference (Figures S8-S9). A pH meter (Apera Instruments PH8500) 

was used to monitor anolyte pH. Both the cell and electrolyte were heated to 40°C while 
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humidified (dew point = 35°C) CO2 was fed in stoichiometric excess resulting in an outlet CO 

concentration of approximately 25%v/v. 

Initially, the performance of the zero-gap configuration exhibited a cell potential of 3.58 V at 

400 mA cm-2 and poor Faradaic efficiency (<75%) towards CO at higher current densities (Figure 

1a). Using 5E measurements, we can pinpoint that the critical bottleneck for this configuration is 

high cathode resistance comprising more than 66% of the total ohmic drop measured before the 

limiting current density. Thus, using the 5E measurement technique, we identified that to further 

reduce voltage drops in the cell, the optimization of cathode-membrane ion conduction should be 

prioritized. 

Beyond discovering the cathode/membrane interface issue, direct measurement of the membrane 

potential during operation enables insightful benchmarking of membranes under practical 

operating conditions. As shown in Figure 1, the presence of a non-ohmic potential drop across the 

membrane, particularly for the zero-gap configuration, indicate that assuming a singular constant 

ionic resistance, which has been done in prior modeling work25, is not necessarily valid for 

modeling voltammetric performance. Therefore, when ionic interfaces are poor, such as with dilute 

electrolyte and dry out effects, dynamic effects16 can play an outsized effect increasing the 

effective membrane resistance (Emembrane /i" >1.0 Ω cm2) (Supporting Information Section S3, 

Figure S16) which needs to be considered when benchmarking or modeling membrane 

performance. Therefore, 5E measurements can help bridge learnings from ex situ polymer 

membrane studies to demonstration in electrolyzers by quantitating performance under harsh 

working conditions.  

For AEM water electrolysis, catalyst coating the membrane rather than the porous electrode 

supports has been demonstrated to improve voltammetric performance, especially with either DI 
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water or dilute (<100mM) electrolytes26). Improving ionic contact via CCM should have an 

outsized effect on CO2 electrolysis performance since the membrane has an interfacial resistance 

increased by an order of magnitude in carbonated form (HCO3
-/CO3

2-) compared with the 

commonly reported resistance in hydroxide form (OH-)27
.
 Therefore, we aimed to hot-pressed 

catalyst coated membrane (CCM) configuration to mitigate poor cathode/membrane interfacial 

resistance (Scheme 2d, Figure S6, Table S7). By wetting the membrane with a H2O: EtOH mixture, 

hot pressing with Orion AMX 2.8 was achieved at 100°C (Figure S7, Supporting Information 

Section S2).  
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Figure 1. Scanning electron microscopy images of a) silver cathode on gas diffusion layer used in 

zero-gap configuration and b) Catalyst coated membrane (CCM) with elemental mapping. 

Voltammetric performance breakdown into ohmic and non-ohmic overpotentials for 

electrochemical CO2 reduction to CO at 40°C for c) zero-gap configuration and d) CCM 

configuration using Orion AMX 2.8 as the anion exchange membrane with a recirculated CO2 

saturated 10 mM KHCO3 anolyte. GC measurements were taken between ten to fifteen minutes 

into each current hold experiment. 

This CCM configuration minimizes the cathode ohmic resistance, resulting in superb 

voltammetric performance where the cell potential at 400 mA cm-2 is lowered by 0.57V (Figure 

1d) with a reduction in the cathode resistance by 90%. Notably, the interface can be improved by 

other means, such as adding a concentrated liquid electrolyte26,28. However, this would require 

further engineering of the cathode catalyst layer to avoid flooding due to salt precipitation29 which 

is beyond the scope of this study. Overlaid in Figure 2b are the full cell potentials of zero-gap and 

cathode-only CCM configurations. The latter still exhibits most of the total performance benefit 

further supporting that the cathode-membrane interface, which is not exposed directly to 10mM 

electrolyte, is the critical interface. In conclusion, the CCM treatment uplifts the voltammetric 

performance to  comparable with existing state of art performance for CO2 electrolysis to CO 

within a range of ±0.1V at 400-800 mA cm-2 under dilute/no supporting electrolyte <10mM 

KHCO3 conditions7,13. 

We also compared zero-gap vs CCM performance for another AEM (FAA-3-50) with poor 

carbonate conductivity27 in identical operating conditions (Supporting Information Section S4) to 

see if a similar trend could be observed. However, we only observed that ionic resistances shift 

from the cathode to the anode, indicating that not all AEMs may benefit from the CCM treatment 
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(Figure S19). We also benchmarked a CCM using a cation exchange membrane (CEM) with a 

porous anion-conducting layer between the cathode catalyst layer and the CEM because of its 

potential as an alternative to AEM-based configurations that mitigates issues such as the 

carbonation of anolyte or CO2 release with anode tail gas30–33. This configuration was diagnosed 

using 5E measurements. Initially, we found that depending on the identity of the CEM counterion 

(Na+, K+), the Faradaic efficiency of CO differed by more than 20% (Figure S20a-b). While total 

cell resistance and voltage were similar, the 5E technique revealed major differences in the 

distribution of ionic resistances throughout the cell (Figure S20c) which reflect the major changes 

that counter ion identity has on ionic resistance, water uptake, proton selectivity, electroosmotic 

drag of water across the membrane34,35, that ultimately shape the microenvironment (i.e., pH, 

water) at the CO2 reduction cathode beyond cation identity36. While the exact mechanism by which 

counterion identity affects selectivity remains elusive here, it is our expectation that the 5E 

technique can provide the necessary optics to study complex behavior in a bipolar membrane 

configuration without a liquid electrolyte layer. In Table 1, we tabulate the discoveries made for 

the CO2 electrolysis configurations using our probing technique. Ultimately, the 5E technique 

provides a new set of metrics for diagnosing a variety of CO2 electrolysis cells beyond full cell 

potential and resistance. 

Table 1. Summary of observations made for CO2 electrolysis configurations 

Configuration Initial observation 5E Technique diagnosis 

Orion AMX 2.8 
AEM 

Poor FE, high internal resistance 
when used in a zero-gap 
configuration 

Cathode ionic resistance can be 
largely eliminated by catalyst 
coating the membrane 

FAA-3-50  

AEM 

Poor FE, high internal resistance 
when used in both zero-gap and 
catalyst coated configurations 

High ionic resistance is not 
eliminated but rather shifted to 
anode by catalyst coating the 
membrane 
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Nafion-Orion 
forward-bias 
BPM 

Poor FE, when Nafion CEM is 
exchanged to K+ form but FE 
improves when exchanged to Na+ 
form despite similar total cell 
resistance. 

High ionic resistance at anode 
shifts toward the cathode when 
changing Nafion CEM 
counterion from K+ to Na+  

 

Component-wise deconvolution through the 5E measurement also improves the effectiveness of 

electrochemical impedance spectroscopy (EIS) for understanding electrode dynamics in MEA 

configurations without a liquid electrolyte gap. Typically, EIS is only used qualitatively to 

understand zero-gap AEM performance because of the complexity of modeling the system with 

an equivalent circuit8,13. Both the electrodes and the membrane have non-negligible contributions 

(>10%) to the full cell EIS which makes a causal link between an intervention and changes to 

impedance prone to error. More challenging, the timescale of phenomena that describe the 

impedance of each component are similar, which makes directly fitting the EIS data with 

parameters to describe each component an ill-posed problem. The 5E measurement technique 

addresses this issue by enabling the collection of three additional spectra for the cathode, anode, 

and membrane, which can be individually modeled and interpreted. However, the membrane 

impedance is not scrutinized further as there are nonlinear effects and other complexities that make 

spectra interpretation intractable without considerable physical modeling beyond the scope of this 

work16.  

The impedance spectra for each electrode can then be interpreted by distributed relaxation times 

(DRT) analysis17,37. DRT analysis enables quantitative comparisons between EIS results with more 

generalizability without presupposing a specific equivalent circuit. Specifically, DRT fits 

impedance data as an infinite series of capacitive and or inductive circuit elements which enables 

the sorting of internal resistance at an electrode that correspond to physical processes with varying 

time scales without necessitating the user to presuppose an equivalent circuit that might not 
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physically represent the electrode dynamics at play. EIS acquisition parameters and DRT fitting 

parameters used for this study are provided in Table S9 and Table S10 respectively. Figure 2b 

shows three distinct phenomena in the cathode EIS, which can be attributed to residual 

ionic/electronic conduction, electrode kinetics, and mass transport. As anticipated, the electrode 

kinetics resistance follows a Tafel relationship remarkably well (Supporting Information Section 

S3, Figure S18). Moreover, looking at the enhancement of not only ionic conduction but also 

charge transfer resistance at the cathode indicate that catalyst coating the membrane has a dual 

effect of improving catalyst utilization, which has been seen in AEM water electrolysis literature26, 

on top of the order of magnitude improvement in ionic conductivity (Figure 2a). Surprisingly, the 

CCM configuration features higher ionic and charge transfer resistances at the anode rather than 

simply eliminating cathode resistances. Therefore, the benefit of implementing a CCM 

configuration is not as straightforward as initially expected. The missing Faradaic efficiency seen 

in the zero-gap configuration can be attributed to formate production38. Formate is anionic species 

that can cross over an AEM and oxidize at the anode. In a separate experiment, we observed a 

reduction in the charge transfer resistance on the anode in the presence of potassium formate 

(Figure S21) due to the more facile oxidation of formate relative to water. Thus, we attribute the 

suppression of formate oxidation, by maintaining high FE towards CO, as the source of the higher 

anode charge transfer resistance seen in the CCM configuration. The deconvoluted electrode 

resistances can also be used to systematically model mass transport resistance exclusively at the 

cathode, which is exacerbated when approaching near unity single-pass conversion (Figure S17). 

Accordingly, coupling 5E measurements with EIS provides a path for decoupling electrode 

dynamics and membrane impedance to accelerate the development of more efficient components 

for CO2 electrolysis. 
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Figure 2. a) Cathode and anode resistances measured with electrochemical impedance 

spectroscopy and deconvoluted via Distributed Relaxation Times (DRT) methodology for zero-

gap, fully catalyst coated membrane (CCM) and cathode-only coated membrane (CCMCathode) 

configurations. b) DRT results for cathode impedance taken for CCMCathode. Inset is the calculated 

Nyquist plot from the DRT results overlaid on experimental data obtained at 200 mA cm-2. 

 Additionally, the 5E measurement technique can enrich the data collection for accelerated 

stability testing protocols. Accelerated stability testing is necessary for CO2 electrolysis to meet 

expectations of durability and stability that make industrial application of this carbon utilization 

technology possible39,40. Therefore, to understand the potential for the 5E measurement technique 

as a diagnostic aid, a pH failure diagnostic test was conducted using the cathode-only CCM 

configuration (Figure 3). The cell was cycled between 200, 800, and 0 mA cm-2 to make the most 

of EIS and validation capability gained by having an external reference electrode while still quickly 

instigating cell failure with the original testing configuration (Table 2). Without any interventions, 

the anode, followed quickly by the membrane and cathode, rapidly deteriorates after the anolyte 

hits a pH of 3. The anolyte composition drastically changed during operation; at the end of the test, 
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significant formate (21.2 mM) was detected via NMR, and only 10% of the initial K+ 

concentration, with 8.7 μM of stainless-steel elements (Ni, Cr, Mo, Fe), was detected via ICPMS 

(Figure S14). EIS results (Figure 3b) further support that anode poisoning with these impurities 

led to a rapid increase in the ionic resistance leading to cell failure. Besides increased ionic 

resistance, increased kinetic resistance was observed due to 1.3 mg cm-2 of the initial 2.0 mg cm-2 

of iridium oxide falling off the anode measured via XRF. To mitigate anode/anolyte degradation, 

the 50 mL anolyte reservoir was replenished with 10 mM KHCO3 while removing well-mixed 

anolyte at a rate of 1 ml min-1 while the anode (with binder and IrO2) was thermally annealed to 

limit IrO2 losses. The result was stable short-term operation at 1 h intervals at 800 mA cm-2 as the 

pH saddled in the range of 5-6 (Faradaic efficiency measured throughout the duration of both tests 

are provided in Figure S15). While the original failure mechanism here was unmistakable from 

post-mortem observations, deconvolution still provides an opportunity to learn which components 

are stability-limiting during operation and can complement other measurements of stability such 

as FE and post-mortem characterizations.  

Table 2. pH Failure diagnostic test current profile 

Current Density 
(mA cm-2) 

Duration 

 (min) 

Purpose 

200 20 For acquiring clean and well-defined impedance 
data 

0 0.033 To validate AgBr quasi-reference wire potentials 
with the external reference electrode throughout 
the test 

800 60 To operate at the current density where instability 
is observed with the original testing configuration 
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Figure 3. pH Failure diagnostic test of a cathode only catalyst-coated membrane configuration 

(CCMcathode) using Orion AMX 2.8 (Control) and a modified CCMcathode with an annealed IrO2 

anode and anolyte (10 mM KHCO3) replenishment (Stabilized anode). a) Overpotential traces and 

b) cathode and anode impedance taken at 200 mA cm-2 throughout the experiment. 

 In short, we developed a five-electrode measurement technique to rationally improve a CO2 

electrolyzer configuration and to enrich both EIS and stability testing methods. Using this 

technique, we identified poor ionic conductivity at the cathode-membrane interface that was then 

mitigated by catalyst-coating the membrane, thereby enabling high-performance CO2 electrolysis 

with dilute electrolyte.18,19,21. The convenience of the technique, requiring only gasket 

modifications for the electrochemical cell, makes the impact of this work significant not only for 

CO2 electrolysis but also as a general full device diagnostic platform for other membrane-based 

electrochemical systems. 
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Supporting Information. Experimental details on materials, quasi-reference electrodes, cell 

design, electrochemical techniques, additional experimental results and Supporting Information 

figures and tables 
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