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ABSTRACT 

Electrochemical approaches hold promise for energy-efficient and modular carbon dioxide 

(CO2) separation systems that can make direct use of renewably-generated electricity. Here we 

employ a thermodynamic modeling approach to estimate the upper performance bounds of CO2 

separation processes that use soluble, redox-active capture species.  We contemplate the impact of 

tunable molecular and electrolyte properties on the thermodynamic and faradaic efficiencies of 

four characteristic system configurations. We find a tradeoff between these efficiency metrics, and 

propose a new metric, the combined efficiency, that can be used to further explore this tradeoff 

and identify desirable property sets that balance energy and materials requirements. Subsequently, 

we determine effective CO2 binding affinities of redox-active capture molecules and demonstrate 

how these values are dependent upon molecular properties, system format, and operating 

conditions. Overall, this analytical framework can help guide molecular discovery and electrolyte 

engineering in this emerging field by providing insight into target material properties. 
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1. INTRODUCTION 

Deep society-wide decarbonization to limit global temperature rise to less than 1.5–2°C by the 

turn of the century will require development, manufacture, and deployment of transformative 

carbon-neutral and carbon-negative technologies on a global scale. Renewable energy sources will 

be essential in the future low-carbon economy; however, during this transition, the cumulative CO2 

emissions may exceed the target threshold due the long technical and economic lifetimes of current 

fossil-fuel infrastructure and the growing energy demand.1,2 Carbon dioxide (CO2) capture coupled 

with storage or utilization can be used to facilitate this transition by reducing emissions of current 

technologies, addressing hard-to-decarbonize sectors, and even providing a means to reduce 

cumulative emissions through net-negative applications.1 As a result, CO2 capture is projected to 

play a key role in this global transformation.1,2 For large, stationary emissions sources, such as 

fossil-fuel power plants and industrial processes, the preferred pathway for CO2 removal involves 

separating CO2 from flue gas in post-combustion capture.3,4 For small, stationary (e.g., residential 

sector) and mobile (i.e., transportation sector) CO2 sources, this strategy is more difficult. Direct 

air capture (DAC), where CO2 is separated from air, is one method that can be used to account for 

these emissions. In the long-term, operation of DAC processes could enable the achievement of 

net-negative CO2 emissions.5 

Though various CO2 separation strategies exist, the most mature technologies involve 

thermochemical reactions. These systems rely on enthalpically-driven, chemical absorption 

(adsorption) reactions at ambient temperatures, followed by an input of heat to overcome the 

positive reaction enthalpy of the desorption step(s) to recover CO2 and regenerate the liquid solvent 

(solid sorbent).6–8 There are currently several commercialized processes for both post-combustion 

capture (e.g., KM-CDR Process™,9 Shell Cansolv® CO₂ Capture System,10 and Econamine FG 
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Plus℠ technology11) and DAC (e.g., Climeworks,12 Global Thermostat13, and Carbon 

Engineering14), which are either under development, in pilot/demonstration scale testing, or 

operational. However, broad adoption is presently challenged by both technical and economic 

factors. In general, the efficiencies of thermal separations are constrained by Carnot limitations.15–

17 Subsequently, these approaches are energy-intensive, specifically during the desorption step.18,19 

Current post-combustion capture and DAC processes using these chemical absorption (adsorption) 

methods require ca. 28–43 and 180–440 kJ mol CO2
-1 of thermal energy, respectively.8,20–22 In 

comparison, the minimum energy of separating CO2 from flue gas generated at coal and oil power 

plants is ca. 6–7 kJ mol CO2
-1, and for DAC it is ca. 20 kJ mol CO2

-1, which demonstrates the 

inefficiency of current processes. Many of the solvent and sorbent materials are also susceptible 

to thermal and chemical degradation during regeneration, which can lead to performance decay, 

equipment damage, and operational issues overtime.23,24 

As an alternative, electrochemical approaches have been proposed, for which electrode potential 

is the dominant driving force. In these technologies, electrode potentials are modulated to initiate 

electrochemical reactions that either activate or deactivate the capture medium, enabling CO2 

capture or release. As compared to thermochemical processes, electrochemical technologies 

provide a pathway for operating at higher efficiencies due to their direct conversion of electrical 

energy into chemical energy, thereby circumventing Carnot limitations.25 Electrochemically-

driven processes have other benefits as well—they are modular and, thus, scalable across various 

process sizes, can be operated at milder conditions, and can directly utilize low-carbon electrical 

power.26,27  

Approaches to electrochemical CO2 separation, in general, include either direct or indirect 

modulation of the CO2-binding affinity of the capture medium. Indirect approaches utilize faradaic 
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reactions to alter the electrolyte environment and thereby influence the binding capabilities of a 

capture molecule (which does not undergo electrochemical transformations itself). 

Electrochemically-mediated amine regeneration (EMAR) is one indirect approach which makes 

use of the same absorption step as amine-based solvent systems for post-combustion capture. 

However, the regeneration step is carried out electrochemically rather than thermochemically. 

Specifically, copper cations (Cu2+) are introduced into the solution via oxidation of a copper (Cu) 

anode. The amine molecules preferentially bind Cu2+ in the electrolyte solution, releasing CO2. 

The amine solvent and copper are then regenerated via a reduction step, in which Cu is 

electrodeposited onto a cathode.28,29 Although still in development, this electrochemical approach 

is currently projected to have energy requirements of ca. 50–60 kJ mol CO2
-1 (including CO2 

compression) which is similar to state-of-the-art post-combustion capture, while also having the 

ability to avoid high-temperature amine degradation.30 Another indirect approach leverages 

proton-coupled electron transfer reactions to generate a pH gradient across an electrochemical cell, 

facilitating the capture of CO2 in the form of bicarbonate/carbonate on the high-pH side and release 

on the low-pH side.31–37 Estimates of the minimum energy consumption for a pH-swing CO2 

capture process are similar to that of the EMAR process (60 kJ mol CO2
-1).34 

Direct approaches for electrochemical CO2 separation involve the use of redox-active, CO2 

capture molecules. The overall process can be characterized by four reactions, as outlined in 

Equations 1–4, where R represents a generic capture molecule. 

R + 𝑛e− ↔ R𝑛− (1) 

R𝑛− + 𝑞CO2

𝐾1
↔ R(CO2)𝑞

𝑛− (2) 

R(CO2)𝑞 + 𝑛e− ↔ R(CO2)𝑞
𝑛− (3) 

R + 𝑞CO2

𝐾2
↔ R(CO2)𝑞 (4) 
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In this process, capture species (R) can either be dissolved in an electrolyte38–47 or immobilized 

on an electrode surface.48,49  The R molecules are activated via electroreduction (R𝑛−) to increase 

their nucleophilicity and, thus, CO2-binding affinity (𝐾1). Following an absorption step, the CO2-

bound molecules (R(CO2)𝑞
𝑛−) are electrooxidized (R(CO2)𝑞), reducing their binding affinity (𝐾2) 

and facilitating the release of CO2.
38 Several molecular families have been shown to be capable of 

capturing and releasing CO2 in this manner including quinones,38–42,48–50 bipyridines,43,44 

thiolates,45 and transition metal complexes.46,47 Aromatic molecules and coordination complexes, 

as such, are broadly attractive because key physical and electrochemical properties can be tuned 

through synthetic design to achieve targeted molecular properties. The ability to optimize the 

properties of these capture species can enable higher efficiency separations. Many of these 

molecular families, such as quinones, are also composed of relatively cheap and abundant starting 

materials.51 

Proper design of redox-active capture media is essential to the development of systems with 

competitive energetic and capture efficiencies, necessitating the identification of suitable redox 

molecules and electrolyte formulations.  However, the breadth and diversity of the potential 

chemical design space challenges experimental research efforts, especially if desired property 

profiles are not well-defined or not readily achievable with present materials. To this end, 

modeling can aid in understanding how specific design variables impact performance and can offer 

insight into favorable combinations of material sets, device formats, and operating conditions. In 

particular, thermodynamic modeling, the focus of this study, can serve as a computationally 

concise approach to quantifying the upper limits on system performance and assessing how those 

limits are impacted by molecule/electrolytes pairs, system configurations, and operating strategies. 

In previous work, Shaw and Hatton detailed a framework for electrochemical CO2 separations 
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which can be used to evaluate the thermodynamic limit on energy requirements (kJ mol CO2
-1) of 

four different system configurations.52 They demonstrated that choice of configuration impacts 

both system energetics and how these energy requirements are affected by certain molecular 

properties (e.g., binding affinity and CO2 solubility). This framework, or a similar approach, has 

been applied to assess the energetic limits for EMAR28–30 and pH-swing33,34 systems. In these 

works, Wang et al.30 and Rahimi et al.33 evaluated energetic limits for specific electrolyte 

compositions and chemistries used in EMAR and pH-swing technologies, respectively. 

Comparatively, Stern et al. began to assess the impact of binding strength on EMAR systems, 

which is a chemistry-dependent characteristic.28,29 For direct approaches with soluble, redox-active 

sorbents, DuBois et al.38 and Scovazzo et al.41 used thermodynamic relations to investigate binding 

coefficient requirements (𝐾1 and 𝐾2) for separating CO2 at a given capture species concentration, 

and how this may be impacted by CO2 solubility.  

Here, building upon these prior works, we perform a more comprehensive thermodynamic 

analysis of electrochemical separation systems which use soluble, redox-active capture molecules 

to directly capture and release CO2. Rather than focusing on a specific electrolyte composition and 

chemistry, we vary associated molecular properties to assess how these design factors impact 

performance limits. We describe a thermodynamic modeling framework (Sections 2.1–2.3) to 

assess the thermodynamic (energetic) and faradaic efficiencies (Sections 3.1 and 3.2) of these 

electrochemical CO2 separation systems. We specifically investigate the impact of molecular 

properties on these efficiencies for different system configurations using a model post-combustion 

capture case. We observe competing trends between the thermodynamic and faradaic efficiencies 

and define a new metric, the combined efficiency, to explore this tradeoff and understand the 

impact of molecular properties, operating factors, and system configurations (Section 3.3). Using 
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the combined efficiency, we highlight properties of capture molecule and electrolyte pairs that 

may be effective in adequately balancing this inherent tradeoff, and which system configurations 

and process applications (post-combustion capture vs. DAC) these pairs may be most successful 

in (Sections 3.4 and 3.5). 

To this end, findings from this work can guide aspects of on-going molecular discovery and 

electrolyte engineering efforts. While we specifically analyze direct electrochemical CO2 

separation methods which use solubilized sorbents, this framework can be adapted and extended 

to other approaches (e.g. EMAR or pH-swings), as well as to immobilized (i.e. non-solubilized) 

capture species.52 Overall, this thermodynamic model and associated analysis can support and 

potentially accelerate molecular discovery, system development, and ultimately deployment of 

electrochemical CO2 separation technologies. 

2. THERMODYNAMIC MODEL 

In this section, we outline the key equations in this thermodynamic modeling approach and 

highlight underlying assumptions. This approach considers four lumped reactions, as shown in 

Equations 1–4, which include the binding or release of 𝑞 CO2 molecules and the transfer of 𝑛 

electrons in a concerted fashion. It is assumed that a state of chemical and electrochemical 

equilibrium exists throughout the separation cycle according to these four reactions. The vapor 

and liquid phases are also assumed to behave as an ideal gas and ideal solution, respectively. 

Accordingly, the species activity coefficients are unity and the dissolved concentration of CO2 can 

be related to its partial pressure via Henry’s law, [CO2] = 𝐻CO2
𝑃CO2

. In this expression, [CO2] is 

the concentration of CO2 dissolved in the electrolyte (mol L-1), 𝐻CO2
 is the Henry’s law constant 

for CO2 (mol L-1 bar-1), and 𝑃CO2
 is the CO2 partial pressure (bar). Finally, it is assumed that the 

system operates isothermally and all gas streams enter and exit the process at atmospheric 
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conditions (298.15 K and 1 bar). A more rigorous thermodynamic modeling approach has been 

demonstrated for EMAR and pH-swing processes, which incorporate various speciation reactions 

and solution non-idealities via activity coefficient models.30,33 In comparison, here we applied 

these simplifying assumptions, as described, to focus on general, thermodynamic trends of these 

systems without considering specific electrolyte chemistries. All other assumptions will be stated 

throughout this section and detailed further in the Supporting Information (SI) if necessary. 

In this approach, we solve for concentration and electrochemical potential variation 

simultaneously at each electrode as the capture species is activated (cathode) and deactivated 

(anode). Determination of the electrode potentials and CO2 concentrations enable estimation of 

energy requirements for the capture and release of CO2 on a molar basis. This permits the 

computation of a thermodynamic efficiency by comparing the calculated energy requirements to 

the minimum energy of CO2 separation. We also compute the number of moles of CO2 captured 

and released per mole of electron that is transferred as a measure of faradaic efficiency. 

2.1 Governing Equations 

The electrochemical potential for each redox reaction is modeled using the Nernst equation. For 

the reactions shown in Equations 1 and 3, the electrode potentials are represented by Equations 5 

and 6, respectively:  

𝐸 = 𝐸1,0 −
𝑅u𝑇

𝑛𝐹
∙ ln (

[R𝑛−]

[R]
)  (5) 

𝐸 = 𝐸2,0 −
𝑅u𝑇

𝑛𝐹
∙ ln (

[R(CO2)𝑞
𝑛−]

[R(CO2)𝑞]
)  (6) 

where 𝐸 is the electrode potential (V), 𝐸1,0 represents the standard reduction potential of the R/R𝑛− 

redox couple, 𝐸2,0 represents the standard reduction potential of the R(CO2)𝑞/R(CO2)𝑞
𝑛− redox 

couple, 𝑅𝑢 is the universal gas constant (8.314 J mol-1 K-1), 𝑇 is the absolute temperature (K), and 

F is the Faraday constant (96485 C mol-1). For an ideal solution, the activity of each ionic species 
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is determined as its concentration divided by the standard state for ions in an ideal solution (1 

molal solution). As an approximation, molar concentrations can be used as a substitute for 

molalities, and the standard concentration, [C0], is 1 mol L-1.8 In the Nernstian expression for the 

reactions considered in this system, the standard concentrations cancel resulting in Equations 5 

and 6. 

The total capture species concentration, [R0] (mol L-1), is equivalent to the total concentration 

of the capture species in all four states, as shown in Equation 7.  

[R0]  = [R𝑛−] + [R(CO2)𝑞
𝑛−] + [R] + [R(CO2)𝑞]  (7) 

It is assumed that this concentration remains constant. This is used as a basis of normalization for 

the capture species concentrations. Equation 8 shows that the electrolyte state of charge, 𝑥a (-), is 

defined by the total, dimensionless concentration of the capture species in its reduced states.  

𝑥a =
[R𝑛−]+[R(CO2)𝑞

𝑛−]

[R0]
  (8) 

The range of 𝑥a is 0 to 1 due to normalization by [R0]. The state of charge swing, ∆𝑥a, is defined 

as the change in state of charge during cathodic reduction and anodic oxidation. It is assumed that 

the system operates symmetrically around 𝑥a = 0.5. This means that the initial and final states of 

charge during the reduction step are 0.5 −
∆𝑥a

2
 and 0.5 +

∆𝑥a

2
, respectively, and the opposite is true 

for the oxidation step. 

This framework also incorporates three dimensionless parameter groupings, which reduces the 

number of independent variables considered. The binding coefficients for dissolved CO2, 𝐾1 and 

𝐾2, can be grouped with the Henry’s law constant for CO2, 𝐻CO2
, as such:  

𝐾g,1 =
[R(CO2)𝑞

𝑛−]

[R𝑛−](𝑃̃CO2)
𝑞 = (𝐻CO2

𝑃0

[C0]
)

𝑞

𝐾1  (9) 

𝐾g,2 =
[R(CO2)𝑞]

[R](𝑃̃CO2)
𝑞 = (𝐻CO2

𝑃0

[C0]
)

𝑞

𝐾2  (10) 
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where 𝑃̃CO2
is the dimensionless CO2 partial pressure, 𝑃̃CO2

= 𝑃CO2
𝑃0⁄ , with 𝑃0 as the standard 

pressure of 1 bar. Similar to the derivation of the Nernst expressions in Equations 5 and 6, the 

standard concentrations of the capture species cancel due to equivalent stoichiometric coefficients 

in the reaction expressions. Physically, these groupings, 𝐾g,1 and 𝐾g,2, represent binding 

coefficients relative to gaseous CO2 (𝐾g,1 and 𝐾g,2). Furthermore, 𝐾g,1 and 𝐾g,2 are properties that 

can be measured or readily computed from 𝐾1 and 𝐾2 if CO2 solubility in a given electrolyte is 

known.  

The third dimensionless grouping is defined here as the relative CO2 solubility,  𝐻̃CO2
, which is 

shown in Equation 11.  

𝐻̃CO2
=

𝐻CO2𝑃0

𝑞[R0]
  (11) 

This variable represents the CO2 solubility at standard pressure (1 bar) relative to the maximum 

quantity of CO2 that can be bound by a capture species at concentration [R0]. 

Equating the potential expressions in Equations 5 and 6 and incorporating the binding 

coefficients from Equations 9 and 10 shows that the difference between the standard reduction 

potentials, 𝐸2,0 and 𝐸1,0, can be described directly by the ratio of binding coefficients, 𝐾g,1 and 

𝐾g,2, in Equation 12.53 

𝐸2,0 − 𝐸1,0 =
𝑅u𝑇

𝑛𝐹
ln (

𝐾g,1

𝐾g,2
)  (12) 

Using Equations 7–10, the electrode potential can be expressed in terms of 𝑥a, 𝐾g,1, 𝐾g,2, 𝑃̃CO2
, 

𝑛, and 𝑞, either starting from Equation 5 or the combination of Equations 6 and 12. We represent 

the potential as a deviation, as described in Equation 13. 

𝐸dev =
𝑅u𝑇

𝑛𝐹
[ln (

1−𝑥a

𝑥a
) + ln (

1+𝐾g,1(𝑃̃CO2)
𝑞

1+𝐾g,2(𝑃̃CO2)
𝑞)]  (13) 
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Here, 𝐸dev is the deviation potential (V), representing the difference between the electrode 

potential and the R/R𝑛− standard reduction potential, 𝐸 − 𝐸1,0. In this framework, the specific 

value of 𝐸1,0 is unimportant. As described in Section 2.3 (vide infra), the energy requirements are 

computed from the difference between the electrode potentials which is equivalent to the 

difference between their deviation potentials. Overall, Equation 13 allows for evaluation of both 

the anode and cathode deviation potentials as a function of the state of charge (𝑥a) and CO2 partial 

pressure (𝑃̃CO2
) as the capture species is activated/deactivated. Throughout this work, we will refer 

to the electrode potential deviation as the electrode potential when describing the impact of certain 

parameters on 𝐸dev, for purpose of brevity. The complete derivation for Equation 13 can be found 

in Section S.2.1 of the SI.  

The state of charge and CO2 partial pressure may vary concurrently due to both chemical and 

physical absorption of CO2 into and out of solution driven by reactions of the redox-active capture 

molecule. A CO2 mole balance expression is also included to describe the total concentration of 

CO2 in the liquid electrolyte, [CO2]T, which is comprised of dissolved CO2 ([CO2]) and CO2 bound 

to the capture species ([R(CO2)𝑞] and [R(CO2)𝑞
𝑛−]). The total concentration of CO2 can be 

normalized by 𝑞[R0], which is represented by the variable 𝑥CO2
, yielding the following expression 

in Equation 14.  

𝑥CO2
=

[CO2]T

𝑞[R0]
=

𝑞[R(CO2)𝑞]

𝑞[R0]
+

𝑞[R(CO2)𝑞
𝑛−]

𝑞[R0]
+

[CO2]

𝑞[R0]
  (14) 

Normalization of [CO2]T by 𝑞[R0] means that this variable can exceed a value of 1 due to the 

presence of dissolved CO2. Equation 14 can also be represented in terms of 𝑥a, 𝐾g,1, 𝐾g,2, 𝑃̃CO2
, 

and 𝑞, which is presented in Equation 15.  

𝑥CO2
= (1 − 𝑥a) (

𝐾g,2(𝑃̃CO2)
𝑞

1+𝐾g,2(𝑃̃CO2)
𝑞) + 𝑥a (

𝐾g,1(𝑃̃CO2)
𝑞

1+𝐾g,1(𝑃̃CO2)
𝑞) + 𝐻̃CO2

𝑃̃CO2
 (15) 
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The complete derivation of Equation 15 can be found in Section S.2.2. In this framework, Equation 

15 is coupled with the Nernstian expression in Equation 13 as described in Section 2.3 (vide infra). 

2.2 System Configurations 

Thermodynamic calculations using this framework are also impacted by aspects of system 

design. Four system configurations have been identified for electrochemical CO2 separations, 

which each follow a different thermodynamic path.52 Examples of these configurations are 

illustrated in Figure 1 for a direct approach using soluble, redox-active capture molecules. In a 4-

stage system, an electrolytic cell is used for activation and deactivation of the capture species, 

whereas the CO2 absorption and desorption steps primarily occur in separate process units. 

Incorporation of a cathode that allows for 3-phase contact (e.g., gas-diffusion electrode) enables 

simultaneous activation of the capture species and CO2 absorption, which can be termed cathodic 

absorption. With cathodic absorption, a 3-stage system is adopted. Similarly, a 3-stage system can 

be adopted with simultaneous capture species deactivation, CO2 desorption, and CO2 removal from 

the anode, which can be termed anodic desorption. If cathodic absorption and anodic desorption 

can both occur within the electrochemical cell, the process is considered a 2-stage system. 
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Figure 1. Demonstrations of the four system configurations for electrochemical CO2 separations 

for direct methods with soluble, redox-active capture molecules: (a) 4-stage system, (b) 3-stage 

system with anodic desorption, (c) 3-stage system with cathodic absorption, and (d) 2-stage system 

with both cathodic absorption and anodic desorption. In these schematics, the C+ with an arrow 

represents the transport of positively charged cations to maintain a balance of charge. 

 

An exemplar thermodynamic path for a 4-stage system is shown in Figure 2, demonstrating how 

cathode and anode potentials vary as functions of the state of charge. Specifically, points 1 and 2 

represent the cathode initial and final state of charge, respectively, and points 3 and 4 represent the 

anode initial and final state of charge, respectively. For the 4-stage system, no CO2 is introduced 

to or removed from the electrodes, thus 𝑥CO2
 remains constant during electrochemical steps. At 

each point, two of three variables (𝑥CO2
, 𝑥a, and 𝑃̃CO2

) are known, and Equation 15 is used to 

determine the unknown third. Equation 15 can also be used to solve for 𝑃̃CO2
 at each value along 

the electrode state of charge path, such that the electrode potential curve can be generated using 
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Equation 13. An important assumption made here for system configurations which lack cathodic 

absorption, as does a 4-stage system, is that the absorption step is performed in a countercurrent 

flow unit (as shown in Figure 1(a)). This is a typical case for gas-liquid absorption units in CO2 

capture processes.54 Given this assumption, the CO2-rich feed gas entering the absorber is in 

equilibrium with the CO2-saturated electrolyte exiting the unit, and the CO2-depleted raffinate 

stream is in equilibrium with the activated electrolyte entering the absorber. Due to this 

assumption, the CO2 partial pressure of the electrolyte following absorption and prior to anodic 

oxidation is equal to that of the feed gas, 𝑃̃CO2,3 = 𝑃̃CO2,feed. Additionally, the partial pressure of 

the gaseous raffinate stream will be equal to that of the electrolyte following cathodic reduction, 

𝑃̃CO2,raf = 𝑃̃CO2,2. Detailed descriptions of how all four configurations are analyzed can be found 

in the Section S.3 of the SI. For systems with cathodic absorption, an additional mole balance 

expression is required which is described in Section S.3.2. 
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Figure 2. A qualitative demonstration of electrode potentials as a function of state of charge (𝑥a) 

for a 4-stage system implemented for a post-combustion capture process (𝑃̃CO2,feed = 0.15). For 

this configuration, points 1 and 2 represent the cathode initial and final 𝑥a, and points 3 and 4 

represent the anode initial and final 𝑥a. For a 4-stage system, no CO2 is introduced or removed 

during the electrochemical transformations at the electrodes, and therefore activation/deactivation 

of the capture species follows a constant 𝑥CO2
 path. For this demonstration, a state of charge swing 

(∆𝑥a) of 0.5 was assumed. 

 

2.3 Energetics and System Efficiencies  

The work required to separate 1 mole of CO2, 𝑊 (J mol CO2
-1) can be expressed as: 

𝑊 =
𝑛𝐹 ∫ ∆𝐸dev𝑑𝑥a

𝑞∆𝑥CO2

 (16) 

where ∆𝐸dev (V) is the difference between the cathode and anode potentials and ∆𝑥CO2
 is the 

difference between the normalized total CO2 concentration following absorption (𝑥CO2,3) and 

desorption (𝑥CO2,1). The calculated work using this thermodynamic framework can be compared 

to the minimum work of separation, 𝑊min (J mol CO2
-1), which is determined from the free energy 

difference between process inlet (CO2-rich feed gas) and outlet streams (CO2 product and CO2-
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depleted raffinate stream). The expression for 𝑊min of an ideal gas mixture is shown in Equation 

17.7 

𝑊min = −𝑅u𝑇 (ln(𝑃̃CO2,feed) + (1 − 𝑃̃CO2,feed) (
𝑃̃CO2,raf

𝑃̃CO2,feed−𝑃̃CO2,raf
) ln (

𝑃̃CO2,feed

𝑃̃CO2,raf
) + (1 −

𝑃̃CO2,feed)(1 − 𝑃̃CO2,raf) (
1

𝑃̃CO2,feed−𝑃̃CO2,raf
) ln (

1−𝑃̃CO2,feed

1−𝑃̃CO2,raf
)) (17) 

This 𝑊min value represents the energy requirements of a completely reversible, CO2 separation 

system. This calculation can also account for partial separation, where a fraction of CO2 is removed 

from the feed gas. The CO2 capture fraction, 𝛼, is related to 𝑃̃CO2,feed and 𝑃̃CO2,raf according to 

Equation 18.7  

𝛼 = (
𝑃̃CO2,feed−𝑃̃CO2,raf

𝑃̃CO2,feed
) (

1

1−𝑃̃CO2,raf
) (18) 

We convert energy requirements to an efficiency metric by comparing the work for separation 

predicted with this thermodynamic framework,  𝑊, to the minimum work, 𝑊min. We define this 

as the thermodynamic efficiency (𝜂thermodynamic), as presented in Equation 19.  

𝜂thermodynamic  =  
𝑊min

𝑊
 (19) 

This thermodynamic bound serves as the maximum energetic efficiency of this system, prior to 

accounting for losses due to reaction kinetics, ohmics, mass transport, and other sources of 

inefficiency.  

We add to this existing framework by considering the faradaic efficiency, which is defined here 

as the moles of CO2 separated per mole of electron transferred, normalized to the ratio of 𝑞/𝑛 such 

that it can be defined on a scale of 0 to 1 (or 0 to 100%). The faradaic efficiency (𝜂faradaic) can be 

determined using Equation 20.  

𝜂faradaic  =  
∆𝑥CO2

∆𝑥a
 (20) 
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The faradaic efficiency is a measure of the materials utilization efficiency, as it will impact the 

total quantity of capture material required to separate a given quantity of CO2. This faradaic 

efficiency represents a maximum achievable value, as the efficiency of any practical embodiment 

is likely to be lowered by a combination of side reactions, CO2 crossover, and other losses. 

Overall, this modeling framework provides a means of assessing the maximum possible 

thermodynamic and faradaic efficiencies for the electrochemical CO2 separation configurations 

that are considered. It can be used to posit upper performance bounds and to explore tradeoffs 

between different thermodynamic metrics. In this study, we apply this framework to evaluate direct 

systems which use soluble, redox-active capture species. 

3. RESULTS & DISCUSSION 

Both molecular and system properties will impact CO2 separation performance. Here, we 

investigate the effect of system configuration, binding coefficients, and relative CO2 solubility on 

the thermodynamic and faradaic efficiencies. We identify a tradeoff between these two 

efficiencies, and define a new metric (the combined efficiency) that can be used to further explore 

this tradeoff and predict molecular properties that may be successful in these systems. Using this 

new metric, we propose effective values of the binding coefficient, 𝐾g,1, and examine how this is 

impacted by factors such as the state of charge swing, process application (post-combustion vs. 

direct air capture), and other parameters. 

3.1 The Impact of System Configuration on Electrode Potentials 

For illustration, Figure 3 qualitatively describes the impact of incorporating cathodic absorption 

and/or anodic desorption. The outermost (blue) potential curves represent those of a 4-stage 

system, which lacks both cathodic absorption and anodic desorption. In this system, although the 

CO2 feed stream is not introduced to the cathode, some CO2 will likely be present due to its finite 
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physical solubility in the solvent. As the capture species is activated (R reduced to R𝑛−), the 

equilibrium of the absorption reaction shifts (Equation 2), and therefore dissolved CO2 binds to 

R𝑛−. However, when cathodic absorption is implemented, the binding reaction equilibrium 

significantly favors the formation of R(CO2)𝑞
𝑛− due to the relative abundance of CO2 near the 

electrode, which is in line with LeChatlier’s principle. The binding reaction acts as a sink for the 

electrochemical product, R𝑛−, shifting the cathode potential more positive according to the Nernst 

equation (demonstrated with upward oriented green arrows). Similarly, the desorption reaction 

occurs at the anode during a 4-stage system according to Equation 4; however, removal of the CO2 

product in anodic desorption significantly shifts the equilibrium of this reaction. Again, this 

reaction removes the electrochemical product, R(CO2)𝑞, which shifts the anode potential more 

negative (demonstrated with orange downward oriented arrows). Thus, incorporation of cathodic 

absorption and/or anodic desorption decreases the energy requirements of the overall separation 

process. These trends are in agreement with prior work by Shaw and Hatton.52 
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Figure 3. A qualitative comparison of the potential curves and area between the curves for a 4-

stage (blue, outermost curves) and 2-stage (purple, innermost curves) system. By incorporating 

cathodic absorption, which is achieved by feeding the CO2-containing feed gas directly to the 

cathode, the potential curve of the cathode becomes more positive as compared to the 4-stage 

system (this shift shown by the bottom, green arrows). Similarly, by incorporating anodic 

desorption where CO2 is removed from the anode, the anodic potential curve is shifted more 

negative compared to that of the 4-stage system (this shift is shown by the top, orange arrows). 

The 2-stage system incorporates both cathodic absorption and anodic desorption. 

 

3.2 The Impacts of Binding Affinity and Relative CO2 Solubility on Efficiencies 

To begin exploring the relationships between molecular properties and process energetics, we 

first contemplate a case of post-combustion capture where CO2 constitutes 15% of the feed gas 

(𝑃̃CO2,feed = 0.15), as is similar to the flue gas composition at coal-fired power plants.55 We initially 

neglect the fraction of CO2 that is removed from the feed gas (𝛼), and in this case 𝛼 = 0 

(configurations containing cathodic absorption) or 𝛼 ≥ 0 (configurations lacking cathodic 

absorption). While such conditions deviate from practical operation, they enable clear 
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identification of performance trends. Further, we hold certain parameter values constant, such as 

the stoichiometric coefficients of the reactions (𝑛 = 2 and 𝑞 = 1), the state of charge swing (∆𝑥a = 

0.5), and the binding constant for the deactivated species (ln(𝐾g,2) = ‒7). These assumptions are 

relaxed later in this work, and within the SI, to elucidate the impacts of additional properties.  

For this post-combustion capture case, Figure 4(a) shows the impact of the CO2 binding affinity 

for R𝑛− (𝐾g,1) and relative solubility of CO2 (𝐻̃CO2
) on the thermodynamic efficiency for each 

configuration. For all configurations, the CO2 partial pressure in the recovered product is larger 

than that in the feed gas, and thus there is an unfavorable pressure difference. Accordingly, 𝐾g,1 

must be high enough to overcome this pressure difference, 𝑃̃CO2,1 − 𝑃̃CO2,3, such that ∆𝑥CO2
> 0. 

While 𝐾g,1 must be high enough to overcome this pressure gradient, values that are too high can 

reduce the thermodynamic efficiency. As 𝐾g,1 increases, more energy is required to disrupt the 

stronger binding of CO2. This presents as the difference between the standard reduction potentials 

between the R/R𝑛− and R(CO2)𝑞/R(CO2)𝑞
𝑛− redox couples (Equation 12). However, for 

configurations that employ cathodic absorption (i.e., 2-stage system and 3-stage system with 

cathodic absorption), higher 𝐾g,1 values lead to enhanced removal of the electrochemical product, 

R𝑛−, at the cathode via the absorption reaction. Therefore, the cathode potential is shifted more 

positive as 𝐾g,1 increases, allowing these configurations to overcome the increased standard 

reduction potential difference, 𝐸2,0 − 𝐸1,0. As such, the 2-stage system and the 3-stage system with 

cathodic absorption are insensitive or less sensitive to 𝐾g,1, respectively. For configurations 

without cathodic absorption (i.e., 4-stage system and 3-stage system with anodic desorption), the 

extent of R𝑛− removal at the cathode (leading to a favorable Nernstian shift) is not sufficient to 
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overcome the standard reduction potential difference that grows as 𝐾g,1 increases. Therefore, the 

4-stage system and 3-stage system with anodic desorption are more sensitive to 𝐾g,1 values. 

Low 𝐻̃CO2
 values can also reduce the thermodynamic efficiency. When 𝐻̃CO2

 is small, there is a 

lower dissolved CO2 concentration remaining in the electrolyte after CO2 release and 

degasification. For configurations that do not directly feed CO2-rich gas to the cathode, less CO2 

enters the cathode and consequently less CO2 binding can occur. Therefore, the Nernstian shift at 

the cathode is less positive when 𝐻̃CO2
 is small. More importantly, when 𝐻̃CO2

 is small and CO2 is 

not continuously removed from the anode, there is a large pressure build-up in the anodic half-cell 

as the CO2 release reaction occurs, which is shown in Figure 5. This unfavorably shifts the 

equilibrium of the release reaction, and thus the Nernstian shift at the anode is less negative as 

compared to configurations where CO2 is removed from the anode (degasification). Although low 

𝐻̃𝐶𝑂2
 may be energetically inefficient for these configurations, these systems may be beneficial for 

producing pressurized CO2 streams.30 Configurations which incorporate both anodic desorption 

and cathodic absorption, can theoretically achieve 100% thermodynamic efficiency while being 

insensitive to thermodynamic properties. Overall, it is apparent from Figure 4(a) that employment 

of cathodic absorption and/or anodic desorption can increase the thermodynamic efficiency. These 

observations for thermodynamic efficiency, and how it trends with binding strength and relative 

CO2 solubility, are in general agreement with prior work.28,29,52 

Thermodynamic properties also affect the faradaic efficiency. The impacts of 𝐾g,1 and 𝐻̃CO2
 on 

this efficiency are shown in Figure 4(b). In this specific demonstration, the faradaic efficiency 

curves are the same for all four configurations. The curves begin to deviate for configurations that 

employ cathodic absorption when the CO2 capture fraction is nonzero (as shown in the Figure S7). 

As previously discussed, 𝐾g,1 must be high enough to overcome the CO2 partial pressure difference 
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across the electrochemical cell. This occurs at the point where the faradaic efficiency crosses the 

𝑥-axis. Above this point, low 𝐾g,1 values penalize the faradaic efficiency since the extent of CO2 

binding is much lower than fraction of capture species that is activated via reduction. As 𝐾g,1 

increases, efficiency increases and, ultimately, plateaus as the portion of the activated capture 

species that binds CO2 approaches 100%. This indicates that a further increase in 𝐾g,1 will no 

longer benefit the system in terms of this maximum faradaic efficiency measure. High 𝐻̃CO2
 values 

also penalize the faradaic efficiency simply because a greater fraction of CO2 that is released will 

remain dissolved in solution.  

 

 

Figure 4. Thermodynamic (𝜂thermodynamic) and faradaic efficiencies (𝜂faradaic) for a post-

combustion capture system with ≥0% CO2 capture (𝛼 ≥ 0), where 𝑃̃CO2,feed = 0.15 and 𝑃̃CO2,raf ≤ 

0.15. Plot (a) shows distinct thermodynamic efficiency vs. ln(𝐾g,1) curves for each configuration 

and (b) shows faradaic efficiency vs. ln(𝐾g,1) which applies to all four configurations. The relative 

CO2 solubility, 𝐻̃CO2
, is varied as the color saturation. The constant parameter values for this 

demonstration are as follows: 𝑛 = 2, 𝑞 = 1, ∆𝑥a = 0.5, ln(𝐾g,2) = -7, and T = 298.15 K. 
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Figure 5. Dimensionless CO2 partial pressure following anodic oxidation vs. ln(𝐾g,1) for post-

combustion capture in a 4-stage system with ≥0% CO2 capture (𝛼 ≥ 0), where 𝑃̃CO2,feed = 0.15 and 

𝑃̃CO2,raf ≤ 0.15. The relative CO2 solubility, 𝐻̃CO2
, is varied as the color saturation. The constant 

parameter values for this demonstration are as follows: 𝑛 = 2, 𝑞 = 1, ∆𝑥a = 0.5, ln(𝐾g,2) = -7, and 

T = 298.15 K. 

 

3.3 Combined Efficiency: The Tradeoff Between Thermodynamic and Faradaic Efficiency 

From Figures 4(a) and 4(b), it is apparent that there is a tradeoff between the thermodynamic 

and faradaic efficiencies. Low 𝐾g,1 maximizes the thermodynamic efficiency whereas high 𝐾g,1 

maximizes the faradaic efficiency. From the colored lines, we can also see that low 𝐻̃CO2
 

maximizes the faradaic efficiency and high 𝐻̃CO2
 maximizes the thermodynamic efficiency. We 

define a metric here to account for this tradeoff, called the combined efficiency (𝜂combined), which 

is defined in Equation 21. 

𝜂combined  =  𝜂thermodynamic  ×  𝜂faradaic  (21) 

A system that adequately balances the thermodynamic and faradaic efficiencies by maximizing 

the combined efficiency may be successful due to a balance of how efficiently the process uses 
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energy and materials. Thus, by using this combined efficiency metric, we can begin to understand 

what success may look like for electrochemical CO2 separation systems that use soluble, redox-

active capture species. 

Figure 6 shows the combined efficiency for each of the four configurations and how this is 

impacted by 𝐾g,1 and 𝐻̃CO2
. Again, this analysis incorporates a representative feed concentration 

(𝑃̃CO2,feed = 0.15) for a post-combustion capture process. However, it is imposed here that more 

than 90% of CO2 is captured from the feed gas, which is a typical threshold in post-combustion 

applications.6,56 More specifically, when cathodic absorption is employed, it is assumed that the 

dimensionless partial pressure of CO2 in the feed gas is reduced from 0.15 to 0.015, such that 𝛼 = 

0.914 (91.4% capture) according to Equation 18. With no cathodic absorption, we cannot assume 

a constant capture fraction due to the assumption that absorption occurs in a countercurrent flow 

unit. The amount of CO2 removed from the feed gas stream is determined based upon the 

equilibrium between the feed gas exiting and the liquid electrolyte entering the absorption unit; 

therefore, this quantity will change with the CO2 binding affinity,  𝐾g,1.  However, we ensure that 

𝛼 ≥ 0.914, by only including data points where 𝑃̃CO2,raf ≤ 0.015. The dotted lines in Figure 6 

represent binding coefficient values where 𝑃̃CO2,raf > 0.015, and thus the binding affinities are not 

large enough to achieve sufficient CO2 capture. 

For system configurations with no cathodic absorption (4-stage system and 3-stage system with 

anodic desorption), the combined efficiency is maximized at more intermediate values of 𝐾g,1. 

Comparatively, with employment of cathodic absorption (2-stage system and 3-stage system with 

cathodic absorption), the combined efficiency is maximized at larger values of 𝐾g,1. This is because 

the thermodynamic efficiency of these systems is less sensitive or insensitive to 𝐾g,1, and thus the 

faradaic efficiency dominates the tradeoff between these two metrics. Therefore, the combined 
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efficiency is maximized at larger values of 𝐾g,1, but plateaus such that further increases in the 

binding strength no longer improve the thermodynamics of the system. 

Differences in the combined efficiency curves also arise depending on whether a configuration 

with anodic desorption capabilities is adopted. Without anodic desorption (4-stage system and 3-

stage system with cathodic absorption), the combined efficiency is maximized at intermediate 

values of 𝐻̃CO2
. In these cases, the thermodynamic efficiency is relatively sensitive to 𝐻̃CO2

 due to 

the large pressure increases that can occur at the anode, which unfavorably shifts the desorption 

equilibrium. Because of this, there is a balanced tradeoff between thermodynamic efficiency 

(maximized at high 𝐻̃CO2
) and faradaic efficiency (maximized at low 𝐻̃CO2

) leading to intermediate 

𝐻̃CO2
 values maximizing the combined efficiency. When anodic desorption is employed (2-stage 

system and 3-stage system with anodic desorption), the thermodynamic efficiency is less sensitive 

or insensitive to 𝐻̃CO2
 and the tradeoff is dominated by the faradaic efficiency. Therefore, the 

combined efficiency is maximized at small values of 𝐻CO2
. 

Imposing a minimum capture fraction, 𝛼, also impacts the combined efficiency. The specific 

effect of 𝛼, however, will be dependent upon system configuration. As previously described, for 

systems lacking cathodic absorption, the partial pressure of CO2 following cathodic reduction must 

be low enough to achieve a specified capture fraction. Figures 6(a) and 6(b) demonstrate how 

lower 𝐾g,1 values are no longer feasible for these configurations when a capture fraction is 

imposed. This infeasible operating regime will grow as 𝛼 is further increased. For systems with 

cathodic absorption, the combined efficiency curves are shifted towards larger 𝐾g,1 values when a 

capture fraction is imposed as compared to systems lacking cathodic absorption. This is due to the 

counter-current flow assumption in the absorption unit, which is not made for cathodic absorption-

based systems. During the cathodic absorption step, specifically when 𝛼 > 0, 𝑃̃CO2
 decreases near 
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the cathode as the state of charge increases until it reaches 𝑃̃CO2,raf. As a result, the combined 

efficiency curves are shifted towards larger 𝐾g,1 values, which can be observed by comparing 

Figures 6(c) and 6(d) to Figures S9(c) and S9(d) in the SI, for which 𝛼 = 0. Overall, as 𝛼 increases, 

stronger binding and thus larger 𝐾g,1 values are required for all four configurations.  

 

 

Figure 6. Combined efficiencies (𝜂combined) for a post-combustion capture system with ≥91.4% 

CO2 capture (𝛼 ≥ 0.914), where 𝑃̃CO2,feed = 0.15 and 𝑃̃CO2,raf ≤ 0.015. The black dotted lines 

represent infeasible operating regimes given the 𝛼 constraint. The relative CO2 solubility, 𝐻̃CO2
, is 

varied as the color saturation. The constant parameter values for this demonstration are as follows: 

𝑛 = 2, 𝑞 = 1, ∆𝑥a = 0.5, ln(𝐾g,2) = -7, and T = 298.15 K. 
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3.4 Benchmarking Existing Capture Materials 

To demonstrate how measurable molecular properties can be compared to the combined 

efficiency metric, we make use of previously reported data. Several redox-active molecules have 

been identified and experimentally evaluated as candidate capture species for electrochemical CO2 

capture.38–49,57 In one study, DuBois et al. reported CO2 binding properties of five quinones.38 

Table 1 compares the binding coefficient of three of these quinone species: 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (DDBQ), 2,3,5,6-tetrachloro-1,4-benzoquinone (TCBQ), and 2,5-di-

tert-butyl-1,4-benzoquinone (DtBBQ).38 These were all measured in an acetonitrile solution 

containing 0.3 N tetraethylammonium tetrafluoroborate.  In Table 1, the reported binding 

coefficients relative to dissolved CO2 (𝐾1) are converted to gas-phase absorption values (𝐾g,1) 

using the reported solubility for CO2 in the electrolyte of 4.12×10-4 M/mmHg (0.309 M/bar). The 

𝐾g,1 values of the three molecules shown in Table 1 are compared to combined efficiency curves 

for a 2-stage system and 3-stage system with anodic desorption in Figure 7. Results for the other 

two configurations follow similar trends with 𝐾g,1 depending on whether cathodic absorption is 

employed. This figure demonstrates how measured molecular properties can be mapped to the 

combined efficiency curves to assess the potential success of capture molecule and electrolyte 

pairs. If 𝐾g,1 is too low (e.g., DDBQ), the capture molecule is not predicted to efficiently separate 

CO2 in any configuration. Higher 𝐾g,1 values (e.g., TCBQ and DtBBQ) are projected to work well 

for configurations that employ cathodic absorption, such as a 2-stage system. Comparatively, more 

intermediate 𝐾g,1 values are projected to be successful for configurations that do not employ 

cathodic absorption (e.g., 3-stage system with anodic desorption). Molecules with a binding 

strength between that of DDBQ and TCBQ might be better suited for these configurations. 
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Table 1. Reported binding coefficients (𝐾1) for three quinone species,38 and derived gas-phase 

binding coefficients (𝐾g,1). These binding coefficients, 𝐾1, were measured in an acetonitrile 

solvent with 0.3 N tetraethylammonium tetrafluoroborate as the supporting salt. Here, we use the 

CO2 solubilty (defined by 𝐻CO2
) of this electrolyte, which was reported as 4.12 × 10-4 M/mmHg 

(0.309 M/bar).38 The reported potentials, 𝐸1/2, represents the half-wave potential (or standard 

reduction potential) of the 2nd electron transfer event. 

 
Capture Species 𝑲𝟏 𝑲𝐠,𝟏 = (𝑯𝐂𝐎𝟐

𝑷𝟎

[𝑪𝟎]
)

𝒒

𝑲𝟏 𝐥𝐧(𝑲𝒈,𝟏) 𝑬𝟏/𝟐 

(1) 
2,3-dichloro-5,6-dicyano-

benzoquinone (DDBQ) 
3.6 1.1 0.1 ‒0.25 vs. SCE 

(2) 
Tetrachlorobenzoquinone 

(TCBQ) 
5600 1730 7.5 ‒0.72 vs. SCE 

(3) 
2,5-di-tert-butyl-

benzoquinone (DtBBQ) 
1.1×1015 3.4 × 1014 33.5 ‒1.46 vs. SCE 

 

 

Figure 7. A comparison of 𝐾g,1 values derived from experimental data (Table 1) to the combined 

efficiency curves for a 2-stage system (purple) and 3-stage system with anodic desorption (orange). 

This modeled data is for a post-combustion application with ≥91.4% CO2 capture (𝛼 ≥ 0.914) 

while keeping certain parameters constant n = 2, q = 1, ∆𝑥a = 0.5, ln(𝐾𝑔,2) = -7, and T = 298.15 

K. 
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From this work, a molecule with stronger binding such as DtBBQ appears well-suited for a 

system with cathodic absorption (e.g., two-stage system). However, this thermodynamic modeling 

framework is limited in that it does not consider how other important molecular properties trend 

with 𝐾g,1. As an example, for a given class of molecules, the reduction potential tends to trend 

more negatively as the binding coefficient increases, which can be seen in Table 1 for the three 

species listed. When the reduction potential is more negative than that of the oxygen (O2) reduction 

reaction (ca. ‒0.8 V vs. SCE58), this can lead to the reduction of O2 either heterogeneously at the 

electrode surface or homogeneously with reduced capture molecules. This can further reduce the 

faradaic efficiency from its predicted value and more importantly, lead to side products which are 

destructive to cell components. Thus, depending upon the class of capture species, it may be 

beneficial to operate at more intermediate binding coefficient values, such as that of TCBQ, where 

the combined efficiency for cathodic absorption-based systems is still sufficiently high. 

Another factor that must be considered is the capture species solubility, which can heavily 

influence the success of the molecule. For the species shown in Table 1, the solubilities were not 

reported, which is why molecules 1–3 (from Table 1) are represented with vertical lines in Figure 

7. However, the solubility of capture molecules will impact the maximum operating capture 

species concentration, [R0]. The [R0] chosen for operation will define the relatively solubility of 

CO2, 𝐻̃CO2
, which in turn affects both the thermodynamic and faradaic efficiencies (and thus the 

combined efficiency). As an example, the combined efficiency of a 2-stage system decreases from 

98% to 41% when 𝐻̃CO2
 is increased from 0.01 to 0.3. Electrolyte composition, including factors 

such as solvent, supporting salt, and salt concentration, will have an impact on both capture species 

and CO2 solubility. Additionally, this thermodynamic study assumes that the solubility of capture 

species remains constant across all states. In reality, there may be differences in solubility between 
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the reduced and neutral states of these species, as well as the CO2-bound and unbound state. All 

these factors impacting solubilities must be considered when designing and evaluating these 

systems. 

3.5 Determination of Effective Binding Constants 

Thus far, calculations have assumed constant values for state of charge swing (∆𝑥a = 0.5), feed 

CO2 partial pressure (𝑃̃CO2,feed= 0.15), and binding constant for the deactivated species (𝐾g,2 = 10-

7). Effective values of the binding coefficient, however, will be dependent upon these parameters. 

Here, we determine effective binding coefficients, 𝐾g,1
eff, for both post-combustion capture 

(𝑃̃CO2,feed= 0.15) and DAC (𝑃̃CO2,feed = 4.1×10‒4) applications while relaxing these constant 

parameter assumptions. For systems with no cathodic absorption (4-stage system and 3-stage 

system with anodic desorption), 𝐾g,1
eff is determined as the 𝐾g,1 value that maximizes the combined 

efficiency curve. For systems with cathodic absorption (2-stage system and 3-stage system with 

cathodic absorption), 𝐾g,1
eff is defined as the knee of the combined efficiency curve, above which 

the efficiency levels out. This knee point is estimated using the Kneedle algorithm.59 For these 

configurations, it is important to note that 𝐾g,1 values above 𝐾g,1
eff can also achieve high efficiencies 

and therefore would be suitable. 

In Figure 8, 𝐾g,1
eff is plotted against ∆𝑥a and 𝐾g,2 for both post-combustion capture and DAC 

scenarios. Figure 8(a) looks at 𝐾g,1
eff as a function of system configuration and state of charge swing, 

∆𝑥a, for post-combustion capture. In accordance with trends observed in prior sections, 

configurations containing cathodic absorption (e.g., 2-stage system) will require higher binding 

coefficients as compared to configurations lacking this feature. For all configurations, employing 

a higher state of charge swing enables lower effective binding affinities. This is because a larger 

fraction of the capture species is activated and available to bind CO2, and therefore relatively 
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weaker binding is sufficient. Operating at higher ∆𝑥a may also lead to higher combined 

efficiencies, particularly for higher 𝐻̃CO2
 values (as shown in Figure S20(a)). However, this 

analysis does not consider increases in the mass transport overpotential that accompany higher ∆𝑥a 

values which can reduce efficiency. In contrast, when operating at low ∆𝑥a values, a smaller 

fraction of the capture species is activated and available to bind CO2. Stronger binding is necessary 

for these cases and 𝐾g,1
eff is more sensitive to the relative CO2 solubility, 𝐻̃CO2

. As  ∆𝑥a decreases 

towards the vertical asymptote (ca. ∆𝑥a = 0.01–0.3 for 𝐻̃CO2
 = 0.01–0.3), there is a sharp drop-off 

in the achievable combined efficiencies (Figure S20(a)). Thus, operating near this regime would 

lead to infeasible performance. 

In Figure 8(b), ∆𝑥a is held constant at 0.5 while 𝐾g,2 is varied, where 𝐾g,2 represents how strongly 

the deactivated capture species (R) holds onto CO2. When 𝐾g,2 is sufficiently low (ca. ln(𝐾g,2) < 

-2.5), changes in 𝐾g,1
eff values as well as achievable efficiencies (Figure S20(b)) are negligible. 

However, when 𝐾g,2 increases past this threshold, such the quantity of CO2 which remains bound 

to R is non-negligible, 𝐾g,1
eff increases sharply. Similar to the what was observed with ∆𝑥a, the 

achievable combined efficiencies trend towards zero as 𝐾g,2 approaches this asymptote (as shown 

in Figure S20(b)). Thus, ln(𝐾g,2) should be higher than –ca. 2.5 in this post-combustion capture 

case to ensure efficient operation. 

Figures 8(c) and 8(d) look at 𝐾g,1
eff as a function of ∆𝑥a and 𝐾g,2 respectively for DAC, where the 

inlet concentration of CO2 is reduced by three orders of magnitude. It is also important to note that 

𝛼 ≥ 0.5 for this case, which is within the typical range of current DAC technologies.6 Specifically, 

we assume 𝛼 = 0.5 for the 2-stage system (contains cathodic absorption) and we ensure that 𝛼 ≥ 

0.5 for the 3-stage system with anodic desorption (lacks cathodic absorption). Observed trends 
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with ∆𝑥a and 𝐾g,2 are qualitatively similar to the post-combustion capture case shown in Figures 

8(a) and 8(b). Accordingly, the ranges of these variables that lead to inefficient operation are 

comparable, which can be observed in Figures S20(c) and S20(d). A key difference between these 

two applications is that DAC requires capture molecules with higher CO2 binding affinity. The 

lower inlet concentrations of CO2 in DAC unfavorably shifts the equilibrium of the absorption 

reaction (Equation 2). Stronger binding is necessary to shift this equilibrium towards the absorbed 

product, R(CO2)𝑞
𝑛−, leading to larger effective binding values as compared to post-combustion 

capture. Additionally, 𝐾g,1
eff curves for the 2-stage system are shifted closer to the curves for the 3-

stage system with anodic desorption due to the lower imposed α value used for DAC as compared 

to post-combustion capture. If α were increased, 𝐾g,1
eff values for the 2-stage system would be 

shifted towards higher values. A higher capture fraction may also impact effective binding values 

for the 3-stage configuration with anodic desorption, but to a much lesser extent. 

Overall, effective binding coefficient values, 𝐾g,1
eff, and achievable combined efficiencies will be 

dependent upon molecular properties (e.g., 𝐾g,2 and 𝐻̃CO2
), operating factors (e.g., ∆𝑥a ) and 

process application (e.g., post-combustion capture or DAC). To this end, figures 8(a)–(d) explore 

the impact of these properties on 𝐾g,1
eff and can be used to assess the potential success of redox-

active capture species and electrolyte pairs. After transforming the binding coefficient relative to 

dissolved CO2 (𝐾1) to the gas-phase binding coefficient (𝐾g,1), these results can be used to 

determine whether 𝐾g,1 falls within the proposed effective range. This can also provide insight as 

to what system configuration a carrier species and electrolyte pair would be best-suited for, 

specifically a configuration with or without cathodic absorption. Finally, these maps of 𝐾g,1
eff, in 
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combination with Figures S20(a)–S20(d), can be used to identify certain molecular properties and 

operating factors which may lead to low process efficiencies. 

While the efficiency curves and 𝐾g,1
eff maps shown here are specific to capture species that 

undergo 2 electron transfers (𝑛 = 2) and can bind 1 molecule of CO2 (𝑞 = 1), we also explore other 

cases in this work. The SI contains figures for thermodynamic, faradaic, and combined efficiencies 

for the following cases: 𝑛 = 1 and 𝑞 = 1 (Section S.4.1), 𝑛 = 2 and 𝑞 = 1 (Section S.4.2), and 𝑛 = 

2 and 𝑞 = 2 (Section S.4.3). These scenarios are explored for both post-combustion capture and 

DAC. Further, Section S.5 presents the associated combined efficiencies for the 𝐾g,1
eff values shown 

in Figure 8, as well as 𝐾g,1
eff design maps and associated combined efficiencies for a capture 

molecule characterized by 𝑛 = 2 and 𝑞 = 2. 
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Figure 8. Effective 𝐾𝑔,1 values (𝐾g,1
eff) for both post-combustion capture (PCC) and direct air 

capture (DAC) applications, as determined from the combined efficiency curves. Results are 

shown for one system configuration that contains cathodic absorption, C.A. (2-stage system) and 

one that lacks cathodic absorption (3-stage system with anodic desorption, A.D.). For 

configurations without cathodic absorption, binding affinities = 𝐾g,1
eff maximize the combined 

efficiency. Comparatively, when a system contains cathodic absorption, binding affinities ≥ 𝐾g,1
eff 

will optimize this efficiency. For PCC, (a) shows ln(𝐾g,1
eff) vs. ∆𝑥a and (b) shows  ln(𝐾g,1

eff) vs 

ln(𝐾g,2); For DAC, (c) shows ln(𝐾g,1
eff) vs. ∆𝑥a and (b) shows  ln(𝐾g,1

eff) vs ln(𝐾g,2). For each plot, 

the relative CO2 solubility, 𝐻̃CO2
, is varied as the color saturation. Each figure contains information 

about constant parameter values. For all four cases, other constant parameters as follows: n = 2, q 

= 1, and T = 298.15 K. 
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4. CONCLUSIONS 

We have assessed the impact of several key thermodynamic properties, operating factors, and 

system properties on the performance of electrochemical CO2 separations with soluble, redox-

active capture species. Extending a thermodynamic modeling framework,52 we computed 

thermodynamic (𝜂thermodynamic) and faradaic (𝜂faradaic) efficiencies, which serve as an upper 

bound on the achievable energy and materials utilization efficiencies, respectively. Here, we 

demonstrate that a tradeoff exists between these two efficiencies. We have introduced the 

combined efficiency (𝜂combined), defined as 𝜂thermodynamic × 𝜂faradaic, as a metric to assess this 

tradeoff. We propose that capture materials and electrolytes which maximize the combined 

efficiency metric may be more effective due to an adequate balance between thermodynamic 

(energetic) and faradiac (material utilization) efficiencies. Using the combined efficiency metric, 

we have found that effective molecular properties will vary depending upon the system 

configuration, molecular properties, operating factors, and process application (e.g., post-

combustion capture versus DAC).  

Implementation of cathodic absorption and/or anodic desorption can increase achievable 

combined efficiencies. Adoption of a 2-stage system, which contains both cathodic absorption and 

anodic absorption, permits the highest values of this efficiency metric. Type of configuration also 

influences how certain molecular properties impact the combined efficiency. First, when 

considering system configurations which lack cathodic absorption (4-stage system and 3-stage 

system with anodic desorption), intermediate binding coefficients, 𝐾g,1, maximize the combined 

efficiency and thus may be more effective. Comparatively, for systems containing cathodic 

absorption (2-stage system and 3-stage system with cathodic absorption), larger 𝐾g,1 values may 

be beneficial. This is also dependent upon the capture fraction imposed upon the system. The 
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discrepancy between optimal or effective 𝐾g,1 values for these two classes of configuration 

increases at higher capture fractions. There is also a distinction between system configurations 

with anodic desorption (2-stage system and 3-stage system with anodic desorption) and without it 

(4-stage system and 3-stage system with cathodic absorption). Small 𝐻̃CO2
 values maximize the 

combined efficiency and therefore may be more effective for system configurations containing 

anodic desorption, whereas intermediate values may be beneficial when there is no anodic 

desorption in the configuration. 

Using the combined efficiency curves, we compute effective 𝐾g,1 values, 𝐾g,1
eff, for both post-

combustion and direct air capture applications (Figure 8). We have considered the interplay 

between 𝐾g,1
eff and various properties (𝐾g,2, 𝐻̃CO2

, and ∆𝑥a), while also providing insight into what 

system configurations these pairs may be successful in. We also identify regimes that may lead to 

significant efficiency losses: ca. ∆𝑥a < 0.01–0.3 for 𝐻CO2
 = 0.01–0.3 and ln(𝐾g,2) > -2.5 (when 

∆𝑥a = 0.5). These results can serve as a benchmark to which existing capture molecule and 

electrolyte pairs can be compared to, and furthermore, can guide future design. However, it is 

important to keep in mind that this analysis does not consider the effects of kinetics, mass transport, 

and other potential inefficiencies. While binding coefficients are an important design factor, the 

reaction rates of the binding and release reactions will also have a significant impact on 

performance. This can influence the feasibility of incorporating cathodic absorption and/or anodic 

desorption. Relatively slow reactions may hinder the incorporation of a 2-stage system. Kinetic 

rates of the electrochemical reaction should also be considered, as these will influence the surface 

overpotentials of the electrode which serve as an additional energetic penalty to the 

thermodynamic efficiencies predicted in this study. Species solubilities and mass transport 

properties of each species will also influence the overall rates of the binding/release and 
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electrochemical reactions. From this thermodynamic analysis, the 2-stage system may appear 

optimal due to its ability to achieve high efficiencies. However, for configurations that employ 

cathodic absorption as such, the electrochemical reactor may be limited by mass transport of CO2 

to the electrode-electrolyte interface to ensure the rate of capture species activation is similar to 

the rate of CO2 transport. This can limit operation of a 2-stage system to low current densities, 

especially at low CO2 concentrations. Crossover can also diminish performance, specifically for 

configurations that lack anodic desorption. As shown in Figure 5, the CO2 pressure can 

significantly increase leading to a larger pressure difference across the cell and higher rates of 

crossover. Although this study lacks the consideration of such effects, it is still important to 

consider maximum achievable efficiencies (thermodynamic, faradaic, and combined efficiencies) 

predicted by thermodynamics, as this sets the upper bound for performance. Finally, while the 

design of capture species and electrolyte pairs with effective thermodynamic properties (𝐾g,1, 𝐾g,2, 

𝐻̃CO2
) are important, the energetics and efficiencies of practical system operation will also be 

dependent on resistive losses associated with kinetic, ohmic and transport processes that are 

distinct of each configuration. These factors will be contemplated in future work. 
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NOMENCLATURE 

[C0] Standard concentration (1 M) 

[CO2]T 
Total CO2 concentration in the electrolyte, including physically dissolved 

CO2 and CO2 bound to the capture species (M) 

𝐸 Electrode potential (V) 

𝐸dev Electrode potential deviation; also referred to as the electrode potential (V) 

∆𝐸dev Potential difference between the cathode and anode (V) 

𝐸1,0 Standard reduction potential of the R/R𝑛− redox couple (V) 

𝐸2,0 Standard reduction potential of the R(CO2)𝑞/R(CO2)𝑞
𝑛−  redox couple (V) 
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𝐹 Faraday constant (96485 C mol-1) 

𝐻CO2
 Henry’s law constant for CO2 (M bar-1) 

𝐻̃CO2
 Relative CO2 solubility 

𝐾1 Binding coefficient of R𝑛− relative to dissolved CO2 

𝐾2 Binding coefficient of R relative to dissolved CO2 

𝐾g,1 Binding coefficient of R𝑛− relative to gaseous CO2 

𝐾g,2 Binding coefficient of R relative to gaseous CO2 

𝑛 Number of electrons transferred per capture molecule 

𝑃 Pressure (bar) 

𝑃0 Standard pressure (1 bar) 

𝑃CO2
 Partial pressure of CO2 (bar) 

𝑃CO2,feed Partial pressure of CO2 in the feed gas stream (bar) 

𝑃CO2,raf Partial pressure of CO2 in the raffinate stream (bar) 

𝑃̃CO2
 Dimensionless partial pressure of CO2 

𝑃̃CO2,feed Dimensionless partial pressure of CO2 in the feed gas stream 

𝑃̃CO2,raf Dimensionless partial pressure of CO2 in the raffinate stream 

𝑞 Number of CO2 molecules bound per capture molecule 

[R0] Total capture species concentration 

[R] Concentration of R (M) 

[R𝑛−] Concentration of R𝑛− (M) 

[R(CO2)𝑞] Concentration of R(CO2)𝑞 (M) 

[R(CO2)𝑞
𝑛−] Concentration of R(CO2)𝑞

𝑛− (M) 

[R̃] Dimensionless concentration of R 

[R̃𝑛−] Dimensionless concentration of R𝑛− 

[R̃(CO2)𝑞] Dimensionless concentration of R(CO2)𝑞 
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[R̃(CO2)𝑞
𝑛−] Dimensionless concentration of R(CO2)𝑞

𝑛− 

𝑅u Universal gas constant (8.314 J mol-1 K-1) 

𝑇 Absolute temperature (K) 

𝑊 Work (J mol CO2
-1) 

𝑊min Minimum work for separation (J mol CO2
-1) 

𝑥a State of charge 

∆𝑥a State of charge swing 

𝑥CO2
 

Normalized total CO2 concentration in the electrolyte (including physically 

dissolved CO2 and CO2 bound to the capture species) 

∆𝑥CO2
 Normalized quantity of separated CO2 

  

Greek symbols 

𝛼 CO2 capture fraction 

𝜂thermodynamic Thermodynamic efficiency 

𝜂faradaic Faradaic efficiency 

𝜂combined Combined efficiency 
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