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Carbon capture, utilization, and storage (CCUS) is central to carbon management, but conventional
thermally driven approaches are energy-intensive and impractical. Electrochemical CO, separation and
electroreduction are promising yet mostly remain at lab scales. In the sequential approach, separation is
capital-intensive and requires energy for CO2 desorption with no added value, while electroreduction
relies on purified CO, feedstock and cannot process dilute sources such as flue gas or air. Integrating
both as reactive carbon capture (RCC) could reduce energy and costs, but introduces coupled
electrochemical, catalytic, system-level, and techno-economic complexities.

To clarify the state of the field, we analyzed nearly all published RCC studies with select sequential
counterparts and compiled key performance metrics. Benchmarking shows RCC has achieved lower
production rates (partial current densities) than sequential systems. Within RCC, (bi)carbonate media
generally outperform other chemistries. We also show that alkalinity regeneration, as an inherent RCC
feature, has been largely overlooked and depends on CO,RR product type and single-pass conversion
ratio. Furthermore, TEA indicates CO is the most viable near-term product. Finally, we highlight three
priorities: alkalinity regeneration, microenvironments engineering guided by multiscale modeling to
boost partial current density, and assessing catalyst and device level durability under realistic operating
conditions.
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ABSTRACT

Electrochemical reactive carbon capture (RCC) integrates CO> separation and conversion within a
single process, offering a potential reduction in energy and process complexity compared to the
conventional sequential route for CO:2 reduction reaction (CO2RR). Here, we provided a
comprehensive analysis of RCC spanning energetics, mechanistic understanding, electrochemical
benchmarking, and unanswered key questions for advancement. While in principle RCC can reduce
energy consumption by up to ~40% relative to sequential CO2RR by bypassing desorption and
compression, experimental systems currently deliver smaller gains due to higher cell voltages and
lower partial current densities. Benchmarking over one hundred studies revealed that in similar voltage
ranges, RCC typically achieves partial current densities of ~200 mA/cm?, well below >1,000 mA/cm?
in gas-fed sequential electrolyzers. Among capture media, (bi)carbonate-based systems outperform
carbamate systems in both partial current density and cell voltage in ambient temperature and
pressure, likely due to their easier release of in situ CO2 (i-CO2) upon protonation and absence of
large ammonium cations increasing the electrical double layer thickness. Techno-economic analyses
confirmed that RCC is near cost parity with sequential systems for CO and ethylene (C2H4), whereas
liquid products remain unfeasible due to the energy-intensive downstream liquid-phase product
separation. To advance RCC, we identified three research domains that remain to be explored. First,
RCC studies have largely overlooked the system-level (i.e., holistic) perspective, with alkalinity
regeneration often neglected while most efforts focused narrowly on CO2RR metrics. We
demonstrated that this concept heavily depends on CO2RR product type and the single-pass
conversion ratio, which has been a central metric in sequential CO2RR research. Second, achieving
high partial current densities remains challenging due to (i) limited i-CO- transport to catalyst interface
and (ii) exhaustion of the already limited i-CO- by the generated hydroxides from CO2RR and parasitic
hydrogen evolution. To resolve these two issues, we proposed control of microenvironment, e.g.
optimizing the hierarchial porosity or utilizing redox-active neucleophile coatings, guided by multi-scale
modeling as the key research priority. Finally, long-term stability, across catalyst and device scales,
has not been comprehensively studied. We highlighted the necessity of descriptors for catalyst stability
and prolonged experiments for diagnosis and improvement of device stability.

Keywords: CO:2 Upgrade; CO2RR; Reactive Carbon Capture; TEA; System Benchmarking;
Microenvironment; Multi-scale Modeling
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1. INTRODUCTION

The upgrading of carbon dioxide (CO2) into value-added chemicals offers a viable route to
simultaneously mitigate greenhouse gas emissions and provide sustainable carbon feedstocks
for chemical manufacturing [1,2]. Various upgrading approaches, including biochemical [3],
electrochemical [4,5], photochemical [6,7], and thermochemical [8,9] methods, have been
proposed and extensively investigated in the past decades to produce value-added chemicals
from CO.. Among these, electrochemical CO2 upgrading is particularly appealing due to its
relatively high process efficiency, low operational temperature and pressure, controllable
selectivity, and potential for industrial applications [4,10]. When coupled with a renewable energy
source such as wind or solar, electrochemical processes could potentially result in generating
low-carbon-emission products. Additionally, such a process can be a convenient way to store
renewable energy in chemical form, acting as an energy storage system [5]. The stored energy
can be released later for end-use by oxidizing the chemicals (e.g., fuels) through fuel cells or
conventional combustion engines. Electrochemical upgrading, achieved via the electrochemical
CO2 reduction reaction (CO2RR), could potentially produce a wide range of products, from carbon
monoxide (CO) to hydrocarbons, under ambient conditions (Table 1).

In principle, any gas stream containing CO: can serve as the feedstock for CO2RR, ranging from
flue gas (~4-15% CO3) to atmospheric air (~0.04% COx). In practice, however, the use of such
dilute streams poses significant challenges (Figure 1A). Thermodynamically, the standard
electrode potential required for CO2RR shifts to more negative values as the concentration
decreases, resulting in higher energy demand [11]. Kinetically, the reaction rate scales with CO-
partial pressure, meaning that lower concentrations directly suppress the availability of CO- at the
catalyst surface [12,13]. The presence of other gases further complicates selectivity. For example,
oxygen (Oo) in flue gas or air can undergo two and four-electron transfer reduction in alkaline
conditions [14]:
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O2 + H20 + 2e~ 5 HO2™ + OH- (1)
O + 2H,0 + 4e~ = 40H- (2)

(cc)

In addition to affecting Faradaic efficiency through competing with CO2RR, both routes lead to
local alkalinity generation, that can convert CO2 to HCOs;™ at the electrode surface and impede
CO2RR. This formation of HCO3~ might introduce additional complexities due to precipitation with
present cations, further reducing Faradaic efficiency and device stability [15]. Other impurities
such as nitrogen oxides (NOx) and sulfur oxides (SOx), present at trace levels in flue gas, can
also lead to negative impacts. Thermodynamically, nitric oxide (NO), the most common NOx
species, and sulfur dioxide (SO2), the most common SOx species, exhibit more favorable
reduction potentials than COz (Figure 1B), and increase the risk of competing reactions. It is
suggested that NOx impurities can reduce CO2RR Faradaic efficiency due to their preferential
reduction at the catalyst surface. Among different species, NO and NO2 have shown to exert a
stronger influence than N2O because reduction of NO and NO- require more electron transfers
than N20 reduction [16]. Similarly, SOz have also introduced competing pathways, leading to a
drop in CO2RR Faradic efficiency [17]. Additionally, it is shown that SO2 can lead to irreversible
damage on Cu catalyst and alter its selectivity toward formate, while it is a Co+-designated catalyst
[17].
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From a process standpoint, using dilute CO: streams also necessitates energy-intensive
separation of CO2RR products from coexisting gases, particularly nitrogen (N2) and Oa.
Collectively, these thermodynamic, kinetic, selectivity, and process-level limitations strongly
constrain direct CO2RR from dilute sources, highlighting the need for a dedicated CO- separation
step prior to electrochemical upgrading.
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Figure 1. Challenges of CO,RR from dilute streams and comparison of sequential and RCC routes. (A) In
principle, any gas stream containing CO, can serve as the feedstock for CO,RR to produce a desired product (X)
without a prior separation step. In practice, however, the use of dilute streams poses significant challenges, including
thermodynamic and kinetic disadvantages relative to pure CO, feeds, selectivity issues in producing the desired
products, and the need for downstream separation from coexisting gases. (B) Standard reduction potentials of CO, to
a range of products compared with O,, NO, and SO,, calculated under standard conditions at pH 0 using the Nernst
equation. (C) Schematic of the sequential CO,RR route, in which CO, is first separated from a dilute stream, and
subsequently reduced in an electrolyzer (i.e., the conversion step). The separation step includes absorption and
desorption to generate concentrated CO,, which is subsequently compressed. (D) Schematic of the RCC route, in
which separation and conversion are integrated: CO, absorbed from a dilute stream is directly supplied to the
electrochemical conversion compartment without desorption and compression. In both routes, the oxygen evolution
reaction (OER) from water is the most common anodic reaction.

CO. separation from dilute streams generally involves two steps: capture and concentration [18—
20]. In the capture stage, CO: is selectively removed from the gas matrix using a sorbent (i.e.,
absorption), while in the concentration stage, the sorbent is regenerated, and the captured CO
is released (i.e., desorption). Amine scrubbing with thermal regeneration remains the most widely
used approach, particularly for a wide range of flue gases [19]. However, these processes still
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face persistent challenges, most notably the high energy requirements and sorbent degradation
associated with the elevated temperatures required for regeneration [21,22]. Electrochemical
alternatives are emerging as promising candidates to replace or complement thermal systems,
offering advantages such as higher efficiency, modularity, scalability, and straightforward
integration with existing infrastructure [23,24]. Importantly, they can operate under ambient
conditions and rely solely on electricity as the energy input [25]. Electrochemical CO. separation
can be broadly categorized into three mechanisms: electrochemical generation of nucleophiles
(EGN) [26-29], pH-swing processes based on electrochemical modulation of proton
concentration [30-37], and electrochemically mediated amine regeneration (EMAR) [21,22,38—
41]. In each case, a cathodic reaction activates the sorbent to capture CO2, while an anodic
reaction regenerates the sorbent to release and concentrate CO.. These processes have been
demonstrated for separating CO- from a variety of dilute sources (e.g., flue gas, air, and more
recently, seawater) and concentrating it into high-purity streams, which are subsequently
compressed [41-43].

The compressed high-purity CO2 generated from separation processes can be fed to CO2RR
systems, thereby eliminating the major challenges associated with using dilute streams. This
route, where CO: is first captured, concentrated, and compressed before being supplied to the
electrolyzer, is hereafter referred to as the sequential process (Figure 1C) [44]. Development of
the sequential process, as the most common electrochemical approach for CO2 upgrading, has
attracted significant attention over the past few decades, leading to the demonstration of a wide
range of gas-fed CO: electrolyzers [1,45,46]. Progress has been driven by advances in catalyst
design, electrolyte formulation, membrane engineering, and reactor architectures, all of which
have contributed to improved selectivity, current density, and energy efficiency [47,48]. The
sequential process still remains an active area of research, with ongoing efforts focused on further
enhancing performance and reducing cost to enable practical deployment [48-50].

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Several steps in the sequential CO2RR scheme impose relatively high energy demands and costs
[19,51]. In particular, the concentration stage (i.e., CO2 desorption and sorbent regeneration) and
the subsequent compression of CO2 are highly energy-intensive, together accounting for more
than 70% of the total energy requirement of the separation process [52,53]. Moreover, fabricating
and operating two independent systems (a separation unit and a CO2RR electrolyzer) coupled
with an intermediate compressor leads to elevated capital expenditures (CapEx) and operating
expenditures (OpEx) [54,55]. An effective strategy to mitigate these challenges is to integrate
separation and conversion into a single process. This can be achieved through electrochemical
reactive carbon capture (RCC), in which CO: is first absorbed from a dilute stream (e.g. air, point
sources) but, instead of being desorbed and compressed, is directly supplied to the
electrochemical conversion compartment (Figure 1D) [56—61]. In this approach, CO: is
electrochemically reduced in its captured state, theoretically eliminating both the energy-intensive
desorption and compression steps [44]. RCC therefore offers the potential for lower CapEx (by
requiring one integrated cell rather than two separate systems and avoiding compressors) and
lower OpEXx (by reducing electricity consumption associated with desorption and compression).
Although RCC concepts have only recently emerged, early studies have demonstrated promising
performance [57,60,62]. Still, RCC remains less mature and less understood compared to
sequential CO2RR, and progress requires a deeper understanding of thermodynamics,
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electrochemical kinetics, catalyst and electrolyte interactions, membrane transport, and reactor
configuration to enable scalable, low-energy CO- upgrading [56,63,64].

This Perspective provides a comprehensive assessment of electrochemical RCC by integrating
advances in fundamental understanding, system development, and process and economic
assessments into a unified framework. The work aims to contextualize RCC within the broader
CO:2 conversion landscape and to establish a balanced, quantitative comparison with the
conventional sequential processes. To achieve this, over one hundred studies were analyzed, the
details of which are compiled in the Supplementary Information, covering both fundamental
insights and benchmarking data. We began by revisiting the fundamental principles of CO2RR
and the sequential route, followed by analyzing potential energy savings in RCC and its unique
mechanistic complexities. We then benchmarked the performance of RCC against sequential
CO:2RR across several metrics, including current density, Faradaic efficiency, voltage, and energy
intensity, and proceeded to examine techno-economic implications through operating and capital
cost analyses. Lastly, we identified the most critical gaps that must be addressed for RCC to
advance toward practical implementation, including system-level integration, catalyst design,
microenvironment engineering, and stability.

What distinguishes this work from previous reviews is its holistic and updated approach. Earlier
analyses of RCC have focused narrowly on electrochemical performance or reactor configuration,
often in isolation from capture chemistry and process economics [65—-69]. Here, by contrast, the
capture—conversion interface is treated as a coupled system in which performance, energetics,
and cost are inseparable. Moreover, this Perspective integrates the most recent breakthroughs
published in 2025 and 2026 [70-76]—studies that have reshaped both the performance metrics
and mechanistic understanding of RCC—allowing a reassessment of its true potential relative to
sequential CO2RR. This broader integration of scales, from molecular mechanisms to techno-
economic feasibility, establishes a more balanced and realistic picture of RCC.

2. THE PRINCIPLES OF COzRR & THE CONVENTIONAL SEQUENTIAL ROUTE

The production of value-added chemicals by CO2RR, both gaseous and liquid products, has been
investigated using a variety of electrode (catalyst) configurations, electrolyte, and cell geometry;
the details for which can be found in several review articles [48,77—79]. Briefly, CO. reduction
occurs at the cathode, forming the product, and often O2 is generated at the anode through the
oxygen evolution reaction (OER). Simultaneous hydrogen evolution reaction (HER) has been
consistently reported as the main parasitic reaction [4,80-82] while producing chemicals of
interest by CO2RR (Table 1). An electrochemical cell developed to produce CO, including a
cathode and anode chambers, a separator, and gas diffusion electrodes (consisting of a current
collector, a gas diffusion medium, and a metal catalyst layer), is demonstrated in Figure 2A-C.
For the overall reaction, the Gibbs free energy (AG), which represents the thermodynamic
minimum energy penalty to produce each product, can be estimated by considering both the
number of electron transfers (n) and the standard reduction potential (E?), i.e., AG = —-nFE®, where
F is the Faraday constant. The calculated AG values vary considerably across different CO2RR
products. In general, CO and formic acid (HCOOH) exhibit the lowest minimum energy penalties,
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indicating that these products are thermodynamically more favorable to produce compared with
hydrocarbons and multicarbon products (Figure 2D).

Table 1. Cathodic and Anodic Reactions in Electrochemical CO,RR

. E° (V vs. | Product

Compartment | Path Product Reaction SHE)* Phase
HER Hydrogen 2H*+2e” — H, 0 Gas
Carbon monoxide | CO, +2H' +2e¢” — CO + H,O -0.106 Gas

Formic acid CO, +2H* +2e-— HCOOH 0.250 Liquid

Cathode Methanol CO, + 6H" + 6~ — CH;0H + H,O 0.016 Liquid
CO,RR | Methane CO, + 8H* + 8¢ — CH,4 + 2H,O 0.169 Gas

Acetaldehyde 2CO, + 10H" + 10e~ — CH;CHO + 3H,0 -0.5 Liquid

Ethanol 2CO, + 12H" + 12¢” — C,H50H + 3H,0 0.084 Liquid
Ethylene 2CO, + 12H" + 12¢~ — C,H, + 4H,0 0.064 Gas
Anode OER Oxygen 2H,0 — O, + 4H* + 4~ 1.23 Gas

* The values are adopted from the reference [4,83). SHE stands for the standard hydrogen electrode.

Over the past two decades, substantial progress has been made in tailoring catalysts to direct
CO:2RR toward desired products. In this regard, CO2RR literature has established a well-defined
framework of descriptors that govern product selectivity, particularly the adsorption energies (AE)
of key intermediates such as *CO and *H (AE-co and AE-y) [82,84]. These parameters determine
whether a catalyst surface favors CO2RR over HER and which product pathway is preferred. As
illustrated in Figure 2E, different catalyst families exhibit distinct product selectivities. Metals that
bind *CO weakly, such as silver (Ag), gold (Au), and zinc (Zn) favor CO generation [82,85],
whereas metals that bind *CO moderately but not *H, including indium (In), tin (Sn), mercury (Hg),
thallium (TI), and lead (Pb), predominantly yield HCOOH [82,85]. Other transition metals with
strong *CO binding, such as nickel (Ni), palladium (Pd), and platinum (Pt), are less selective for
CO2RR and instead drive the HER, producing H2 as the dominant product [82,85]. Copper (Cu),
which binds *CO and *H with moderate and weak strength, respectively, uniquely enables the
formation of hydrocarbons and multicarbon products, making it central to efforts on C.+ production
[86-88].
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Figure 2. CO;RR to produce a wide range of products. (A, B) Illustration of a representative electrochemical cell
for CO production, consisting of cathode and anode chambers with gas diffusion electrodes (GDEs) separated by a
separator. CO,RR occurs at the cathode, while the OER takes place at the anode. (C) The GDE inserted between the
gas chamber and the electrolyte generally includes a current collector (CC), a gas diffusion medium consisting of a
gas diffusion layer (GDL) and a microporous layer (MPL), and a metal catalyst layer. The dashed arrows indicate the
diffusion of the gaseous reactant (CO,) and products (CO, O,) through the GDE. (D) The Gibbs free energy of the
electrochemical reaction has been estimated by considering the number of electron transfers and the standard reduction
potential. (E) Chemical production through CO,RR can be obtained by a variety of metal catalysts. The color and
portion represent the product and corresponding selectivity, respectively.

The sequential systems operate on high-purity CO: in the gas phase as feed, supplied from an
upstream separation process. This configuration represents the conventional route historically
pursued for CO: electroreduction. Early studies relied on aqueous H-cell configurations with
planar metal electrodes immersed in liquid electrolytes, where CO2 was continuously bubbled
through the solution [89]. However, the low solubility of CO2 in aqueous media imposed severe
mass transport limitations and restricted achievable current densities [89]. Modern gas-fed
electrolyzers have overcome these constraints by employing GDEs to deliver CO- directly to the
catalyst layer at the cathode, as implemented in flow cells and membrane electrode assemblies
(as illustrated in Figure 1C). This architecture provides high surface area, short diffusion
pathways, and rapid CO: transport within porous structures, enabling high Faradaic efficiencies
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and current densities exceeding 1,000 mA/cm? [47,90]. Detailed descriptions of these reactor
designs, their operation principles, and performance benchmarks have been comprehensively
reviewed elsewhere [4,77,48,91,2].

These developments have advanced sequential CO: electrolyzers toward practical
demonstrations, with state-of-the-art systems employing high-surface-area GDE catalysts and
zero-gap configurations to enhance current density and reduce energy consumption [48,79,90].
The relatively high technology readiness levels (TRLs) achieved by these systems have enabled
pilot-scale validation. For example, the Siemens/Evonik Rheticus project is operating a 25 kW
stack of ten 300 cm? cells with anion exchange membranes (AEMs) for CO2-to-syngas
conversion, corresponding to TRL 5-6 [92,93]. Similarly, OCOchem company has commissioned
a four-cell pilot, each with 15,000 cm? of GDE surface area, producing approximately 60 tons per
year of formate (HCOO~) under ambient conditions [94]. Additional commercial efforts (e.g.,
Dioxide Materials, Twelve/Opus12, Mantra) have demonstrated steady improvements in
performance metrics such as current density and product selectivity. Despite these advances,
several challenges continue to hinder large-scale deployment. First, unreacted CO. remains in
the electrolyzer outlet stream, necessitating energy- and cost-intensive downstream separation
from products. More critically, these systems depend on high-purity CO:z as the feedstock, which
is not readily available and must be supplied from an upstream separation process, adding both
cost and logistical and technical complexity as discussed earlier.

3. COz2RR VIA THE EMERGING RCC ROUTE

RCC is emerging as an alternative to the conventional sequential CO2RR route, primarily
motivated by the goal of lowering the overall energy demand and cost of the process. In the
sequential processes, sorbent regeneration, CO- release, and compression account for most of
the energy demand, while RCC aims to avoid these steps. Even though RCC in theory eliminates
several energy-intensive steps of sequential processes, most of the developed RCC systems
have demonstrated weaker performance metrics in terms of cell voltage, current density, and
Faradaic efficiency, and consequently higher energy consumptions compared to those of
sequential electrolyzers (as discussed later in Section 5). This is due to the more complex
mechanistic landscape of RCC, which includes dynamic equilibria between dissolved CO,
HCOs3~, CO3?", and carbamate species, governed by factors such as pH, CO- loading, catalyst,
and the chemical nature of the capture media. This leads to transport limits and thus undesired
reactions, introducing tradeoffs that hinder the improvement of all performance metrics
simultaneously. Unlike sequential CO2RR literature, which has plenty of fundamental studies
[86,95,96], few studies have analyzed the reaction pathways and transport phenomena in RCC.
In this regard, the sources of CO. and protons as the two main reactants for CO2.RR in RCC
systems need to be carefully studied. In this section, two key areas are discussed to provide a
better understanding of RCC potentials and challenges: the magnitude of potential energy savings
achieved by RCC and the mechanistic complexities and tradeoffs with a focus on carbon and
proton sources, reaction, and transport pathways.
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3.1. Energetic Analysis

RCC energetics can be compared with the sequential route qualitatively (Figure 3A) and
quantitatively (Figure 3B). Qualitatively, RCC lowers the minimum work by shifting the electrolysis
reference state from concentrated CO: to the capture adduct, thereby bypassing the desorption
and compression step of the sequential route. In Gibbs free-energy terms, the sequential route
traverses two rises (i.e., capture to concentrated CO. and concentrated CO2 to conversion
intermediate/product), whereas RCC follows a single ascent from the capture adduct to the
conversion intermediate/product. The inset in Figure 3A summarizes this reduction in the overall
Gibbs free-energy span, indicating a potential thermodynamic advantage for RCC.

To quantitatively evaluate the potential reduction in energetics via RCC, a comparative model
was developed [44]. The study examined a sequential and an RCC process designed to produce
CO, each using a monoethanolamine (MEA)-based absorber followed by either a desorber
together with a subsequent electrolyzer (i.e., sequential route) or an integrated electrolyzer (i.e.,
RCC route). The sequential route considers CO: electrolysis using state-of-the-art sequential
systems with either 50% or 100% CO:- single-pass utilization efficiency, reflecting baseline and
optimistic possibilities. For RCC, three performance scenarios were considered: (i) an optimistic
case (3 V, 90% Faradaic efficiency, and 50% single-pass utilization efficiency), (ii) a baseline case
(4 V; 90% Faradaic efficiency; 30% single-pass utilization efficiency), and (iii) a pessimistic case
(5 V; 70% Faradaic efficiency; 20% single-pass utilization efficiency) (Figure 3B). Under the
optimistic case, the RCC route achieves a specific energy of 643 kJ/molCO., approximately 44%
lower than the sequential benchmark. Under baseline conditions, the advantage diminishes and
energy consumption approaches that of the sequential route (1,103 kJ/molCQOs). In the pessimistic
case, integration becomes unfavorable, with energy consumption exceeding 2,400 kJ/molCOs..
These quantitative results suggest a clear design rule: integration is beneficial only when the RCC
electrolyzer matches or surpasses the performance (such as cell voltage, Faradaic efficiency, and
single-pass utilization efficiency) of the best sequential electrolyzers. Moreover, if future
sequential electrolyzers achieve complete 100% CO: single-pass utilization efficiency, the
maximum energy saving achievable via integration would decline to approximately 26%. This
analysis was limited to CO production, and similar evaluations are still needed for other CO2RR
products to generalize these findings.

Despite the quantitative analysis that helped to have a better understanding of the magnitude of
RCC energy savings for the first time, this analysis has several limits that necessitates further
work. Firstly, this study was limited to CO production, and similar evaluations are still needed for
other CO2RR products to generalize these findings. Secondly, major parameters in this study
were related to the CO2RR and downstream separation steps, including Faradaic efficiency, cell
voltage, and single pass conversion ratio. While these two steps are critical, more complex
models that are sensitive to upstream CO2 capture parameters will be beneficial for better
evaluation of energetics. This is particularly important as RCC systems have been proposed to
capture CO2 from various sources with different concentrations, such as air and flue gas, which
have fundamental differences when it comes to energy demand. Overall, the observed energy
savings are smaller than initially projected, primarily due to the lower performance metrics of
current RCC systems relative to sequential ones. Nonetheless, because RCC inherently offers
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potential for process integration and energy reduction, improving its electrochemical performance
remains key to realizing its full energy-saving potential.
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Figure 3. Energetic and configuration comparison between sequential and RCC routes. (A) Qualitative
comparison of Gibbs free energy profiles for sequential and RCC routes, illustrating the additional desorption and
compression step in the sequential route and the reduced overall free-energy span in RCC (inset). (B) Quantitative
comparison of energy consumption between sequential and RCC routes, reproduced from ref. 44 with permission
from nature portfolio [44], copyright 2022. In sequential, the separation energy (purple) includes amine regeneration
and CO, compression, while the conversion energy (pink) accounts for CO, electrolysis, (bi)carbonate regeneration,
and product separation. The sequential route reflects a state-of-the-art electrolyzer evaluated at either 50% or 100%
CO, single-pass utilization efficiency, representing baseline and optimistic scenarios, respectively. For the RCC
pathway, the total energy (green) associated with separation and conversion is provided, and three scenarios are
considered: optimistic (3 V, 90% Faradaic efficiency, and 50% single-pass utilization efficiency), baseline (4 V; 90%
Faradaic efficiency; 30% single-pass utilization efficiency), and pessimistic (5 V; 70% Faradaic efficiency; 20%
single-pass utilization efficiency). (C—E) Schematic comparison of membrane configurations. (C) Cation exchange
membrane (CEM) facilitates H* migration from the anode to the cathode, sustaining CO,RR but promoting HER. (D)
Anion exchange membrane (AEM) supports hydroxide (OH") transport toward the anode, favoring OER but allowing
(bi)carbonate crossover and CO, release on the anode side. (E) Bipolar membrane (BPM) generates H" and OH™ via
water dissociation to supply protons while minimizing (bi)carbonate crossover, though at the expense of higher ohmic
(Q) resistance and cell voltage.
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3.2. Mechanistic Insights

The form of carbon (free dissolved CO2 vs. bound adducts such as carbamates and
(bi)carbonates) and the proton source impact reaction rates and pathways [61,63]. Three different
scenarios are typically considered for the carbon source in RCC. Firstly, a direct route in which
the bound adduct (e.g., carbamate or (bi)carbonate) is reduced without prior CO2 release
[56,61,64,97,98]. Secondly, a more common indirect route in which the captured CO: is first
released as in-situ CO2 (noted as “-CO3”) and then reduced at the surface of the cathode [59,99—-
101]. A third hybrid pathway may also be possible, in which both routes occur [98]. These routes
differ in thermodynamics and kinetics: direct reduction can avoid the desorption energy but
requires activating a more complex, often anionic species. CO2 adducts may be electronically pre-
activated as a result of bent/partially charged structure (i.e., sp? hybridization with trigonal planar
geometry) relative to linear CO2 molecules (O=C=0), which can lower some barriers [58,65], yet
the bulky CO2-adduct and the negative charge of carbamate/(bi)carbonate oppose
electromigration in the electrochemical double layer (EDL) and can hinder activation [60]. As for
carbamate-mediated systems, e.g., when primary or secondary amines are used as the sorbent,
some studies reported that CO: reduction proceeds primarily via -CO2 after carbamate
dissociation, most likely due to the EDL formed by the large, ammonium cations (e.g., R-NH3*)
that keep carbamates away from the cathode surface [60]. For instance, two studies have
suggested that the primary pathway was through the reduction of i-COz in solution, meaning that
carbamate must first release i-CO2. [97,100]. This has been confirmed by in-situ FTIR
spectroscopy measurements as well [98]. However, in some specific cases, such as under
sufficiently negative overpotentials [56], and complete removal of -CO2 by N2 purging, direct
carbamate reduction has been observed [60].

CO:2RR mechanistic landscape for (bi)carbonate-based systems, in which alkaline media such as
KOH, K>COs, and tertiary and sterically hindered amines are used as the absorbent, involves
equilibria between i-CO2 and (bi)carbonate species. At neutral to alkaline pH, most CO- in solution
exists as HCO3~ or CO3?™ rather than CO2 [102]. While computational work has suggested that
the free energy barrier for the first electron transfer to HCOz3™ is on the same order as that for COx,
meaning that, in theory, HCO3s~ could directly participate in CO2RR [103], experimentally
sustaining high reaction rates from HCO3~ feeds often requires regenerating i-CO. [104].
Otherwise, a stagnant (bi)carbonate solution tends to generate a CO»-starved cathode surface,
and the overall rate drops as the system becomes limited by the (bi)carbonate to i-CO- conversion
step [70,105].

In nonaqueous media, mechanistic insights are comparatively less developed. It has been
suggested that CO2RR in non-aqueous media proceeds through i-COz, similar to aqueous media
[106]. Organic solvents generally have higher CO: solubilities than aqueous systems, which could
potentially be advantageous; However, in aprotic media, protons needed for CO2RR may come
from slow, parasitic consumption of the solvent itself [58].

In addition to the capture media, catalyst material can also shift the reaction pathways. In a recent
study, electrode-dependent mechanisms were investigated for MEA (a primary amine) and 2-
amino-2-methyl-1-propanol (AMP; a sterically hindered amine) on Cu and Pb catalysts [61]. On
the Cu electrode, the ammonium cations (in this case, either MEA-H* or AMP-H"*) could potentially
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block the surface and hinder CO- reduction. MEA-H* prevents surface interaction with i-CO2 due
to strong surface binding and organized blockage, while AMP-H* allows limited CO2 access due
to its steric hindrance, which results in a weaker surface binding and subsequent blockage. In
contrast, Pb showed enhanced CO: reduction performance with both amines, as weaker surface
interactions in Pb create less passivation, resulting in more CO2 access for the reduction reaction.
These findings suggest that selecting capture media and catalyst materials needs to be
strategically done to enhance the performance of CO2RR in RCCs.

Regardless of the direct or indirect pathway for the reduction of CO,, the capture media include
several inherent trade-offs, which can be optimized to eventually improve the scalability of RCC.
The first trade-off is related to the Lewis basicity of the capture medium and CO: speciation.
Strong Lewis bases and CO»-binding sorbents, such as primary amines and high-pH solutions
(e.g., KOH), enhance capture efficiency and allow for smaller absorber units but stabilize COz in
less-reactive forms such as carbamates and carbonates. This stabilization increases the required
overpotential and suppresses current densities during CO2RR. In contrast, weaker-binding media
such as tertiary or sterically hindered amines and moderate-pH solutions (e.g., K.COs) facilitate
CO:2RR at lower overpotentials but present disadvantages for the capture step by offering lower
equilibrium capacity and slower uptake kinetics, thereby increasing the required absorber surface
area [58,63]. For instance, in a direct air capture (DAC) scenario, CO> capture by KOH at pH ~14
to form KoCO3 at pH ~12 is feasible, but further conversion to KHCO3 at pH ~8 would demand up
to 14 times more air contactors and significantly higher fan energy due to the slower CO:>
absorption at lower pH [57,70,107].

The second tradeoff is related to the Lewis basicity of the capture medium and HER selectivity.
Strong basicity or high pH in the capture media is advantageous for the capture step and
suppressing HER at the cathode surface, but limits i-CO2 and proton availability for CO2RR [63].
Adjusting pH closer to neutral by tuning the capture medium, changing the CO loading, or
improving the proton supply through the membrane tends to facilitate CO2RR but also introduces
the risk of HER [61]. Therefore, a low pH supports i-CO:2 release, while a high pH promotes
CO2RR over HER [105,105,108]. This tradeoff becomes more pronounced at elevated current
densities, where Faradaic efficiency drops sharply above ~100 mA/cm? as the catalyst becomes
depleted of i-COa. [70]. Therefore, proton sources with intermediate strength are preferred: water
or weakly acidic functional groups can facilitate the necessary protons for CO2RR without
completely directing selectivity towards HER. Methanol, being less acidic than water, suppresses
HER [64]; however, it also makes protonation of CO2 adducts more difficult, requiring higher
overpotentials for reduction.
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Cell configuration and membrane selection strongly influence local pH and ion distribution, which
in turn impact Faradaic efficiency. Cation exchange membranes (CEMs) can facilitate proton
migration from the anode to the cathode, but this requires a lower anolyte pH, which complicates
OER at the anode and further promotes HER at the cathode (Figure 3C). Anion exchange
membranes (AEMs) could be used to facilitate hydroxide transport towards the anode, which
thermodynamically favors both cathodic CO2RR and anodic OER reactions. However, they
require alkaline conditions in the catholyte, complicating i-CO2 and proton availability for CO2RR
on the cathode [109]. More importantly, AEM-based configurations suffer from (bi)carbonate
crossover and migration toward the anode, where they release CO- at the anode, complicating
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the process and requiring further CO> separation (Figure 3D). To eliminate the challenges of CEM
and AEM, using a bipolar membrane (BPM)-based configuration has been explored to supply
protons for the cathode while mitigating (bi)carbonate crossover by restricting anion migration
(Figure 3E). Although BPMs assist by facilitating the crossover of desired ions and suppressing
the crossover of unwanted species, they also introduce additional ohmic resistance and
overpotential due to water dissociation, thereby increasing cell voltage and overall energy
consumption [62,109—111].

4. RCC SYSTEM BENCHMARKING

There are several performance metrics that could be used in benchmarking the RCC systems.
Current density, Faradaic efficiency, cell voltage, cathodic potential, CO: utilization efficiency,
levelized energy consumption, power density, and energy efficiency are key performance metrics.
Because most RCC reports emphasized current density and Faradaic efficiency and only a few
provide additional metrics, here we opt to use partial current density (Faradaic efficiency multiplied
by current density), cell voltage, and power consumption to represent product generation rate and
energy intensity. In some RCC studies, the reported operating potential corresponds to the overall
cell voltage, while in others only the cathode potential is provided (particularly for emerging
capture media). To enable consistent benchmarking, both parameters were compiled, with all
data adopted from the studies discussed in Supporting Information. Figure 4A shows partial
current density as a function of cell voltage, whereas Figure 4B presents partial current density
as a function of cathode potential. In each case, representative sequential studies reported in the
same manner are included to allow direct comparison.

RCC systems generally exhibit significantly lower partial current densities than their sequential
counterparts. For example, while sequential systems have achieved CO partial current densities
exceeding 1,000 mA/cm?, RCC systems that target CO plateau at around 200 mA/cm? (Figure 4),
which is the result of a Faradaic efficiency drop in higher current densities. This disparity arises
from multiple microenvironment constraints in RCC: (i) the availability of i-CO2 near the catalyst
interface is transport-limited due to the distance it needs to travel from the bulk to catalyst
interface, after being released from carbamate or (bi)carbonate adducts; (ii) the negatively
charged nature and bulky size of these bound species could hinder their migration across EDL,
suppressing direct reduction of adducts; and (iii) competitive equilibria among i-CO2, HCOs",
COs3?7, and carbamate species create additional transport and kinetic bottlenecks that are typically
absent in sequential electrolyzers supplied with pure CO..

Comparing across capture media, RCC systems using (bi)carbonate solutions generally
outperform those using carbamates, both in terms of partial current density and product diversity
(Figure 4). (Bi)carbonate systems have generated CO, HCOO-, CHi, and C.:, whereas
carbamate systems have predominantly produced CO, with only a few demonstrations of other
products such as acetate (CH3COO"). This difference reflects the weaker binding in (bi)carbonate
relative to carbamate (C-O vs. C-N), which facilitates i-CO2 generation that relies on proton flux
from the membrane. By contrast, higher carbamate stability hinders i-CO: release, which is the
result of much higher pKa of carbamates than that of (bi)carbonates [112]. This is essentially the
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reason for the increasing temperature and pressure in most of the carbamate studies. The former
can facilitate i-CO2 release through C-N cleavage, and the latter can increase i-CO2 concentration
through controlling vapor-liquid equilibrium [63]. Emerging capture media, including DES and IL-
based systems, currently deliver partial current densities one to two orders of magnitude lower
than those achieved with carbamate and (bi)carbonate media or sequential systems.
Nevertheless, their tunability has enabled the formation of unique products such as oxalate and
succinate, and other C2+ products (Figure 4B), highlighting their potential to expand the product
space even if present performance remains limited.

Power density can serve as a practical indicator of the energy demand of CO2RR systems. It was
estimated by multiplying the reported total current density by the corresponding cell voltage.
Whereas partial current density reflects the rate of generation of a target product, total current
density captures the overall electron flux that must be supplied, and thus directly determines the
electrical energy input. Because cell voltage is required for this calculation, only RCC studies
reporting full-cell voltages were included in the analysis. The results show that, on average, RCC
systems exhibited lower power consumption compared with sequential CO2RR (Figure 4C).
While reducing power density is desirable for any electrolysis system, this should be achieved by
increasing Faradaic efficiency—maximizing the desired reaction rate for a given total current—
and by minimizing overpotential losses arising from catalyst activation or resistance in the
electrolyte and membrane. In RCC, however, the lower observed power density compared to
sequential systems does not reflect targeted voltage optimization; instead, it results primarily from
the lower total current densities typically achieved in RCC cells.

Overall, these benchmarking results show that no single metric fully captures the performance of
RCC compared with the sequential route. Sequential systems consistently achieve higher partial
current densities due to their superior kinetics and transport properties, aided by optimized gas-
fed electrolyzers and direct CO2 availability, whereas RCC suffers from additional complexity
associated with equilibria between i-CO2 and bound adducts. Nevertheless, RCCs (in particular,
(bi)carbonate media) have the potential to be improved with more j-CO2 availability near the
cathode interface, to increase Faradaic efficiency, and reduce cell voltage, most of which could
be achieved by membrane (in particular, BPMs) optimization. The comparison between the two
routes can also extend beyond electrochemical metrics to include capital and operating
expenditures. These techno-economic aspects are considered in the next section.
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Figure 4. Benchmarking RCC and sequential CO,RR performance. Partial current densities (mA/cm?) of RCC
systems are compared with sequential CO,RR counterparts as a function of (A) cell voltage (V) and (B) cathode
potential (V vs. reversible hydrogen electrode; RHE). (C) The corresponding power densities for RCC and sequential
systems are presented. Partial current density was calculated as the product of total current density and Faradaic
efficiency for a given product, while power density was obtained by multiplying total current density by the cell
voltage. Three different capture media (carbamate, (bi)carbonate, and emerging media such as DES and IL) were
considered to produce a wide range of products, including carbon monoxide (CO), formic acid (HCOOH), methane
(CH,), and multicarbons (C,,) (e.g., ethylene, acetate, oxalate, and succinate). Data were compiled from recent studies
across both systems, as discussed in Section 4 and the Supplementary Information.

5. ECONOMICS OF RCC

To fully assess the advantages of RCC compared with the sequential route, economic
considerations must be evaluated alongside technical performance metrics. Techno-economic
analysis (TEA) provides a systematic framework for this purpose, allowing CapEx and OpEx to
be quantified and benchmarked against market conditions. TEA is therefore an essential tool for
determining whether the reductions in energy demand and process complexity offered by RCC
can translate into economic competitiveness compared to the sequential approach. Despite the
availability of an extensive TEA literature for sequential processes, only a limited number of
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studies have examined the economic feasibility of RCC systems [113—115]. Here, we compiled
and further analyzed the outcomes of these RCC-focused TEAs to derive comparative insights
on the production costs of CO2-derived products relative to sequential routes. It is important to
note that most of these studies are based on current RCC performance metrics, which reflect the
lower TRL of RCC compared with sequential systems. Consequently, the economic trends and
benchmarks discussed here may evolve as RCC systems mature and higher TRL demonstrations
achieve improved performance metrics.

Due to the low TRL of RCC, most TEA studies have provided only high-level cost estimates
without a detailed breakdown. Only one recent study reported both OpEx and CapEx distributions
across different products [116]. In this study, the OpEx breakdown was provided for five
products—two gaseous (CO and C2Ha) and three liquid (HCOOH, CH3OH, and C2HsOH)—while
CapEx details were reported only for CO and HCOOH. As for OpEx, RCC processes generally
showed comparable values to sequential processes for gaseous products but higher costs for
liquid products (Figure 5A). The elevated OpEx for liquid products is primarily due to the additional
cost of downstream separation. In RCC systems, liquid product concentrations are substantially
lower than in sequential systems, which necessitates more energy-intensive separation steps.
Among the conventional liquid ohase separation methods, liquid liquid extraction is not a relevant
option due to significant complexities caused by the added solvent, and thermal distillation is
costly and energy-intensive. In addition, unlike gaseous products that can in principle leave the
electrolyzer in the gas phase, liquid products remain dissolved in the liquid capture medium that
is intended to be recirculated for continued CO2 absorption. As a result, these products do not
only create a downstream separation challenge, but can also alter the composition of the recycled
medium and potentially interfere with its reuse for CO2 capture. For instance, in the case of organic
acids, such as formic acid (pKa ~3.75) and acetic acid (pKa ~4.75), the alkalinity of medium will
be consumed by the liquid product and severely reduce the available alkalinity for the CO-
absorption step. Therefore, the presence of liquid products can impose an additional burden on
maintaining stable operation and restoring the medium to a composition suitable for recycle. In
the currently available TEA, these downstream costs are dominated by thermal distillation. Such
separation requirements offset the savings achieved by eliminating upstream CO2 processing in
RCC. For C2Hs4, RCC exhibited slightly higher OpEx than sequential CO2RR. This increase is
attributed to higher power consumption, reflecting the current low TRL of RCC systems for CoHa
production. Specifically, higher overpotentials, lower current densities, and lower Faradaic
efficiencies compared with more mature sequential electrolyzers contribute to this elevated
energy demand. CapEx was reported only for CO and HCOOH. For both products, RCC showed
higher capital costs compared to the sequential systems (Figure 5B). While the difference for CO
was modest and within a comparable range, the CapEx for HCOOH was substantially higher,
driven by the significantly larger downstream separation requirements dominated by distillation.
In general, gaseous products are less costly to recover from the liquid electrolyte in RCC, whereas
liquid products impose a considerably higher energy and cost penalty due to the need for
separation from the liquid capture media.
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Taken together, the OpEx and CapEx results indicate that the savings expected from RCC,
primarily through the elimination of upstream CO. processing, are often offset by the high cost of
downstream product separation if the electrolyzer performance metrics stay at current levels. As
a result, the commonly perceived advantage of RCC in lowering both CapEx and OpEx is not
necessarily realized at the current stage of development. This highlights the need for
improvements in electrolyzer performance (e.g., current density, Faradaic efficiency, cell voltage)
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for the gaseous products. However, this may not be enough to reduce CapEx and OpEx for liquid
products due to the energy-intensive downstream distillation process, highlighting the need to
redesign separation strategies with the explicit goal of replacing energy-intensive thermal
distillation. Potential alternatives could be electrochemical separations [117,118] or membrane-
based separations [119,120], which could reduce both energy demand and cost relative to
conventional distillation.

We also analyzed the levelized cost of production (LCOP) reported in several studies for CO,
HCOOH, and C2H4 for both sequential and RCC processes [1,54,55,113-116,121-126]. LCOP
accounts for both OpEx and CapEx, normalized to the quantity of product generated. For
reference, market prices of the products are also shown (Figure 5C). For gaseous products (CO
and C2Hs), the LCOP values of RCC were generally comparable to those of sequential processes,
spanning similar ranges. For CO, the LCOP of sequential systems was reported at 0.40 + 0.20
$/kg, while RCC showed a slightly higher but overlapping range of 0.66 + 0.29 $/kg. For C2Ha4, the
sequential route yielded an LCOP of 1.80 + 1.23 $/kg, compared to 1.25 + 0.83 $/kg for RCC. The
variation in LCOP of RCC reflects variation in reported RCC performance metrics such as applied
potential, current density, and Faradaic efficiency. In contrast, for the liquid product HCOOH, the
reported LCOP value for RCC ($7.42/kg) was substantially higher than the range reported for
sequential systems (0.94 + 0.77 $/kg). This discrepancy arises from the high OpEx and CapEx
contributions associated with downstream separation in RCC, as discussed earlier. It should be
noted, however, that the RCC LCOP value for HCOOH is based on a single study; therefore,
drawing firm conclusions at this stage is premature. Additional TEA efforts specifically targeting
liquid products, particularly HCOOH, are needed to more definitively evaluate their economic
feasibility in RCC systems.

To further assess cost competitiveness, the net revenue gap (NRG) was calculated as the
difference between the LCOP and the market price for CO, HCOOH, and CzH4 (Figure 5D). For
CO, both sequential and RCC routes yielded NRG values close to zero, with slightly positive
margins, suggesting that CO production is approaching market viability. However, further
improvements in performance metrics are required to enhance profitability and achieve
consistently higher positive NRG values. For HCOOH, the RCC route exhibited a strongly
negative NRG (-6.73 $/kg), reflecting the high cost penalties associated with downstream liquid—
liquid separation. This observation is based on a single detailed study, as discussed earlier, and
additional TEA efforts targeting liquid products are needed to confirm the generality of this result.
For C2H4, both sequential and RCC processes showed wide variability in NRG, with mostly
negative values. RCC displayed a slightly less negative NRG on average, consistent with its
somewhat lower LCOP compared to sequential systems.

Overall, these TEA results suggest that RCC is currently more favorable for gaseous products
such as CO and C:H4, where it can achieve near-competitive costs relative to sequential
processes. Nevertheless, significant advances in technical performance metrics (e.g., higher
current density, Faradaic efficiency, and reduced cell voltage) will be required to further reduce
costs and secure market competitiveness. For liquid products, the economic feasibility of RCC
remains uncertain, and targeted research into alternative separation strategies will be essential
to fully unlock its potential.
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Figure 5. Techno-economic benchmarking of sequential and RCC processes. (A) Operational expenditure (OpEx)
breakdown for carbon monoxide (CO), formic acid (HCOOH), methanol (CH;0H), ethanol (C,HsOH), and ethylene
(C,Hy) via the sequential and RCC (patterned) routes. Power consumption corresponds to the electricity required for
CO,RR; upstream CO, processing refers to the capture stage required only for sequential systems; downstream product
separation reflects the cost of separating products (liquid: HCOOH, CH;0H, C,HsOH; gas: CO, C,Hy) from the RCC
electrolyte; and “Other Expenses” include feedstock, labor, maintenance, component replacement, and
taxation/depreciation. Panel A was reproduced from ref. 116 with permission from RSC Publishing [116], copyright
2025. (B) Capital expenditure (CapEx) breakdown for sequential systems (all five products) and RCC (CO and
HCOOH only). For sequential systems, costs include the electrolyzer, compressor, upstream CO, processing, and
downstream product separator. For RCC, only the electrolyzer and downstream separator are required. For HCOOH
in RCC, the downstream separation cost is substantially larger than the plotted range; the top of the bar is left open to
indicate this without displaying a precise value, due to uncertainty in reported estimates. Core data for panels A and
B were adopted from ref. [116], with cost components regrouped for clarity. (C) Levelized cost of production (LCOP)
and market prices for CO, HCOOH, and C,Hy,, the only products with reported LCOP values. (D) Net revenue gap
(NRG), calculated as the difference between LCOP and market price, for CO, HCOOH, and C,Hy. In panels C and D,
error bars represent standard deviations of values reported across multiple studies [1,54,55,113-116,121-126]. The
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spread in RCC LCOP values reflects variations in reported performance metrics, including applied potential, current
density, and Faradaic efficiency.

6. RCC: WHAT REMAINS TO BE EXPLORED

The preceding sections summarized what has been achieved in RCC, highlighting its potential
energetic advantages relative to the sequential route, along with the associated limitations,
tradeoffs, and techno-economic implications that identify gaseous products as the most promising
near-term targets. Despite this progress, RCC research remains at an early stage, and several
critical gaps must be addressed to match the performance metrics of sequential systems and
enable higher TRLs. These gaps can be grouped into three domains. First, RCC studies have
largely overlooked the system-level (i.e., holistic) perspective, with alkalinity regeneration often
neglected while most efforts focus narrowly on CO2RR metrics. Second, achieving high partial
current densities remains challenging due to incomplete understanding and control of the
electrochemical microenvironment and transport processes that span multiple length scales.
Finally, long-term stability, both chemical and operational, has not been comprehensively studied,
despite its importance for scaling and durability. This section focuses on what remains to be
explored, elaborating on the critical gaps that must be addressed to advance RCC development
toward practical implementation.

6.1. System-Level Integration and Alkalinity Regeneration

Most RCC studies have primarily focused on CO2RR performance metrics, with only a few
adopting a complete system-level perspective that includes both capture and conversion. In
particular, the alkalinity regeneration—an equally critical step alongside CO2RR—has been
largely overlooked. In a typical RCC scheme (Figure 1), CO: is first absorbed from a dilute stream
using a sorbent, followed by simultaneous CO2RR and sorbent regeneration via alkalinity
recovery, which enables continuous CO: separation in the absorber. To quantify this aspect, the
electron—alkalinity (EA) efficiency can be used, defined as the ratio of OH- (alkalinity) generated
to the total electrons passed in the RCC electrolyzer [127]. This global metric highlights the degree
to which RCC can sustain the absorber—electrolyzer cycle and is also applicable to related
electrochemical carbon capture (ECC) systems.

The maximum theoretical EA efficiency depends on design parameters, including the dominant
CO:z carrier in the absorber (e.g., HCO3™ vs. CO327), and the targeted CO2RR product. To illustrate
these dependencies, two simplified scenarios are considered: an ideal case with 100% EA
efficiency (Figure 6A) and a practical case in which EA efficiency decreases below 100% (Figure
6B). In both scenarios, the passage of n moles of electrons through the cell drives the transport
of n moles of H* across the membrane. Assuming the CO.-rich absorber effluent is primarily
HCOs", these H* react with n moles of HCO3™ to generate n moles of i-COz, which is then available
for reduction at the cathode. In the ideal case, all n moles of i-CO; are consumed to form n moles
of the desired product (C) and n moles of OH-, yielding full recovery of alkalinity (Figure 6A). This
results in an EA efficiency of 100%, as every electron contributes to both product formation and
complete regeneration of the sorbent. In the practical case, however, there is a potential
stoichiometric mismatch between the number of electrons transferred (n) and the number of
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carbon units (m) that can be incorporated into the product. Only m moles of i-CO. are consumed
to generate m moles of product and m moles of OH~. The remaining (n—m) moles of i-CO are
reabsorbed in the cathode chamber as HCOs~ by reaction with the corresponding OH-, thereby
reducing the net OH™ available for alkalinity regeneration to m rather than n (Figure 6B). This
lowers the EA efficiency from 100% to m/n x 100%. As a result, the absorption capacity of the
upstream capture stage is diminished, and (h—-m) moles of CO. are expected to remain
unabsorbed in the absorber effluent under hypothetical complete capture conditions.

These scenarios assume an idealized Faradaic efficiency of 100% for CO2RR (FEco2rr),
representing an upper bound that has not been experimentally realized. The impact of Faradaic
efficiency on EA is linear, such that any inefficiency proportionally reduces EA according to:
EA(%) = FEcozrr * (m/n) x 100. This occurs because, instead of producing m moles of C, only
(FEco2 x m) moles are formed, which consumes an equivalent amount of i~-CO.. The remaining
unreacted i-CO: stays in the cathode solution, thereby proportionally lowering the amount of
alkalinity regenerated by consuming OH". Thus, deviations from both stoichiometric and Faradaic
ideality result in reducing EA efficiency.

To further illustrate the upper limits of EA efficiency, we evaluated an exemplary RCC system
designed to produce CO from an HCOs~ medium. At the anode, OER generates 2 moles of
electrons (n = 2) and 2 moles of protons (H20 — %2 O2 + 2H* + 2e7). These protons migrate
through the membrane and react with 2 moles of HCOs3™ to form 2 moles of i-CO.. At the cathode,
the transfer of 2 electrons results stoichiometrically in the formation of 1 mole of CO (m = 1) and
2 moles of OH~, while consuming 1 mole of i-CO2 (CO2 + 2e~ + H.O — CO + 20H"; equivalent to
the reaction in Table 1 but rearranged to show OH" explicitly). The remaining unconsumed 1 mole
of i-CO2 (i.e., n—m) is reabsorbed by 1 mole of OH-, leaving a net generation of 1 mole of OH-,
from 2 moles of electron, to be recycled to the absorber instead of 2. As a result, the EA efficiency
is reduced to 50% (i.e., 1/2 x 100). The same stoichiometric logic can be extended to other CO2RR
products by applying their respective electron-transfer (n) and carbon-incorporation (m) values,
which determine the theoretical upper limits of EA efficiency for each case. The values of n and
m for different CO2RR products are summarized in Figure 6C.
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If CO2 is absorbed as CO3?™ rather than HCO3~, the theoretical maximum EA efficiency for a given
product doubles. This is because less i-CO: is generated per mole of H* transferred through the
membrane: one mole of H* reacts with HCOs3™ to release one mole of CO2, whereas the same
proton flux reacts with CO3?~ to generate only half a mole of CO.. The maximum theoretical EA
efficiencies for different products in HCO3z™ and CO3?~ media are shown in Figure 6D. The decline
in EA efficiency becomes more pronounced for products that require larger numbers of electron
transfers (e.g., CoHsOH and C2Hs). For instance, in HCO3~ medium, the maximum EA efficiency
decreases from 50% for CO (n =2, m = 1) to 16.67% for CoHs (n = 12, m = 2). As with HCOs",
Faradaic efficiency exerts a proportional effect in COs2~ media; in this case, the relationship is
given as: EA(%) = FEcozrr % (2m/n) x 100.

While the theoretical EA efficiency is derived from stoichiometric ratios, and is therefore useful for
identifying the upper bounds imposed by product type and capture medium, it does not account
for thermodynamic, kinetic, or transport limitations that will further reduce EA efficiency in practical
RCC operation. In real systems, the attainable EA efficiency is also governed by the Faradaic
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efficiency toward CO2RR, because any loss in selectivity directly lowers the fraction of electrons
that regenerate useful alkalinity. In carbonate-based systems, this relationship can be expressed
as EA(%) = FEcozrr % (2m/n) x 100, showing that deviations from ideal CO2RR selectivity
proportionally reduce EA efficiency. In RCC, such losses may arise from slow release of in situ
CO2 (i-C0O2) from captured species, limited transport of i-CO:> to the catalyst surface, and mass-
transport bottlenecks associated with bulky or charged CO. adducts and capture-derived ions
within the electrochemical double layer. These constraints can lower the local availability of i-CO»,
increase competition from HER, and thereby diminish the practical EA efficiency below its
stoichiometric limit. The formic acid pathway also requires additional consideration because
product speciation depends on the pH of the medium. If the product remains in its deprotonated
form as formate rather than protonated formic acid, the corresponding upper limit of EA efficiency
decreases from 100% to 50%. Therefore, even among the stoichiometrically most favorable RCC
products, the practically attainable EA efficiency remains sensitive not only to product identity, but
also to selectivity, local reaction environment, and product speciation.

Given the inherent similarities between ECC and RCC systems—both of which aim to regenerate
alkalinity through an electrochemical step to sustain the capture loop—the EA efficiencies of RCC
can be benchmarked against those of ECC. For reference, ECCs based on EMAR have
theoretical EA efficiencies of 50%, while ECCs employing EGN (e.g., quinone-based systems)
have theoretical EA efficiencies of 100% [23,29,128,129]. Experimental studies further confirm
that both approaches can maintain high EA efficiencies over extended operation times
[22,29,39,40,130].

These theoretical limits highlight the critical role of product selection and capture medium in
determining the practicality of RCC systems. To fully assess this viability, system-level analyses
must also complement TEA results. While TEA indicated that gaseous products such as CO and
C2H4 are more economically competitive than liquid products, those assessments did not account
for EA efficiency as a defining system-level parameter of RCC. As shown by the theoretical
analysis here, products such as C2H4 that require higher electron transfers inherently suffer from
very low maximum EA efficiencies. From an economic standpoint, this translates into increased
required surface area and make-up absorbent demand in the absorption step, leading to
substantially higher CapEx and OpEx [107]. Taken together, both TEA and EA considerations
point to CO as the most promising target product for RCC. Future studies must therefore prioritize
improving Faradaic efficiency for CO in order to raise EA efficiency closer to its theoretical
maximum. Strategies to enhance Faradaic efficiency will be further discussed in the next section.
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Figure 6. Theoretical limits of electron—alkalinity (EA) efficiency in RCC. (A) Ideal scenario. In an RCC system
operating with bicarbonate (HCO;") as the dominant CO, carrier, the passage of n electrons across the cell generates
n protons at the anode (via OER), which react with » HCO;5™ to form n i-CO,. At the cathode, all n i-CO, are reduced
to form n carbon units in the desired product (C) and n OH", resulting in complete sorbent regeneration and an EA
efficiency of 100%. (B) Practical scenario. In practice, a stoichiometric mismatch arises between the electrons
transferred (n) and the carbon units incorporated into products (m). Therefore, only m moles of i-CO, are consumed
to form m moles of product C and m OH", while the remaining (n—m) i-CO, recombines with OH™ to reform HCO;".
This reduces the net alkalinity generated to m OH™ instead of n, lowering EA efficiency to (m/n x 100%). The
schematic illustrates this imbalance, where (n—m) CO, escapes with the absorber effluent. (C) Summary of electron
requirements (n) and carbon incorporation numbers (m) for major CO,RR products. Products requiring higher electron
numbers (e.g., C,; products) inherently yield lower theoretical EA efficiencies, represented by the intensity of the
green color used. (D) Calculated maximum EA efficiencies for RCC in carbonate (orange) and bicarbonate (yellow)
media across different products. For carbonate systems, efficiencies are doubled because fewer i-CO, molecules are
generated per mole of H* transported. The results show a strong dependence of EA efficiency on product choice and
capture medium. The two dashed lines serve as references, corresponding to EA efficiencies reported for ECC
systems: 50% for EMAR and 100% for EGN.
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6.2. Microenvironment Control to Enhance Partial Current Density

The lower partial current densities achieved in RCC systems than their sequential CO2:RR
counterparts (as shown in Figure 4) highlight a key research gap in the limited understanding and
control of the electrochemical microenvironment. In the sequential route, continuous CO> supply
ensures CO: availability near the catalyst interface. In contrast, RCC relies on the transport of i-
CO:2 from the bulk to the catalyst interface, where its limited availability has led to a drop in
Faradaic efficiency at higher current densities and HER domination to allow for the demanding
current densities. Furthermore, local alkalinity generated from both CO2RR and HER recaptures
i-CO2 as HCOs™, leading to deactivation, which is referred to as i-CO, exhaustion by OH™ [131].
Consequently, within the higher ranges of achieved total current density in RCC (~100 — ~500
mA/cm?), the overall CO2RR rate (i.e., partial current density) is governed by i-CO- availability
near the cathode interface rather than by the intrinsic catalytic activity of the electrode.

To address these limitations, several recent studies have focused on microenvironment
engineering to improve mass transport and reaction kinetics [132,133]. Electrolyte modifications,
including the addition of surfactants such as CTAB to suppress HER [134], or tuning background
cations to modulate EDL thickness [60], have shown measurable improvements in Faradaic
efficiency in modest current densities up to 100 mA/cm?. To further increase partial current
density, several strategies beyond electrolyte optimization, focused on electrode local
architecture at different scales, have been employed to enhance i-CO: activity at the interface.
These strategies include the incorporation of additional coating or tuning the catalyst support’s
porosity at different scales. The first strategy was based on redox-active polymeric frameworks
with viologen branches that can undergo reduction and directly bind i-CO2 and activate it. This
coating layer was suggested to act as a mediator between the catalyst and i-CO2, which can bind
and pre-activate i-CO2 as *CO: intermediates, facilitating its subsequent reduction [131]. This
strategy led to achieving a Ca+ Faradaic efficiency of 55 + 5% at 300 mA/cm?2. Secondly,
hierarchical catalyst support with multi-scale pores, instead of planar and nano-porous supports,
was employed [70]. Planar catalyst supports suffer from limited catalytically active sites for
interaction with i-CO2. Using supports with nanoscale pores (<2 nm) could improve the active
area due to the high porosity, but the tight area can hinder i-CO- diffusion and intensify the i-CO»
exhaustion effect. A more effective architecture suggested in this study was using a two-scale
carbon scaffold in which larger pores (~2-50 nm) provide fast transport channels that supply i-
CO: for a secondary network of pores (<2 nm), combining abundant surface area with improved
transport. Consequently, utilization of this catalyst support with an ion-conductive interposer and
an optimized BPM enabled maintaining CO Faradaic efficiency above 40% at current densities
up to 500 mA/cm? [70]. Similarly, a recent study optimized the pore alignment and size to enhance
i-CO2 activity at the cathode interface and prevent its depletion before adsorption and activation.
The optimized nanochannels leveraged non-electrostatic interactions between i-CO2 molecules
and the channel walls to effectively trap and retain i-CO2 near the active sites [71]. Three different
architectures were analyzed, with the first one relying on 1D transport, the second one consisting
of pores between 2-50 nm and 3D transport, and the third geometry that included multi-scale
pores with 2—-50 nm and <2 nm. The third architecture showed the best performance, enabling a
CO Faradaic efficiency of 50% + 3% at 300 mA/cm?.
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Beyond the limited number of recent RCC studies that have reshaped the magnitude of achieved
partial current density through microenvironment control, there are valuable studies in other fields
that could be potentially implemented for RCC advancement. We propose that recent findings in
CO:2RR [90], the broader area of electrocatalysis [135], and even organic electrochemistry could
be beneficial in RCC microenvironment control [29]. For instance, in the design space of redox-
active organic compounds, there is promise for compounds that can form CO2-adducts upon
reduction [33,136,137]. Some of these compounds may be integrated with the CO2RR catalyst in
the form of a molecular promoter or be coated at the catalyst surface to bind /-CO2 and prevent
the exhaustion effect [138—-140]. For instance, it has been demonstrated that indigo-based redox-
active molecules attached to Ag nanoparticles provide sites for CO2 binding that stabilize key
intermediates (*COO~ and *COOH), lowering the overpotential for CO production and maintaining
CO Faradaic efficiencies above 90% and reaching impressive current densities up to 1,200
mA/cm? in a sequential electrolysis configuration [90]. Even though this study utilized CO- gas for
electrolysis, there could be promising potential if these types of compounds are tested for an RCC
configuration.

Despite recent advances, deliberate control of the electrochemical microenvironment in CO2RR
remains underdeveloped, largely due to the time- and resource-intensive nature of such
investigations. The microenvironment is inherently multi-scale, with distinct phenomena occurring
across adsorption, EDL, diffusion, and bulk regions. RCC performance metrics result from the
coupled interplay among transport, solvation, charge distribution, surface adsorption, and reaction
pathways spanning these domains [71]. Adjusting a single parameter within one region can
induce cascading effects in others because distinct physical and chemical processes govern each
scale. Consequently, multi-scale modeling of microenvironment has emerged as a powerful
framework to understand the phenomena across interfacial and continuum scales and
complement experimental efforts to identify and quantify contributions at each level. Using These
multi-scale models could potentially make it possible to construct digital twins, allowing for better
understanding and faster optimization of RCC systems.
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Figure 7 illustrates different regions in the microenvironment and their characteristic length scales.
The proposed strategies to improve RCC metrics can involve one or several regions of
microenvironment. Firstly, at the catalyst level, the adsorption region governs metal-induced
selectivity and assists with catalyst screening [141]. For instance, the discussed RCC study in
Section 4 that developed a CoPc-based catalyst for CO production in an RCC process (Figure
S2H), leveraged density functional theory (DFT) to evaluate the electronic structure and electron
rich/deficiency of the Co center when different functional groups were present [142]. Using this
method, the study narrowed down the functional group selections to carboxylate (COOH), and
achieved CO:2RR partial current density of 70 mA/cm? at cell voltage of 2.7 V [142].

(cc)

Secondaly, the strategies to optimize EDL structure and thickness, involve the length scale
spanning roughly from several to a few hundred nanometers from the interface (Figure 7). This
region is especially important in RCC media due to the complexity of the microenvironment
compared to sequential CO2RR. For instance, amine solutions contain bulky ammonium cations
that can increase the thickness of EDL and act as a barrier between j-CO2 and catalyst interface
[100,132]. In order to minimize this effect, models in this scale can help to estimate EDL thickness
while screening for (i) different types of amines (primary, secondary, tertiary, and stericaly
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hindered) [74], and (ii) background electrolyte cations [132], and (iii) surfactants that aim to
suppress HER through altering EDL [97].

Thirdly, optimization of substrate through hierarchial porosity and nano-confinement can be
facilitated by nano-scale modeling. These strategies are especially proposed to mitigate i-CO>
exhaustion, leading to improvement in partial current density. For example, nanoscale MD has
also guided the design of interconnected nano-confining porous catalyst that was used to
enhance /-CO:2 activity and minimize the i-CO2 exhaustion effect (Figure S3C,E) [71]. Future
studies can leverage nanscale MD to assess and screen the different nano- and meso-pore sizes,
and find the optimal substrate structure.

Lastly, design of neucleuohilic molecular promoters, which can bind and enrich i-COz2, can also
be facilitated by multi-scale modeling through different aspects. The neucleophilicty of the
promoter can be finetuned by screening the structure and added functional groups of the
promoter. In this process, DFT can help to assess variations of key descriptors (e.g. AE-co and
AE+) to optimize activity and selectivity [29,143], and MD can help to analyze the promoter’s
performance in enriching of i~-CO.. This modeling tool was used to evaluate i-CO- interfacial
concentration when PTV scaffold was incorporated to Cu catalyst to trap i-CO- and avoid its
exhaustion (Figure S4C). Future models can use these two tools to optimize neucleophilicty and
key descriptors in combination with the large design space of molecular promoters and functional
groups constructed from ECC neucleophiles (e.g. quinones, phenazines) and existing CO2RR
promoters [144].

These modeling frameworks can potentially enable constructing RCC digital twins when
combined with continuum models. In highly alkaline media, where CO3?" is the dominant species
(e.g. DAC effluent), RCC can become limited by i-CO: transport in-the diffusion layer due to its
inherently low concentration. Poisson—Nernst—Planck (PNP) models have been employed to
describe transport in this region [145,146]. Relevant parameters include diffusion coefficients (D),
concentration gradients (e.g., Cico2), pH, and diffusion-layer thickness (dp.) [146]. Beyond the
diffusion layer (at distances greater than ~10-%> m from the interface), the bulk layer represents
the well-mixed region of the electrolyte where concentration gradients diminish and species
distributions approach uniformity. At this scale, macroscopic transport phenomena, such as
convection, ionic migration, and ohmic resistance, dominate and collectively influence overall cell
performance. Modeling at the diffusion and bulk scales can guide the design of porous catalysts
and interposers [70]. Other cell components, such as the membrane and the anode, also benefit
from multi-scale modeling [147,148,111]. In particular, analyzing transport in BPMs is crucial for
guiding BPM design and fabrication, as BPMs are a major source of voltage loss and thus power
consumption in BPM-based RCC systems [111].

Page 25 of 37


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ey00122j

Page 27 of 39 EES Catalysis

View Article Online
DOI: 10.1039/D6EY00122J

LEGEND e "aye’. <

W 5@%“%%&%%&%’:

T %ﬁ' N A T
CEM % ! % %@ .

~10-"°m ~10-10"m ~107-10°m >10°m

APPLICABILITY: —

MODEL: DFT MD Transport Models

KEY METRICS:  AE_ AE,  d.,,C,., D s & e PH O,

DOMAIN: Catalyst Electrolyte Interposer Design,
Screening Design Cell or Electrolyte Optimization

Figure 7. Multi-scale regions and modeling domains in RCC systems. (top) Schematic illustration of the interfacial
and transport regions in an RCC catholyte, spanning from the catalyst interface to the bulk electrolyte. The illustration
shows HCO;™ as the CO, carrier with a cation exchange membrane (CEM), which facilitates H" transfer from the
anode to the cathode chamber. The interface (~1071° m) governs adsorption and charge transfer, followed by the
electric double layer (EDL, ~107°—10"7 m), where ion accumulation and charge separation occur. Beyond the EDL,
the diffusion layer (~1077-107° m) exhibits a concentration gradient of reactive species such as i-CO, (indicated by
the yellow profile), which becomes uniform in the bulk region (>107° m). Together, these regions define the
electrochemical microenvironment that controls RCC performance. (bottom) Characteristic modeling approaches and
their applicability across scales. Density functional theory (DFT) captures adsorption energetics (AE«co, AExy)
relevant to catalyst screening at the interface. Molecular dynamics (MD) simulations describe EDL thickness (Ogpr)
and local species concentrations (Cj jocar), informing electrolyte design. Continuum transport models, such as Poisson—
Nernst-Planck (PNP) frameworks, resolve macroscopic parameters including diffusion coefficients (Djcon),
concentration gradients (Ci.co2), pH, and diffusion-layer thickness (dpr), which guide the design of interposer, cell,
and electrolyte optimization.
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Overall, the lower CO2RR partial current densities observed in RCC compared to sequential
CO:2RR stem from limitations in i-CO2 generation, transport, and interfacial availability rather than
catalyst activity alone. Overcoming these constraints requires a coupled strategy that integrates
microenvironment engineering with multi-scale modeling to guide rational design.
Microenvironmental tuning, e.g., through electrolyte composition, ionomer architecture, and
electrode morphology, can enhance local CO: activity and suppress HER. Meanwhile, multi-scale
models provide the mechanistic foundation to predict how modifications at the atomic, molecular,
and continuum levels impact system-level performance metrics. Advancing RCC toward higher
partial current densities will therefore rely on closing this feedback loop between multi-scale
modeling and experiment to systematically optimize transport, reaction environments, and cell
architectures.
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6.3. Stability Challenges in RCC Catalysts and Systems

Despite advancements in reactor design and mechanistic understanding, the stability of RCC
systems remains one of the least explored dimensions of this technology. Most published studies
report short-term performance metrics such as current density or Faradaic efficiency, but rarely
address how these evolve over extended operation. This gap is not surprising, as RCC is still at
a relatively low TRL. However, as the field progresses toward scale-up, achieving both catalyst
durability and system-level operational stability will be essential for practical implementation.

To date, most stability investigations have focused on amine-based RCC systems, where the
complex electrolyte composition can accelerate catalyst degradation [85]. A recent study provided
the first mechanistic insight into amine-mediated Cu corrosion, identifying that RCC requires new
stability descriptors beyond the AE metrics commonly used to explain selectivity in both RCC and
sequential CO2RR [72]. Three interrelated properties of the amine environment were found to
govern Cu corrosion: (i) steric effects, where bulky amines hinder electron donation and restrict
surface access, slowing corrosion; (ii) Lewis acidity of the conjugate acid (ammonium cations),
with amines with lower pKa (higher Lewis acidity) intensify corrosion by disrupting protective oxide
layers and releasing Cu?* ions; and (iii) nucleophilicity of the nitrogen center, where electron-
donating substituents accelerate Cu—amine complexation. These factors introduce a trade-off
between catalytic accessibility and corrosion resistance. Amines with high pKa inhibit corrosion
but impede i-CO: release, while those with low pKa enhance reactivity but destabilize the catalyst.
The study proposed the adsorption energy of ammonium cations (AEnn4+) as a stability descriptor
for Cu-based RCC systems and recommended using amines with high pKa and weak ammonium
adsorption to minimize corrosion. While this analysis was specific to Cu in amine systems, more
recent work on RCC using CoPc-CNT in amino acid medium further showed that in addition to
the direct catalyst/amine interactions, long-term stability can be governed by how the capture
media regulates local pH and proton flux at the cathode interface [76]. In this study, performance
loss was dominated by interfacial degradation processes due to pH-sensitive demetallation
[149,150], with EIS data indicating a strong rise in charge transfer resistance and electrolysis
analysis revealing dissolved Co, consistent with catalyst decomposition under proton-rich
interfacial conditions. Importantly, lowering the glycine concentration shortened lifetime because
weaker buffering allowed greater proton flux to the catalyst surface, whereas stronger buffering
improved durability but reduced peak CO selectivity by suppressing i-CO. regeneration and
increasing mass-transfer limitations, suggesting a tradeoff between activity and stability [76].
While these analyses were specific to carbamate systems, similar approaches are needed for
(bi)carbonate-based RCC, especially for CO formation (as the fovorable product in RCCs), where
the chemical environment and degradation pathways could differ substantially. Furthermore,
stability studies must extend beyond Cu to other relevant catalysts to assess potential poisoning
or degradation by species unique to RCC environments.

Beyond catalyst degradation caused by the capture medium itself, the stability of RCC systems
under realistic feed conditions also requires much more attention. In practical operation, impurities
such as NOx and SOx can affect RCC already at the capture stage by competing with CO2 for
the nucleophilic capture sites in the absorbent. Because these acidic species can consume or
deactivate reactive capture sites, they may reduce the effective CO2 absorption capacity and alter

Page 27 of 37


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ey00122j

Page 29 of 39 EES Catalysis

View Article Online
DOI: 10.1039/D6EY00122J

the speciation of the capture liquid delivered to the electrolyzer. In this regard, RCC does not
necessarily offer an inherent strategic advantage over sequential systems during the capture step,
since both routes may still require impurity pretreatment to preserve sorbent capacity and
maintain stable operation.

At the electrochemical conversion stage, the currently available evidence remains limited but
suggests that the effect of impurities depends strongly on their chemical form. Initial studies
indicate that dissolved SOx-derived species such as SO3;~ and SO4~ may have negligible impact
on Ag-catalyzed CO production, whereas NOx-derived species such as NO2>~ and NOs~ can lower
CO:2RR Faradaic efficiency because they are preferentially reduced. Importantly, the recovery of
CO:2RR Faradaic efficiency after switching back to impurity-free electrolyte suggests that, in those
cases, the loss in selectivity was not primarily due to irreversible catalyst poisoning. In addition,
interfacial engineering strategies such as the use of amphiphilic surfactants have shown promise
in maintaining CO2RR performance in impurity-containing electrolytes. Although these early
results are encouraging, they are still insufficient to conclude that RCC generally offers an
impurity-tolerant reduction environment. Therefore, future studies must examine how dissolved
impurities influence catalyst degradation, sorbent degradation, impurity accumulation, and long-
term selectivity under realistic operating conditions.

Beyond catalyst degradation, the long-term operational stability of RCC systems remains largely
untested. Repeated cycling between capture and conversion stages can introduce fluctuations in
electrolyte composition, pH, and ionic strength, potentially changing CO: solubility, i-CO-
transport, and product selectivity over time. Additionally, membrane crossover, electrode flooding,
and accumulation of byproducts can progressively degrade cell performance. To enable realistic
RCC scale-up from proof-of-concept toward industrially viable carbon capture and conversion
systems, future work must include prolonged RCC experiments along with fundamental in-situ
characterizations and multi-scale modeling to identify the degradation pathways across
electrochemical, chemical, and mechanical domains.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 June 2026. Downloaded on 6/19/2026 5:52:18 PM.

(cc)

7. CONCLUSIONS

Electrochemical RCC offers a unified route for CO2 separation and conversion that could simplify
carbon management and reduce energy demand relative to conventional sequential routes. Yet,
despite its conceptual appeal, RCC remains in an early stage of development, where mechanistic
complexity and limited performance metrics constrain its practical advantage. The analyses
presented in this Perspective, spanning energetics, electrochemical benchmarking, and techno-
economic evaluation, revealed that while RCC can theoretically lower energy consumption by
bypassing desorption and compression steps, the realized energy savings remain modest under
current conditions due to higher overpotentials and lower partial current densities. Thus, realizing
the intrinsic energy benefit of RCC will depend on advancing electrochemical performance
through catalyst, membrane, and cell design improvements.

Comparative benchmarking indicated that (bi)carbonate-based RCC systems outperform
carbamate-based ones in both activity and product diversity, reflecting the more labile carbon
speciation and enhanced availability of i-CO2. However, despite similar operating voltages, RCC
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systems still deliver significantly lower partial current densities than sequential CO2RR, primarily
due to i-CO2 transport limits and exhaustion effect near the cathode interface. TEA informed that
gaseous products, particularly CO and to some extent CoH4, showed near-competitive costs with
sequential systems, while liquid products remain unfeasible due to the costly downstream
separations. When these economic findings are viewed alongside theoretical EA efficiencies, CO
emerges as the most promising near-term product, offering a favorable balance between energy
efficiency, system integration, and cost potential. In contrast, products that require larger electron
transfers, such as Cz+, inherently suffer from low EA efficiency and consequently high capital and
operating costs, highlighting the need for targeted rather than generalized RCC development.

Beyond product selection, progress in RCC will require a transition from isolated performance
optimization to holistic system integration. Priorities include achieving higher partial current
densities through microenvironment engineering and transport control by translating fundamental
insights from CO2RR and electrocatalysis areas into RCC catalyst design, and developing robust,
long-term stable materials that can operate in chemically complex capture media. Equally
important will be incorporating system-level metrics, such as EA efficiency and integrated TEA
frameworks, to ensure that improvements in one subsystem do not compromise overall process
viability.

Overall, these findings suggest that RCC is entering a crucial stage of refinement. Its promise has
become clear in the proof-of-concept phase so far, but its realization will hinge on coordinated
advances that couple molecular-scale understanding with engineering optimization and economic
validation. With continued progress in electrochemical performance, system coupling, and
materials stability, RCC could evolve from a conceptual innovation into a practical platform for
carbon-neutral chemical production and carbon management.
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