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Carbon dioxide (CO,) is both the principal anthropogenic greenhouse gas and a valuable, non-toxic, and
abundant C; feedstock for sustainable fuel and chemical production. Conventional approaches have
typically addressed CO, capture and CO, conversion as independent processes; however, each remains
energy-intensive and economically constrained when implemented in isolation. The emerging concept
of integrated CO, capture and conversion (ICCC) offers a transformative strategy to simultaneously
mitigate CO, emissions and synthesize value-added products within a unified system. Unlike the simple
sequential coupling of capture and utilization, ICCC demands the synergistic integration of capture
media, catalytic interfaces, and reaction environments, requiring interdisciplinary insight spanning
materials chemistry, catalysis, and electrochemical engineering. This review critically surveys recent
progress in ICCC with a focus on dual-functional materials (DFMs) that enable concurrent CO, capture
and catalytic conversion. The discussion encompasses a broad range of DFMs, including porous organic
polymers, covalent organic frameworks, zeolites, metal-organic frameworks, metal oxides, amines, ionic
liquids, deep eutectic solvents, and molten salts. Mainstream CO, capture technologies, post-, pre-, and
oxy-fuel combustion routes, and associated separation techniques such as absorption, adsorption,
membrane filtration, cryogenics, and looping cycles are systematically analyzed through a SWOT frame-
work (strengths, weaknesses, opportunities, and threats) across efficiency, energy, cost, and technology
readiness dimensions. By coupling techno-economic evaluation with emerging mechanistic and compu-
tational insights, this review identifies viable strategies to bridge the gap between laboratory innovation
and industrial deployment. Finally, we outline key research priorities, including the rational design of
DFMs, optimization of catalytic interfaces, and integration of Al-driven process control, positioning ICCC
as an emerging pathway toward industrial decarbonization and the global clean energy transition, while
highlighting fundamental constraints from coupled CO, adsorption thermodynamics, transport, and cata-
lytic kinetics that expose critical material-stability and system-integration challenges for large-scale
deployment.

Carbon dioxide (CO,) emissions are the primary driver of global climate change, yet CO, also represents a vast, renewable carbon resource for producing
sustainable fuels and chemicals. Conventional carbon capture and utilization approaches have advanced independently, but their separation limits overall
efficiency, scalability, and economic viability. The emerging concept of integrated CO, capture and conversion (ICCC) provides a unified route to
simultaneously mitigate CO, emissions and generate valuable products. By coupling CO, adsorption and catalytic transformation within a single system,
ICCC redefines how we think about carbon management, from end-of-pipe mitigation to circular resource utilization. This review provides a comprehensive
framework linking materials design, catalysis, and process engineering to establish ICCC as a cornerstone of carbon circularity and industrial decarbonization,

accelerating the transition toward a net-zero energy future.

Introduction

Energy Materials Laboratory (EML), Physics Department, School of Sciences and L . . L.
Engineering, The American University in Cairo, New Cairo 11835, Egypt. The rapld 1ncrease 1n atmospherlc carbon dioxide (COZ) con-
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centrations, from less than 300 ppm in the pre-industrial era to
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416.47 ppm in 2020 (Earth’s CO,), and further to 422.5 ppm in
2024 (IEA), has intensified the urgent need for engineered
solutions to remove carbon from the atmosphere."” To
align with the Paris Agreement’s 1.5 °C pathway, the
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Intergovernmental Panel on Climate Change (IPCC) estimates
that global greenhouse gas emissions must peak before 2025
and decline by 43% by 2030 and 84% by 2050.* And, as climate
change accelerates, the challenges associated with CO,, such as
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atmospheric CO, reduction, emissions mitigation, and conversion
to carbon-based products, will remain persistent for decades.’
Carbon capture, utilization, and storage (CCUS) is widely
regarded as a promising mitigation pathway.® Furthermore, the
International Energy Agency (IEA) Net Zero Emissions scenario
necessitates scaling Carbon Capture, Utilization, and Storage
(CCUS) capacity from approximately 45 Mt CO, per year in 2022
to over 6.0 Gt CO, per year by 2050, a more than 100-fold
increase required to address heavy industry, power generation,
and transport.” However, conventional CCUS faces major hur-
dles: the processes of separation, compression, purification,
and storage are highly energy-intensive, with prohibitive eco-
nomic costs acting as a major barrier.>® Additional concerns
include limited geological storage capacity, high monitoring
costs, and public resistance due to risks of potential leakage.®
Integrated carbon capture and utilization (ICCU), also known
as integrated carbon capture and conversion (ICCC),"* reactive
capture of CO, (RCC),"*> and carbon capture and recycling
(combined CCR),"* has emerged as a compelling alternative.
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ICCC eliminates the need for desorption, compression, trans-
portation, and long-term storage by enabling direct CO, conver-
sion within absorbents, thereby reducing overall energy
consumption and simultaneously lowering atmospheric CO,
concentrations (Fig. 1).'* These systems may take the form of
integrated cascades or fully in situ single-pass processes.

In Aspen Plus-based syngas production TEA,"> ICCU demon-
strated higher energy efficiency (37.1%) compared to CCU
(35.4%) for Ca-looping capture coupled with reverse water-gas
shift (RWGS) syngas production, reflecting reduced energy con-
sumption per unit product. Comparative syngas TEA shows the
total annual cost of ICCU is $867.07 million, corresponding to a
total cost of CO of $720.25 per tonne. In contrast, CCU has
higher costs, with a total annual cost of $1027.61 million and a
total cost of CO of $1004.53 per tonne. Analysis also shows that
the ICCU process can produce more CO (1.20 Mt year %), less purge
(0.21 Mt year '), and less consumption of CaCO3 (0.62 Mt year ).
The Cost of CO, Avoided of ICCU (317.11 $ per ton) is much lower
than that of CCU (1230.27 $ per ton). Furthermore, in methanation
applications, the integrated route requires only one-third of the
energy input consumed by the decoupled CCU process, which
translates into a 13% reduction in production costs, lowering the
price of methane from 962.86 € per ton in the conventional scheme
to 837.1 € per ton with ICCU.*®

Nevertheless, realizing the full extent of these efficiency gains
requires a level of process-material integration that is not yet
adequately reflected in most existing reviews, which focus on either
capture materials or conversion technologies separately. As a result,
the current ICCC literature remains fragmented, with limited
comprehensive evaluations that bridge material design, process
integration, techno-economic analysis, and industrial scalability.
Furthermore, there is insufficient comparative assessment of dual-
functional materials (DFMs) with respect to structural stability,
product selectivity, and durability under realistic flue-gas condi-
tions. Therefore, this review addresses existing gaps by presenting a
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Fig. 1 A schematic comparing two pathways for CO, utilization: the conventional multi-step process (independent process) versus an integrated

approach for direct capture and conversion (integrated process).

state-of-the-art analysis of the Integrated CO, Capture and Conver-
sion (ICCC) field, spanning fundamental materials science to
process-level techno-economics. Advances in dual-function materi-
als (DFMs) are surveyed, including solid sorbents such as porous
organic polymers (POPs), covalent organic frameworks (COFs),
metal-organic frameworks (MOFs), zeolites, and metal oxides, as
well as liquid solvents such as amines, ionic liquids (ILs), deep
eutectic solvents (DESs), and molten salts. In addition, the perfor-
mance and technology readiness levels (TRLs) of major capture and
separation technologies are evaluated, along with the definition of
critical performance indicators and the identification of outstand-
ing challenges. As illustrated in (Fig. 2), the workflow of this review
provides a structured pathway that connects materials develop-
ment with carbon capture technologies and separation techniques
and further extends to system-level performance indicators and
techno-economic assessment, ensuring comprehensive coverage
from fundamentals to applications. However, integrating capture
and conversion within a single workflow imposes stringent kinetic
and thermodynamic constraints: materials must bind CO, strongly
enough for efficient capture yet release or activate it rapidly at
catalytic sites, while mass transport and heat management must be
compatible with high turnover frequencies under realistic flue-gas
compositions. Therefore, this review places particular emphasis on
how capture thermodynamics, diffusion limitations, reaction
kinetics, and process synergies co-determine the performance
window of integrated ICCC processes and dual-functional materi-
als. Finally, a research roadmap is outlined to accelerate the
transition of ICCC from laboratory-scale development to industrial
deployment, complemented by a bibliometric analysis that maps
development trends, research hotspots, and future directions.

EES Catal.

Bibliometric analysis of ICCC research

On July 1, 2025, the research status of ICCC was analyzed and
discussed based on the core database of Web of Science,
which is a multidisciplinary core journal citation index data-
base for the most relevant academic journals and interna-
tional conferences. To ensure comprehensive coverage, the
following search terms were employed: integrated carbon
capture and conversion, integrated CO, capture and utiliza-
tion, ICCC, ICCU, carbon capture and in situ conversion,
carbon capture and in situ utilization, and dual-functional
materials. The bibliometric analysis was conducted with
VOSviewer software to generate
visualize research trends.'” Out of 2181 publications, 1336
were published between 2020 and 2025, reflecting the expo-
nential growth in this field. After filtering repetitive terms, 51
keywords appeared more than 45 times among the 9081
retrieved, with dominant themes including flue gas, carbon
dioxide capture, reduction, absorption,
adsorption, and dual-functional materials, all of which
align with the primary scope of this review (Fig. 3). The
author network revealed 9947 contributing researchers, of
whom 30 authors have at least nine publications with
one or more citations, underscoring the presence of a
growing core community. Geographically, 97 countries
have contributed to ICCC research. China leads publication
output, mainly through the Chinese Academy of Sciences,
followed by the United States, England, and South Korea, high-
lighting the global and competitive nature of this research
domain.

keyword clusters and

electrochemical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic overview of the review workflow: materials advances, capture technologies, performance indicators, and techno-economics.
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Fig. 3 Bibliometric analysis of keyword co-occurrence in research on integrated carbon capture and conversion. Each node represents a keyword, with
its size corresponding to its frequency. The colored clusters group related terms, visually separating the main research sub-themes within the field.

Insight clustering of keywords indicates a transition from fundamental

These bibliometric findings reveal not only the surging CO, capture studies toward integrated electrochemical conver-
momentum of ICCC research but also a shift toward global sion and dual-functional material design. This trend under-
collaboration, with strong leadership emerging in Asia along- scores the urgency and relevance of ICCC as a multidisciplinary
side active contributions from North America and Europe. The research frontier that bridges chemistry, materials science, and

© 2026 The Author(s). Published by the Royal Society of Chemistry EES Catal.
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engineering, and sets the stage for industrial translation in the
coming decade. Beyond mapping existing trends, this biblio-
metric analysis reveals several critical research gaps that this
review addresses. First, some material classes, particularly sor-
bent materials, remain underexplored under realistic flue-gas
conditions. Second, the scarcity of terms related to in situ/oper-
ando characterization (e.g., DRIFTS, ambient-pressure XPS) and
kinetic modelling signals a lack of fundamental insight into CO,
activation at the capture—catalytic interface. Third, the analysis
highlights a disconnect between lab-scale innovation and indus-
trial translation, as techno-economic assessments (TEA) and
pilot-scale demonstrations (TRL > 4) remain negligible in cur-
rent literature, representing a major bottleneck for industrial
translation of ICCC technologies.

Composition of flue gas

The composition of flue gas is a critical factor in determining
both the efficiency and cost of CO, capture and conversion
systems, as CO, concentrations vary significantly across power

View Article Online
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generation and industrial processes'® (Table 1). For example, flue
gases from power plants typically contain 12.6%-14% CO,,
depending on the fuel type, whereas industrial sources such as
urea, hydrogen, steel, and cement production can emit streams
with CO, concentrations approaching 20%. In certain cases, such
as ethanol or ethylene production, the exhaust may consist of
nearly pure CO,,"° while carbon capture costs can differ substan-
tially based on the CO, source (Fig. 4). In industries with dilute
CO, streams, such as power generation, capture is considerably
more expensive, with costs ranging from USD 52-86 per ton of
CO,, and levelized costs between USD 50-100 per ton.”>*' By
contrast, processes that emit concentrated CO, streams typically
incur significantly lower capture costs, on the order of USD 14-32
per ton.*?

While impurity tolerance is a key differentiator, the fundamen-
tal selection between thermocatalytic and electrocatalytic systems
rests on their distinct operational requirements and capabilities.
Thermocatalytic systems rely on high temperatures (100-500 °C)
and elevated pressures (0.1-10 MPa) to drive reaction kinetics,
requiring a supply of external molecular hydrogen (H,) and often
hitting thermodynamic equilibrium ceilings that limit conversion

Table 1 Summary of flue gas compositions, CO, capture costs, and the levelized cost of CCUS across major industrial sectors

CO, concentration

Industrial process in feed (vol%)"

Main impurities (vol%)"®

Capture cost of CO, Levelized cost of CCUS
(US$ per ton CO,)*° (US$ per ton CO,)**

Power generation (coal-fired) 12.6%-14% 71.4%-74% N,, 8%-10.8% H,0, 52-86 50-100
3%-4.3% O,, trace SO,, H,S, NO,

Hydrogen plant (steam methane reforming) 12% 29% H,0, 50% H,, 1% CO >50 50-80
Cement industry 19% 61% N,, 13% H,0, 8% O, 62-94 60-120
Steel industry (Blast furnace) 20% 56% N, 21% CO, 3% H, >75 40-100
Natural gas processing 99%>* 1% H,0** 14-20 15-25
Ammonia production 99%°>? 1% H,0* 19%? 25-35
Bioethanol (fermentation) 100% — 32%* 25-35
Ethylene oxide (vented stream) 100% — 2622 25-35
Air (for reference) 0.04% 78% N,, 20% O,, 1% Ar — 134-342

CO: Concentration by Industry vs. Associated Capture Cost

1% [°%] (%]
[ —1 0
(=] (=} (=}
1 " "

Capture cost of CO: (USS$ per ton CO:)
(5]
3

100%

5
<
CO: Concentration in Feed (vol%)

$40 1
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Power Hydrogen Plant Cement Steel Industry.
Generation (SMR) Industry (Blast furnace)

(Coal-fired)

F 20%
l I . 1000
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Natural Gas Ammonia Bioethanol  Ethylene oxide
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Fig. 4 Variation of CO, concentration in flue gas across different industries and impact on capture costs. The plotted data show estimated averages,
reflecting the variability documented in the literature for each industrial application.
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efficiency; however, electrocatalytic approaches offer a compelling
alternative by operating under mild, ambient conditions (<100 °C,
<1 MPa).>® By utilizing renewable electricity and water as a direct
proton source, electrocatalysis eliminates the need for energy-
intensive hydrogen storage and transport and leverages applied
overpotentials to overcome thermodynamic limits, unlocking
superior selectivity for valuable multi-carbon (C,.) products like
ethylene that are difficult to synthesize thermochemically. How-
ever, beyond CO, concentration, the stability of ICCC materials is
critically compromised by flue gas impurities, which trigger dis-
tinct poisoning mechanisms that must be accounted for in reactor
design. First, sulfur oxides (SO,), being stronger acids than CO,,
react irreversibly with basic active sites to form heat-stable salts
(sulfates) that survive standard regeneration, leading to perma-
nent pore plugging and progressive capacity decay.>* Second,
nitrogen oxides (NO,) compete via stronger adsorption on
Lewis’s acid sites (metal oxides, zeolites) and accelerate sorbent
degradation through nitration/reduction side reactions, redu-
cing faradaic efficiency.*® Third, moisture exerts a dual negative
effect: it competitively adsorbs on hydrophilic sites, hindering
CO, uptake, and promotes hydrothermal sintering of dispersed
metal nanoparticles during the high-temperature conversion
step, effectively deactivating the catalyst.>® Fourth, oxygen (O,)
selectively oxidizes hydrogenation catalysts (e.g., Ru/Rh) and
induces carbonate decomposition in solid DFMs.>’

Regarding the impact of flue gas impurities on the direct
electrochemical CO, conversion, Pimlott et al. assessed this
using a reactive carbon electrolyzer for electrocatalytic (bi)car-
bonate conversion.”® They found that flue gas containing sulfur
oxides (SO,), and nitrogen oxides (NO,) exhibit markedly different
impacts on the CO, electrolysis: SO, have minimal impact on CO
selectivity, whereas NO, drastically reduce faradaic efficiency
(FECO), from ~60% to <5% at 2000 ppm (Fig. 5a). Besides
that, gas-fed CO, electrolyzer exhibited a +90% reduction in CO
selectivity with 10% oxygen (O,) in the feed while liquid-
fed electrolyzer was unaffected, the same FECO of 65% at

(a) Reactive carbon electrolyzer
60 -
S0~
S 40 4 y ?
= SO S
o 4 o
o - 3]
E NO, E
20 - NO;
0 : . . : :
0 500 1000 1500 2000

Impurity concentration (ppm)
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100 mA cm” at an O,-saturated feedstock and O,-depleted
feedstock (Fig. 5b). Thus, both CO, concentration and impurity
composition must be considered when evaluating the econom-
ics and scalability of capture—conversion systems. Accordingly,
the following sections will provide a detailed overview of state-
of-the-art carbon capture technologies and separation techni-
ques, followed by an in-depth analysis of the electrochemical
conversion process.

Overview of CO, capture technologies

There are three major approaches for carbon capture: post-
combustion,* pre-combustion,*® and oxyfuel combustion.*’
Determining the optimal carbon capture technique is a multi-
faceted decision that requires evaluating a variety of technolo-
gical and economic factors, such as the properties of flue gas,
the required gas purity, the costs of plant construction and
operation, the availability of commercial expertise, and the
process’s reliability and flexibility in operation. Thus, a thor-
ough comparison of the three key CO, capture technologies for
flue gas is summarized in (Table 2) and (Fig. 6).

As shown in (Fig. 7),>>*? all three CO, capture technologies
achieve high capture removal efficiency, with post-combustion
and pre-combustion at 90% and oxyfuel combustion at over
90%, but they differ in their techno-economic performance.
The pre-combustion process exhibits the lowest energy con-
sumption and the most competitive capture cost at 3.35 GJ t "
CO, and $34-63 per t CO,, respectively. In contrast, post-
combustion is the least economically favorable, with the high-
est energy requirement of 4.14 GJ t ' CO, and a cost of $46-
74 per t CO,. At a middle ground, oxyfuel Combustion occupies
as high energy consumption as Post-Combustion at 4.05 GJ t~*
CO, but its capture cost remains moderately lower at $52 per t
CO,. Thus, this analysis indicates that, based on these metrics,
the economic viability of the three carbon capture technologies

100 4 (b) Reactive carbon electrolyzer
& CO, electrolyzer
80 \
> o — ————O— 0
60
40
20
0
T T T T T T
0 20 40 60 80 100

0, volume fraction (%)

Fig. 5 Effect of flue gas impurities of (a) sulfur oxides (SO,), nitrogen oxides (NO,), and (b) oxygen (O,) on CO selectivity in the direct electrochemical
CO; electrolysis. Reprinted (adapted) from Chem. Soc. Rev., 2025,54, 590-600. Copyright © 2025 the Royal Society of Chemistry.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 SWOT analysis of CO, capture technologies
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Carbon
capture
technology Mechanism Strengths Weaknesses/threats Opportunities
Post A process involves CO, - Mature, retrofittable technology. - Low CO, concentration reduces - Research into hybrid systems
combustion capture from gas streams efficiency (e.g. membrane-pressure
produced after the swing adsorption)
combustion of fossil fuels - Higher thermal efficiency vs. - High flue gas temperatures and - Improving pulverized coal
or other carbonaceous pre-combustion method. volumes cause design challenges systems to reduce emissions
materials - Additional removal of NOx and - Trace impurities such as NOx - Plant productivity
SOx emissions and SOx significantly affect the enhancement
adsorption method
- Requires powerful chemical
solvents to capture CO, at low
concentrations
- Energy-intensive solvent
regeneration
Pre A process transformes fuels - 38-45% cheaper than post- - Heat transfer and efficiency - Research needed for
combustion into a gasified state to combustion issues due to the high high-value chemical feedstock
separate the CO, before temperature of Hy-rich gas production
burning the hydrogen-rich - 50% less energy for CO, - Extensive supporting systems, - Flexible hydrogen/electricity
fuel like the SMR process  separation than post-combustion such as an air separation unit and production
due to high concentration and flue gas cooling
partial pressures - Complex chemical processes - Syngas as alternative turbine
lead to additional plant fuel
shutdowns
- Minimal regeneration energy - Higher energy loss than
post-combustion for reforming
and air separation processes
- Low-cost physical solvents - Requires special non-gaseous
feedstocks and NOx control
Oxyfuel A process involves oxygen - 70-95% less expensive than - Technology needs validation ata - Research needed for
combustion rather than air burns fuel other carbon capture methods large scale heat-resistant materials and

to produce flue gas with

high CO, concentration higher CO, concentration

- 60-70% less NO, emissions than

due to lower flue gas volume and

oxygen separation beyond
cryogenic distillation

- Pure oxygen combustion - Improvements to reduce

air-fired combustion due to the
absence of nitrogen

- High-pressure operation
reduces compression energy

challenges due to the high
temperatures involved
- High capital expenditure and

energy consumption costs due to

the required larger amounts of
oxygen, air separation, and flue

economic and efficiency
penalties

- Multiple fuel compatibility
such as biomass and munici-
pal solid waste for carbon
neutrality

- Preserves high-efficiency steam

cycles

gas recirculation costs
- High risk of CO, leakage

- Can be retrofitted into existing

power plants

falls in the sequence: pre-combustion > oxyfuel combustion > post-
combustion, especially for high-pressure, high-CO,-concentration
applications like IGCC and hydrogen production.

CO, separation techniques

The primary factors to consider when employing ICCC technolo-
gies are the CO, generation process, the technical readiness level
(TRL), the efficiency of CO, separation, the economic costs, the
environmental impact, which can be assessed through life cycle
assessment (LCA) and the potential for CO, utilization either
on-site or in nearby areas of a facility. And, each CO, capture
technology applies different separation techniques such as
chemical absorption, physical absorption, adsorption, membrane
filtration, cryogenic separation, chemical looping combustion,
calcium looping, and electroswing, which are summarized in
(Table 3)'%2%*2735 and (Fig. 8).

EES Catal.

As Fig. 8 illustrates, among the CO, separation techniques,
physical absorption stands out as the sole Tier 1 performer,
demonstrating a high CO, removal efficiency of 93%, coupled
with low energy consumption (1.03 GJ per tCO,) and minimal
capture cost (USD 12.38 per tCO,).*® In contrast, technologies
such as chemical absorption (90%, ~3 GJ per tCO,, USD
48.07 per tCO,*®), membrane filtration (up to 88%, ~2 GJ per tCO,,
USD 36.78 per tCO,*), and calcium looping (89%, 2.8 GJ per tCO,,
USD 32 per tCO,””*®) fall under Tier 2, primarily due to their
moderate energy demands and higher capture costs. Meanwhile,
chemical looping combustion (96%, 0.95 GJ per tCO,, USD
59.2 per tCO,*), cryogenic separation (95%, 3.8 GJ per tCO,,
USD 55 per tCO,***%), and adsorption (90%, 4 GJ per tCO,, USD
47 per tCO,*>"%) are categorized as Tier 3, reflecting a trade-off
wherein high capture efficiencies are accompanied by significant
energy penalties and costs. It should be noted that all of these
values represent averages, which may be influenced by various

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Process flow of major CO, capture technologies, subsequent separation techniques, and the final pathways for either geological sequestration or

industrial utilization.

Comparative Analysis of CO, Capture Technologies

CO, Capture Technologies Capture Removal Efficienc

Post Combustion

Oxyfuel Combustion

Pre Combustion

Capture Energy Consumption Capture Cost

Moderate

Fig. 7 Sankey diagram comparing three major CO, capture methods in terms of capture efficiency, energy consumption, and cost. These pathways
illustrate general trends, as actual performance may vary significantly depending on scale, technology maturity, and operating conditions.

factors, including operating temperature and pressure, flue gas
composition, properties of the capture agent, scale of deploy-
ment, and, most notably, the technology readiness level (TRL),
which is addressed subsequently.

Technology readiness level (TRL)

Regarding Technology readiness level (TRL), as defined by the
US Government Accountability Office (US GAO), Technology
readiness level (TRL) is a nine-level scale system used to assess
the maturity of a technology, ranging from the initial observa-
tion and reporting of fundamental principles to the successful
implementation in mission operations, which was adopted by
the Electric Power Research Institute (EPRI) for use with CO,
processes.*! Accordingly, TRL spectrum for ICCC can be divided

© 2026 The Author(s). Published by the Royal Society of Chemistry

into three phases: the research phase covers TRLs 1-3, the
development phase encompasses TRLs 4-6, and the demonstra-
tion or deployment phase covers TRLs 7-9. In detail, the stages
of technology readiness levels (TRL) begin with the basic
principles (TRL 1), progress through application formulation
(TRL 2), laboratory-scale development (TRL 3-5), pilot-scale
trials (TRL 6), demonstration scale (TRL 7), commercial refine-
ment (TRL 8), and eventually reaching full commercial scale
(TRL 9). In (Fig. 9), a comparative overview of the Technology
Readiness Levels (TRL) is presented for major CO, separation
techniques in specific industries.*****>** Among these, absorp-
tion is the most mature technology and has full commercial
deployment among the other separation methods, depending on
the type of solvents such as Amine, Selexol, and Rectisol. In
contrast, separation techniques like Chemical Looping, Membrane
Filtration, and cryogenic separation exhibit lower technology
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Technology Readiness Level (TRL) of CO, Separation Techniques
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Fig. 8 Parallel coordinates plot comparing seven CO, separation methods across three techno-economic indicators: average removal efficiency,
energy consumption, and capture cost, color-coded by three performance tiers (Tier 1: green; Tier 2: red; Tier 3: blue). The plotted values are
representative benchmarks and an indicative guide from the literature and are subject to variation based on real-world operating conditions.

Fig. 9 Comparative TRL assessment for each of across the CO, separation techniques. TRLs are dynamic and context-dependent, varying with system design,
operating conditions, and demonstration scale, and the values shown correspond to the highest levels reported in the literature for each technique.

maturity (TRL 5-6)'>** which reflects their limited operational
experience and deployment beyond laboratory or pilot scales.
Meanwhile, separation techniques such as adsorption and calcium
looping are positioned at intermediate (TRL 6-7),"® which indicates

EES Catal.

active development and initial field demonstrations, but not yet
full commercial viability. Assessing these TRL levels underscores
which CO, capture and separation technologies are approaching
commercialization, and which still require significant scale-up and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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practical field validation since technology maturity significantly
impacts both the feasibility and short-term adoption prospects of
these carbon capture approaches.

Electrochemical conversion:
mechanism

Besides the direct use of CO, in several industrial processes such
as enhanced oil recovery, urea production, food and beverage,
water treatment, and fire retardants, there are several routes to
convert CO, into commercial products, including thermal, electro-
chemical, photocatalytic, photosynthetic, biological, copolymeriza-
tion, and mineralization.”” While extensive research in academia
has focused on developing materials for CO, capture from point
sources and ambient air, and subsequent conversion to value-
added chemicals*® such as fuel production, like methane,*
methanol,*® and formic acid,” this review paper primarily empha-
sizes the electrochemical conversion process.

Among the various CO, conversion techniques, electroche-
mical conversion has multiple advantages, including mild
reaction conditions, potential synergy with renewable energy
sources, high environmental compatibility, and controllable
reaction rate and product selectivity by modulating the applied
electrode potential; however, several challenges still need to be
addressed such as high energy requirements, durability, envi-
ronmental impacts and sustainability of certain conversion
products, and high thermodynamic and kinetic barriers."”

After efficient capture and separation of CO, gas, the CO,
undergoes electrochemical conversion to valuable carbon-based
products such as carbon monoxide, ethylene, ethanol, and more
through a multi-proton-coupled and multi-electron transfer
process.”® Generally, the electrochemical CO,RR can be pre-
sented as

xCO, + n(H" + e7) — product + yH,0

View Article Online
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Noting that the anodic reaction is the oxygen evolution
reaction (OER) while the contemporaneous reduction of H' is
accompanied by the hydrogen evolution reaction (HER), which
should be restricted during the electrolytic reduction of CO, by
considering the thermodynamics involved in the whole conver-
sion process to get the desired product.’® Additionally, the
electrocatalytic reduction of CO, follows a three-part reaction
mechanism: electron transfer, electrochemical reaction, and
catalytic reaction.’*

Initially, CO, dissolved in the electrolyte gets in contact with the
electrode, where it adsorbs onto the catalyst for activation. Sec-
ondly, the reduction of adsorbed CO, occurs through proton-
electron transfer on the catalyst surface, which breaks the C—=0O
bond and requires about 750 kJ per mole as a thermodynamically
uphill reaction, forming a new chemical bond (COOH*), where *
denotes surface-bound species or vacant catalytically active sites.
Subsequently, the reduction products are desorbed from the
electrode and diffuse into the response medium, which depends
not only on the stability but also on the reduction of COOH*, but
also on the catalyst’s capacity.

Integrated carbon capture and
conversion: ICCC mechanism

Regarding CO, capture and conversion from diluted sources, the
electrochemical conversion has been operated in three distinct
processes: independent, coupled, and integrated.>® The inde-
pendent process involves multiple decoupled processes, in
which CO, capture occurs independently of electrochemical
CO, conversion, leading to energy losses and costs associated
with CO, compression, transportation, purification, and release.
In the integrated process, it simultaneously exhibits complete
integration between the capture and electrochemical conversion
of CO,, directly converting the captured CO, at the electrode

Integrated CO: Capture and Conversion

<
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Decarbonized Flue Gas

Dual Functional Materials
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Synthesis Gas & Chemicals

Fig. 10 Conceptual overview of the integrated CO, capture and conversion (ICCC) process by using dual functional materials (DFMs).
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Fig. 11 A conceptual energy diagram contrasting the conventional, energy-intensive independent process versus the direct coupling ‘integrated’

approach of carbon capture and conversion.

surface to the regeneration of the capture media and the
production of valuable products, which reduces the complexity
and energy consumption of the overall process, as shown in
(Fig. 10 and 11). For electrochemical ICCC pathways operated at
industrially relevant current densities (~200-800 mA cm?),
solid oxide and molten carbonate electrolysis systems achieve
>70-90% energy efficiency, with electricity consumption below
~2.5-3.4 kWh Nm > CO at ~200 mA cm > (equivalent to
~2200 kWh t™' CO produced), while maintaining near-unity
faradaic efficiencies (>99%) at current densities exceeding
750 mA cm 2% Therefore, the integrated process bypasses the
CO, stripping steps, thereby compensating for capture costs and
making commercial deployment economically more feasible. Con-
sequently, the following section will explore dual-functional materials
for Integrated Carbon Capture and Conversion (ICCC), with a
particular focus on key adsorbent and absorbent materials.

Dual functional materials (DFMs):
adsorbents and absorbents materials

As flue gases are characterized by high temperatures (around
373 K), low pressures, and low CO, levels (1 atm and 10-15% mol),
absorption and adsorption processes are likely the most efficient
methods for CO, separation under these conditions, with the
highest TRL among CO, separation methods, which are the
primary focus of this review,”’ and the process itself simply
illustrated in (Fig. 12). Regarding absorption, it refers to CO,
dissolving into a solvent with 60-95% CO, removal efficiency,
where it may either chemically react with the solvent as in
chemical solvents such as Amines or be held by weak van der
Waals forces as in physical solvents such as Selexol, Fluor, Purisol,

EES Catal.

and Sulfinol.>® On the other hand, adsorption method is divided

into two types: chemisorption, where covalent bonds are created,
and physisorption, where electrostatic and van der Waals forces
dominate the interaction, using solid adsorbents such as activated
carbon and silicates, with 80-95% CO, removal efficiency.>

In this context, this timely and thorough review paper sum-
marizes the latest developments of the integrated process pro-
gress with an emphasis the following promising dual functional
materials: adsorbents such as porous organic polymers (POPs),
covalent organic frameworks (COFs), metal-organic frameworks
(MOFs), zeolites and absorbents such as amines, ionic liquids,
eutectics, and molten salts, the mechanism (Fig. 13).

Sorbent-based CO, capture and
conversion

This section focuses on solid-phase techniques for CO, capture,
emphasizing advanced sorbents such as porous organic poly-
mers (POPs), covalent organic frameworks (COFs), zeolites,
metal-organic frameworks (MOFs), and metal oxides, and their
applications in integrated electrochemical CO, capture and con-
version systems. This analysis will highlight their advantages,
challenges, future outlook, and potential for rapid implementa-
tion in carbon-neutral technologies.

Porous polymer materials

Recently, porous materials such as zeolites,*® porous carbon
compounds,® and porous polymers®” have been used in intri-
guing research advancements in CO, recuperation and electro-
catalytic reduction (Fig. 14). Because of their finely engineered

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 A schematic of the two-step process involving carbon capture with a sorbent or solvent material, followed by carbon conversion into final

products.
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Fig. 13 Examples of the dual-functional materials used in integrated
processes, with emphasis on the adsorbents and absorbents highlighted
in this review.

active sites, high specific surface area, and controllable porosity,
porous polymers stand out among the others.®*** There are four
primary types of porous polymer materials utilized for CO,
capture and electrocatalytic reduction, which are nitrogen-
containing polymers (N-polymers), covalent organic frameworks
(COFs), porous organic polymers (POPs), and porous coordina-
tion polymers (PCPs) (Table 4). Numerous synthetic techniques,

© 2026 The Author(s). Published by the Royal Society of Chemistry

such as solvothermal, iono-thermal, microwave, mechanochem-
ical, and interfacial synthesis approaches, can be used to create
such porous polymeric materials. The most popular preparation
technique among them is the solvothermal approach.®>®® The
solvent thermal method’s main drawback is that it is not appro-
priate for large-scale production because the reaction conditions
are harsh and the solvent is primarily organic, which will pollute
the environment when used in large quantities. However, it can
increase synthesis efficiency by switching the solvent. The iono-
thermal approach is not appropriate for commercial applications
since it is primarily employed for the synthesis of covalent
triazine frameworks (CTFs) and requires more stringent reaction
conditions than the solvent thermal method.®” One interesting
synthesis technique is the microwave approach, which may
efficiently shorten reaction times while preserving porosity.*®
Due to its simplicity, the mechanochemical approach is a suita-
ble green synthesis method since it doesn’t use solvents, which
prevents contamination of the environment.®® Three stages are
typically involved in the CO, reduction reaction (CO,RR): CO,
adsorption, electrocatalytic reduction, and desorption. Specifi-
cally, a CO,-saturated electrolyte is created by first dissolving
gaseous CO, molecules in the solvent. On the electrode surface,
the CO, dissolved in the solvent then undergoes a reaction. To
finish the entire reaction process, the reaction products are
finally desorbed off the electrode surface. Defined reaction
mechanisms are yet unknown due to the many products and
intricate intermediates in the multi-step reactions of CO,RR. By
transferring varying quantities of electrons, CO, can experience
varying degrees of electrochemical reduction processes, as shown
by the reaction equations in the table. The products of these
reactions include HCOOH, CH;OH, CO, CH,, CH;COOH, C,H,,
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Fig. 14 Graphical abstract of POPs for CO, capture and electrocatalytic conversion.

Table 4 Advantages and disadvantages of porous polymer materials for CO, capture and electrocatalytic reduction®®

Materials  Structural features Advantages Disadvantages (technical) Techno-economic barriers
POPs 2D/3D covalent - Large SSA (up to 3000 m” g~ ) - Poor microporosity (Viicro <50%) - High monomer cost
networks from organic ($50-200 per kg)
polymerization - Controllable functionality - Oxidative degradation (+0.8 V) - Solvothermal scale-up (ZnCl,,
400 °C)
- Tunable porosity - Swelling in humid flue gas - Poor recyclability (30% SSA loss/
- Good thermal stability cycle)
(>400 °C)
PCPs Metal ions/clusters + - Ultra-high SSA (>7000 m” g %) - Poor thermal stability (<300 °C) - Metal salt cost ($100-500 per kg)
organic linkers - Adjustable pore function - Hydrolysis in humid flue gas - Multi-step solvothermal (DMF,
(crystalline) 120 °C)
~ High CO, capacity (10 mmol g ') - Metal leaching under bias - Non-recyclable (framework
collapse
COFs Crystalline covalent - Large SSA (4210 m* g ") - Poor crystallinity control - High c)ost ($200-1000 per kg)
organic frameworks - Abundant active sites (N-doping) - Hydrolysis (>50% loss @80% RH) - Slow crystallization (days-weeks)
- Diverse synthesis routes - Low conductivity - Non-recyclable (irreversible
hydrolysis)
N-polymers Nitrogen-functional - Simple preparation - Poor conductivity (Re >100 Q) - Large-scale mixing challenges

polymers (+ metals) - Cost-efficient ($10-50 per kg)

- Adjustable pores

CH;CH,0H, C,Hg, and so on. Furthermore, HER on the cathode
coincides with the CO, decrease.

Porous organic polymers (POPs)

Porous organic polymers (POPs) constitute a category of light-
weight, porous network materials characterized by extensive
surface areas, adjustable pore sizes, and customizable compo-
nents and structures. They consist of biological building units
linked by covalent bonds. POPs utilized as electrocatalysts have
exhibited notable activity and achieved substantial advance-
ments in numerous electrocatalytic reactions, including the
hydrogen evolution reaction, oxygen evolution reaction, oxygen

EES Catal.

- Mechanical instability - Moderate recyclability (50%

capacity loss)

- Low SSA (<500 m*> g™ ) - Limited flue-gas tolerance

reduction reaction, CO, reduction reaction, N, reduction reac-
tion, nitrate/nitrite reduction reaction, nitrobenzene reduction
reaction, hydrogen oxidation reaction, and benzyl alcohol
oxidation reaction, owing to their well-maintained structural
and compositional attributes. This section presents a compre-
hensive description of recent advancements in the application
of POPs in electrocatalytic CO, reduction.®””®”! CO, reduction
reactions (CO,RRs) are transforming CO, molecules into hydro-
carbon fuels through sustainable operations. These processes
require unique catalytic systems, such as transition-metal
dichalcogenides/phosphides, single-atom catalysts, perovskite
materials, graphene derivatives, layered double hydroxides,
metal oxides, two-dimensional metal-carbonitride and metal-
boride layered materials, and POPs, which are recognised for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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their physicochemical properties and potential for energy-
driven operations.”

Physicochemical properties of porous
organic polymers

Porous organic polymers (POPs) are regarded as a promising
candidate for CO,RR applications because of their superior
stability, adaptability, perpetual porosity, and structural and
compositional customization. Researchers have employed
heteroatom-rich microporous structures and surface functio-
nalization to increase CO,RR activity.®” Porosity tailoring has
recently produced cutting-edge POPs materials with surfa