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Carbon dioxide (CO,) emissions resulting from extensive fossil fuel consumption have become an
increasingly critical global challenge, underscoring the importance of carbon capture and separation
technologies. As emerging porous materials, metal-organic frameworks (MOFs) exhibit remarkable
potential for CO, capture due to their unique structures and tunable properties. Current MOF-based CO,
capture methods have been broadly categorized into two major mechanisms: chemisorption and physi-
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sorption. By precisely tailoring MOF pore size and shape, creating unsaturated metal sites, and introducing
functional groups, researchers significantly boost CO, capture efficiency. This Frontier article discussed
these two mechanisms and highlighted the latest advances in MOF-based CO, capture, offering valuable

rsc.li/dalton guidelines for the development of novel MOF-related technologies.
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Introduction

As industrialization progresses, CO, emissions continue to
rise, posing significant risks of global warming that threaten
both ecosystems and economies. Hence, the development of
effective, low-cost CO, capture and storage technologies has
become essential for climate action and sustainability."
Various carbon capture strategies have been explored. For
instance, chemisorption often employs alkaline solutions, but
it requires large reagent volumes and additional processing.’
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Membrane separation relies on gas permeation through
specialized materials, yet producing efficient membranes can
be costly.* Cryogenic separation involves liquefying CO, at low
temperatures, an energy-intensive process requiring complex
equipment.” Traditional physisorption utilizes activated
carbon and zeolites but would benefit from enhanced selecti-
vity and capacity.®

MOFs offer considerable advantages for CO, capture. These
frameworks, formed by the self-assembly of metal ions or clus-
ters with organic ligands, possess exceptional porosity, high
surface area, and tunable pore sizes, making them highly
effective adsorbents for CO,.””° Compared with other tech-
niques, MOFs often exhibit superior selectivity and capacity
for CO,, aided by customizable pore structures that facilitate
targeted uptake. MOF-based CO, capture can be categorized
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into chemisorption and physisorption.'® Chemisorption
involves active functional groups or unsaturated metal sites in
the MOFs that chemically interact with CO, molecules,
forming stable bonds and thus enhancing both selectivity and
capacity.’* Conversely, physisorption mainly relies on weak
interactions (e.g., van der Waals forces, hydrogen bonding, and
electrostatic interactions) through the MOFs’ high porosity
and large surface area.'” In addition, the molecular sieving
effect exploits precisely defined pore apertures to separate gas
molecules of varying sizes, further boosting CO, capture
performance.

In this Frontier article, we surveyed recent progress in the
use of MOFs for CO, capture. We reviewed two key adsorption
mechanisms—chemisorption and physisorption—and dis-
cussed their respective advantages and limitations in the
context of CO, adsorption. Finally, we provided concluding
remarks and highlighted future challenges and possible direc-
tions for further advancing MOF-based CO, capture.

Chemisorption of CO, by MOFs

Chemisorption involves the formation of stable chemical
bonds often through electron transfer—between MOF com-
ponents and CO,.">"* These chemical bonds improve selecti-
vity, which is especially useful for CO, capture at low press-
ures. Strategies to enhance MOF-CO, interactions include
introducing unsaturated metal sites (UMS) and polar amino
groups to optimize MOF performance for carbon capture.'>™"”
UMS carry a partial positive charge, they exhibit a stronger
quadrupole moment and greater polarizability for CO, than
for nitrogen (N,).'® Zhao’s group synthesized three MOFs
engineered with unsaturated metal sites and nitrogen-dense
functional groups, which synergistically improved CO, chemi-
sorption efficiency.'® Among these materials, NTU-113
([Cuy(Ls)]neq, Hals 5,5"-(benzene-1,3-diyl)di-(1H-1,2,3-tri-
azole-1,4-diyl)diisophthalic acid) exhibited optimal perform-
ance, achieving a CO, adsorption capacity of 166.8 cm® g™
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Fig. 1 (a) Structural diagram of ZnH-MFU-4l; (b) variable temperature
CO, adsorption isotherm of ZnH-MFU-4l; (c) breakthrough data of
ZnH-MFU-4l exposed to an airflow of approximately 280 °C. Adapted
with permission from ref. 20. Copyright 2024, American Association for
the Advancement of Science. (d) Representative structure of diamine-
Mg,(dobpdc) and CO, adsorption mechanism. Adapted with permission
from ref. 25. Copyright 2021, Royal Society of Chemistry.

More recently, Rohde et al., prepared ZnH-MFU-4
1([ZnsH; 76Cly 24(btdd);], Hyobtdd = bis(1H-1,2,3-triazolo[4,5-b],
[4',5"-i])dibenzo [1,4] dioxin), which reversibly captures CO, at
200-400 °C.*° Upon CO, activation, zinc-hydrogen bonds dis-
sociate to form hydroxyl groups and a stable bond with zinc
(Fig. 1(a)). The CO, adsorption capacity of ZnH-MFU-4 |
initially rises with temperature and then stabilizes (Fig. 1(b)).
Notably, when exposed to flowing gas with 20% or 4% CO,,
breakthrough occurred rapidly within 10 and 30 minutes,
respectively, achieving over 90% capture efficiency in both
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cases (Fig. 1(c)). By directly capturing high-temperature flue
gas, ZnH-MFU-4 ] reduces energy consumption, demonstrating
promising potential for future MOF-based CO, capture
applications.

Besides use of UMS, another effective strategy for CO, che-
misorption involves the functionalizing MOFs.>** Amine-
based adsorbents are commonly used in large-scale processes
to capture carbon dioxide; however, they often generate signifi-
cant pollution and require substantial energy, prompting the
need for more efficient alternatives.>® By incorporating polar
amino groups into MOFs, these groups can form specific
chemical bonds with CO,, thereby improving adsorption
efficacy. Zou’s group designed a series of amine-functiona-
lized, stable titanium-based MOFs (named MIP-207-NH,-n) by
adjusting the ratio of 1,3,5-benzenetricarboxylic acid (H;BTC)
to 5-aminoisophthalic acid (5-NH,-H,IPA).>* These MOFs
retain the original MIP-207 framework. The addition of amino
(-NH,) groups increased the specific surface area and Lewis
basic sites, which improves CO, affinity. Choi et al. prepared a
new MOFs, diamine-Mg,(dobptc) (H,dobptc = 4,4"-dioxido-3,3'-
biphenyldicarboxylate). This MOFs exhibited strong acid-base
interactions with CO,, which enhanced its specific CO,
capture capability, achieving a capacity of 3.58-3.82 mmol g™*
at 298 K and 30 mbar (Fig. 1(d)).*

However, in practical industrial applications, the presence
of water vapor is inevitable, and its impact on the performance
of MOFs exhibits dual characteristics. On one hand, water
vapor may induce hydrolysis of the MOF skeleton and compete
with carbon dioxide for adsorption sites, thereby reducing the
material’s adsorption efficiency.>® To address this challenge,
Hong’s group protected the diamine groups in een-
Mg,(dobpdc) (een = N-ethylethylenediamine), with hydro-
phobic carbonate compounds, such as tert-butyl dicarbonate
(Boc).”” Boc reacted with the diamines at the pore openings,
forming dense hydrophobic amines that prevented moisture
entry. The Boc-protected een-MOF-Bocl showed excellent CO,
adsorption, even under simulated flue gas with 10% H,0O. On
the other hand, the presence of water vapor can, in certain
cases, promote the reaction between amino groups and carbon
dioxide. Meanwhile, it can improve the utilization efficiency of
amino groups and drive the reaction towards the formation of
bicarbonate, thereby enhancing the material’s carbon dioxide
capture ability. Yaghi et al.>® developed the polyamine-functio-
nalized MOF-808-Pas
([Zrs04(OH)4(BTC),(PA)MELCL); 51— n(OH), 70(H20)2.70], H3BTC =
enzene-1,3,5-tricarboxylic acid, PA = polyamine, EtCl = 3-choro-
propionic acid anion). Under the condition of 50% relative
humidity, the carbon dioxide absorption reached 1.205 mmol
g ', which was 97% higher than that under dry conditions. In
addition, their group also prepared MOF-808-Gly
([Zr604(OH)4(BTC),(Gly)n(OH)s-n(H20)s-»], Gly = glycine) and
MOF-808-DL-Lys  ([Zrs04(OH)4(BTC),(Lys)n(OH)s_n(H20)6_n]s
Lys = lysine) through the amino-acid functionalization of
MOF-808 ([ZreO4(OH),(BTC),]).>°> These materials achieved
efficient carbon dioxide capture under flue gas conditions
(15% CO,, 20% RH), with a working capacity of 0.42 mmol
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g~ ', They could also undergo 80 stable cycles without perform-
ance degradation. In contrast, MOF-808-Gly utilizing vacuum
swing adsorption (VSA) achieved a regeneration energy
demand of approximately 0.5 MJ mol™" CO,, which was 6 to 10
times lower than conventional amine systems that required 3
to 5 MJ mol™". This significant advancement was attributed to
the weak physisorption of bicarbonate intermediates, allowing
for room-temperature mechanical vacuum desorption rather
than energy-intensive thermal processes. These innovations
not only tackled the high regeneration costs associated with
amine scrubbing but also eliminated the need for high-temp-
erature operations through VSA, thereby offering a practical
CO, capture solution with improved economic and environ-
mental viability.

Chemisorption achieves strong CO, binding through the
formation of chemical bonds, resulting in high selectivity,
capacity, and stability. This process is particularly effective in
high-temperature, high-pressure, and high-CO, environments,
such as coal-fired flue gas capture and medium to high-
pressure natural gas decarbonization. The formation of stable
bonds, such as carbamate, between CO, and the active sites of
the material prolongs breakthrough time and mitigates moist-
ure interference. However, the regeneration process necessi-
tates high temperatures (100-200 °C), which increases energy
costs, and amine-functionalized groups may degrade over mul-
tiple cycles. Consequently, material design-incorporating unsa-
turated metal sites and amine grafting-is crucial for balancing
adsorption performance with regeneration efficiency to ensure
industrial viability.

Physisorption of CO, by MOFs

Physisorption does not involve chemical reactions or bond for-
mation. Key characteristics include low heat release, rapid
adsorption rates, and generally reversible behavior.>’ The high
efficiency of physisorption is attributed to the high porosity
and large specific surface area of MOFs, which provide abun-
dant adsorption sites. These sites facilitate the binding of CO,
molecules via weak interactions such as hydrogen bonding,
electrostatic interactions, and van der Waals forces.*!

Singh et al. developed IISERP-MOF28 ([Zn,(CH;COO)
(C,N4H;),(OHT)(H,0),]), an ultra-microporous MOF (~5 A
pores), which selectively adsorbs CO, through its pore struc-
ture. Grand Canonical Monte Carlo (GCMC) simulations
showed that CO, molecules formed hydrogen bonds with
hydroxyl groups through their oxygen atoms, while their
central carbon atoms engaged in Lewis acid-base interactions
with the oxygen atoms of the acetate ligands. This dual syner-
gistic effect significantly enhanced localized adsorption and
stabilization within the MOF channels, enhancing adsorption
efficiency.®* Functional groups, such as methyl groups, can
further tune pore size and enhance CO, capture.’® Yang’s
group employed a solvothermal method utilizing Al
(NO3);3-9H,0, formic acid, and 4,4',4"-(2,4,6-trimethylbenzene-
1,3,5-triyl)tribenzoic acid to synthesize a stable aluminum-
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based MOF, designated ZJU-620 (Al). This material exhibited a
high surface area of 1347 m? g~' and a CO, adsorption
capacity of 4.25 mmol g~ (Fig. 2(b)).>* GCMC simulations
revealed two distinct adsorption sites, with site II exhibiting
reduced sensitivity to humidity due to the presence of hydro-
phobic groups. CO, interacted strongly with ZJU-620 (Al)
through C=O---H interactions (Fig. 2(a)), underscoring its
promising potential for CO, capture in high-humidity environ-
ments (Fig. 2(c)).

Similarly, CALF-20 ([Zn,(1,2,4-triazolate),(oxalate)]), is
recognized as one of the most typical carbon dioxide physical
adsorbents.?® It featured zinc(u) ions bridged by triazolium
and supported by oxalate.*® GCMC simulations showed close
CO,-triazole interactions, bound by van der Waals forces.
CALF-20 adsorbed 4.07 mmol g~ CO, at 1.2 bar, 293 K, with a
CO,/N, selectivity of 230. In addition, recent research increas-
ingly focused on using fluorine-containing anion columns as
interlayer supports for constructing MOFs. CO, capture was
facilitated by electrostatic interactions between electronegative
fluorine (F) atoms and carbocation ions.”” Zhang’s group
reported TIFSIX-Cu-TPA ([C,oH;6CuFgNs 33Ti]), a novel anion
pillar material composed of tri(pyridin-4-yl)amine, copper
salt, and TiFs*~.>® This material featured two distinct cage
sizes for CO, adsorption: smaller cages designed for selectivity
and larger cages aimed at enhancing capacity (Fig. 2(d) and
(e)). It demonstrated a high CO, capacity ranging from 51.7 to
105.4 cm® g7, with thermal stability up to 308 °C (Fig. 2(f)).

Moreover, molecular sieving technology has been widely
recognized as an efficient physical adsorption method. By capi-
talizing on the inherent pore size characteristics of MOFs, this
approach achieves selective gas separation through geometric
exclusion mechanisms. Specifically, the engineered pore struc-
tures are precisely tailored to be slightly larger than CO, mole-
cules (3.3 A) while smaller than other gaseous components

Ny
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Fig. 2 (a) Binding sites of two CO, molecules on ZJU-620(Al); (b)
adsorption-desorption isotherms of CO, and N, by ZJU-620(Al) at 273
and 298 K; (c) experimental CO,/N, (15/85) dynamic adsorption curves
on ZJU-620(Al) under dry & 80% RH (b). Adapted with permission from
ref. 34. Copyright 2023, American Chemical Society. (d) Overview of an
A-Cu-TPA structure; (e) single crystal structure of CO, loaded
TIFSIX-Cu-TPA; (f) CO, and N, adsorption isotherms of TIFSIX-Cu-TPA
from 278 to 348 K. Adapted with permission from ref. 38. Copyright
2023, Wiley.
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such as N, (3.64 A) and CH, (3.8 A).>® When gas mixtures flow
through these MOF materials, only CO, molecules can pene-
trate the pores and become adsorbed, enabling high-
efficiency separation. This technology offers multiple advan-
tages including cost-effectiveness, operational simplicity,
recyclable adsorbents, and low energy consumption, making it
particularly suitable for large-scale CO, capture and storage in
industrial applications.’® In practical applications, precise
control of MOFs pore sizes is crucial for efficient CO, capture.
Han’s group developed In-MOFs with tailored pore
sizes (5-8.0 A) by controlling interpenetration.*' Dasgupta’s
group synthesized two stable Zr-MOFs, MOF-808@N
([Zrs06(OH)4(BTC),(CH3COO)¢], H;BTC = benzene-1,3,5-tricar-
boxylic acid) and DUT-67@N ([ZrsO4(OH),(TDC),(CH;COO0),],
H,TDC = 2,5-thiophenedicarboxylic acid), with pore sizes of
16 A and 12 A, respectively.*” Due to the smaller size of CO,
compared to CH,;, CO, molecules entered MOF pores more
easily, resulting in high adsorption capacities of 1.3 mmol g™*
for MOF-808@N and 1.28 mmol g~ for DUT-67@N at 298 K
and 1 bar. Notably, the precise control of pore size enables
complete molecular sieving.”> Additionally, Chen’s group
investigated Cu-F-pymo ([Cu(F-pymo),(H,0); 25]s, F-pymo =
5-fluoropyrimidine-2-olate), an ultramicroporous MOFs of
copper(u) and 5-fluoropyrimidine-2-olate, for the separation of
CO, from CH; and N,.** The framework’s small pore size
(3.3 A) facilitated CO, diffusion while effectively excluding
other gases (Fig. 3). The presence of oxygen moieties on its
surface enhanced CO, binding through electrostatic and
hydrogen bonding interactions. At 298 K and 1 bar, Cu-F-
pymo exhibited an adsorption capacity of 69.2 cm® em™.
However, in molecular sieving-based gas separation, the
primary limitation stems from slow gas diffusion in micro-
porous structures (<2 nm).*> While these frameworks offer
high surface area and selective adsorption sites, their narrow
pores create diffusion bottlenecks via intensified molecule-
wall interactions (e.g., van der Waals forces) and thermal gradi-
ents from exothermic adsorption, which reduce diffusivity and
increase local temperatures.’® Collectively, these effects
prolong adsorption-desorption cycles and diminish separation
efficiency under dynamic conditions. To address diffusion
challenges in MOFs, hierarchical pore engineering enhances
large-scale CO, capture.”” Zhao et al. recently synthesized
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Fig. 3 Illustration of the packing of CO,-loaded Cu—F-pymo from
GCMC simulations and a schematic of size/shape sieving for CO,, N,
and CH,4 based on their molecular diameters. Adapted with permission
from ref. 44. Copyright 2022, Elsevier.
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uniform rht-topology hierarchical MOFs via click chemistry
using triazole-functionalized dendritic hexacarboxylate ligands
and Zn®" ions.*® Systematic organic backbone extension
yielded tunable pore sizes (13.0-25.0 A), creating networks that
boost CO, diffusion while excluding larger molecules. Triazole
groups enhance CO, binding through electrostatic inter-
actions, validated by gas adsorption showing high porosity.
For example, NTU-163 ([Zn;(L3)(H,0)3],, HeLs = 5,5',5"-(4,4',4"-
((1,3,5-triphenylbenzene)-4,4',4"-triyl)tris(1H-1,2,3-triazole-4,1-

diyl))triisophthalic acid) exhibits a BET surface area of
4814 m” g~'. This design strategy improves carbon capture
efficiency, positioning these MOFs as promising candidates
for energy-efficient CO, separation processes.

Physisorption relies on weak van der Waals forces for
reversible CO, capture, operating efficiently under low-concen-
tration, low-temperature, and low-to-moderate pressure con-
ditions-ideal for direct air capture (DAC) and natural gas purifi-
cation. However, its dependence on microporous structures
(<2 nm) introduces critical limitations: intensified molecule-
wall interactions slow gas diffusion, while exothermic adsorp-
tion creates thermal gradients that further hinder mass trans-
port, prolonging cycles. Though low energy consumption
aligns with sustainability goals, rapid breakthrough times due
to weak binding require frequent regeneration, destabilizing
continuous operations. These challenges necessitate pore size
optimization and operational parameter tuning to enhance
scalability in practical applications.

Conclusions, challenges and future
directions

MOFs, with their distinctive pore architectures and tunable
dimensions, showed significant promise for CO, capture. The
capture ~ mechanisms included chemisorption and
physisorption.

Chemisorption, which utilizes the binding forces of chemi-
cal bonds, offers significant advantages such as high capacity,
selectivity, and stability in environments characterized by high
temperatures, pressures, and concentrations of CO, (e.g., in
coal-fired flue gas and natural gas capture). This makes it par-
ticularly effective for efficient capture at low pressures.
Furthermore, the integration of these materials with mem-
brane separation technologies can enhance selectivity.
However, practical applications encounter several challenges:
competitive adsorption between water molecules and CO, for
active sites reduces capture efficiency; the degradation of
amine-based functional groups and difficulties in regeneration
limit cycling stability; and the extended breakthrough time
coupled with high energy consumption associated with temp-
erature/pressure swing regeneration processes complicates
industrial scalability.

Physisorption, which utilizes weak van der Waals forces for
reversible CO, capture, presents several advantages, including
low energy consumption and operational feasibility under con-
ditions of low concentration, low temperature, and low to mod-

This journal is © The Royal Society of Chemistry 2025
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erate pressure. It is particularly suitable for applications such
as DAC and natural gas purification. However, its dependence
on microporous architectures (with pore sizes <2 nm) intro-
duces significant challenges: intensified interactions between
molecules and pore walls impede gas diffusion kinetics, while
exothermic adsorption-induced thermal gradients further
exacerbate mass transport limitations, collectively extending
the durations of adsorption-desorption cycles. Moreover, the
inherently low adsorption capacity and weak binding forces
contribute to rapid breakthrough times.

To overcome these challenges and fully harness the poten-
tial of MOFs, future research directions should focus on
material design, process optimization, and techno-economic
analysis. Key priorities include the development of hybrid
materials that combine chemisorption and physisorption,
such as amine-functionalized hierarchical MOFs with meso-
porous networks, to effectively address diffusion barriers while
maintaining CO, affinity. Advanced synthesis techniques,
including defect engineering and post-synthetic modification,
can significantly enhance low-pressure capture efficiency in
DAC and natural gas applications. Moreover, energy-efficient
regeneration strategies that incorporate innovative temperature
and pressure swing cycles, along with renewable energy
sources, are crucial for cost reduction. Emphasizing low-
pressure CO, applications, such as DAC and industrial waste
management, aligns seamlessly with global decarbonization
goals.
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