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In brief

Electrochemical CO, capture using
molecular quinones is often limited by
solubility and oxygen sensitivity in liquid
systems. Embedding quinones into
porous covalent organic frameworks
(COFs) enhances stability, shifts
reactivity into an oxygen-tolerant regime,
and localizes redox activity to the solid
sorbent. We developed a scalable
synthesis of quinone-based COFs and
validated their performance in a device
operating under simulated flue gas,
capturing CO,, efficiently for 80 h. This
approach offers a promising, solid-state
pathway toward electrochemical carbon-
capture technologies.
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THE BIGGER PICTURE Capturing carbon dioxide efficiently and at low cost remains one of the biggest chal-
lenges in mitigating climate change. Many existing carbon-capture technologies rely on heating large vol-
umes of chemicals to release CO,, which consumes significant energy and leads to degradation of the sor-
bent materials over time. Electrified carbon capture offers a promising alternative by using electricity, rather
than heat, to drive reversible CO, binding. However, current electrochemical systems often depend on small
molecules that dissolve into the electrolyte, becoming unstable and requiring large electrical inputs to acti-
vate.

Our work addresses these limitations by directly incorporating CO»-binding units, quinones, into a solid,
porous material called a covalent organic framework (COF). Unlike molecular quinones, the COF-based sys-
tems do not dissolve, can be synthesized in gram-scale batches using our newly reported, straightforward
open-flask method, and display enhanced electronic properties that make CO, capture more energy-effi-
cient. The extended framework also shifts the quinone redox potentials to a regime that avoids unwanted ox-
ygen-reduction reactions, an essential requirement for operation under realistic flue-gas conditions.

We integrated our most promising COF, DADOP-TFP, into a membrane electrode assembly and demon-
strated stable CO, capture and release for 80 h under simulated industrial gas streams in the presence of
0,. Importantly, the system achieves an energy consumption of only 7.5 GJ per ton of CO,, competitive
with or lower than many emerging electrochemical approaches. By pairing scalable synthesis with device-
level validation, this work suggests a viable route toward electrified carbon-capture modules that are
modular, durable, and suitable for distributed deployment. More broadly, the strategy of embedding
redox-active molecules into crystalline porous frameworks for electrified CO, capture opens new opportu-
nities for designing solid-state sorbents for clean-energy applications.

SUMMARY

Rising atmospheric CO, levels demand energy-efficient, durable capture technologies. Quinones are prom-
ising redox-active materials that can reversibly bind CO,. However, molecular quinones require functionali-
zation to avoid side reactions with oxygen, and electroreducing them in liquid-phase systems requires
applying a potential across the bulk solution, consuming excess charge and energy. We envisioned that
incorporating quinones into solid-state sorbents would shift the redox potential via electron delocalization
and decrease the needed charge by localizing electroreduction within the active material. Here, we report
a scalable, open-flask synthesis of highly porous, crystalline quinone-based covalent organic frameworks
(COFs) that yield grams per batch. Integrated into a membrane electrode assembly (MEA), the COF,
DADOP-TFP, operates for 80 h under simulated flue-gas conditions with an energy cost of 7.5 GJ/ton CO..
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INTRODUCTION

The increasing levels of CO, in the atmosphere, primarily
driven by human activities such as burning fossil fuels and
deforestation, have intensified the greenhouse effect, leading
to climate change.'” It disrupts ecosystems, contributes to
ocean acidification, and poses risks to biodiversity, agricul-
ture, and human health. In carbon capture and storage
(CCS), CO, is extracted from industrial point sources before
it enters the atmosphere for underground storage or repur-
posing.>”” Sorbent materials have been developed for CO,
capture based on chemisorption and physisorption.®™""
Chemisorption, which involves chemical bond formation be-
tween CO, and the sorbent, results in stronger and more se-
lective interactions with CO, compared to physisorption,
which occurs through non-covalent interactions between
CO, and the surface of the sorbent. A widely studied chemi-
sorption-based CO, capture is the wet chemical scrubbing
process, which utilizes aqueous amines to absorb CO, in a
2:1 ratio (NH2:CO,) and then releases it through a tempera-
ture-swing process. It is effective at capturing CO, but suffers
from sorbent degradation and corrosion due to the high pH of
the amine solution. Porous materials with nanometer-sized
pores, such as metal-organic frameworks (MOFs), activated
carbon, and zeolites, typically rely on physisorption, and
thus offer lower heats of adsorption; however, their selectivity
and CO, capture efficiency are limited in low-CO,-concentra-
tion environments.®

Electrochemically driven carbon capture has gained attention
for its ability to operate at lower temperatures and ambient pres-
sure. Several electrochemical methods have been explored,
including supercapacitive swing adsorption (SSA),'>"'* pH
swing techniques,'®'® and redox-active molecules that bind
CO, when electrochemically reduced.”~2? Quinones are widely
used as redox-active molecules for electrochemical CO, capture
due to their highly reversible redox processes, which enable se-
lective capture of CO, in their reduced form and subsequent
release of CO, upon oxidation to their neutral form (Figure
1A)."® The quinone capture/release mechanism relies on electro-
chemically sweeping the potential rather than applying heat,
potentially facilitating decentralized deployment via modular
system design. Quinones have demonstrated effectiveness
across different systems, including solutions, solid electrodes,
and flow cells.'”~19-22:23

A challenge for molecular quinones used in solid-state CO,
capture devices is their high solubility in organic electrolytes,
which reduces their efficacy following repeated capture/release
cycling.?* For example, Wielend et al. demonstrated that while
thin-film quinone electrodes captured CO, efficiently during the
initial cycles, prolonged cycling led to significant quinone
leakage into the electrolyte.”® Beyond durability concerns,
liquid-phase systems also suffer from inefficiencies that arise
from applying an electrical potential across the entire electrolyte
volume as needed to electroreduce dissolved quinones, thereby
increasing the energy cost per mole of CO, captured. This bulk-
phase reduction approach lacks the spatial selectivity of solid-
state systems, wherein charge can be localized at redox-active
sites.
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Researchers have sought to address these limitations by syn-
thesizing quinone-based polymers as solid-state CO, capture
materials and integrating them into a composite electrode with
carbon nanotubes, which increased the stability of devices to
7,000 cycles. ® Hartley et al. developed quinone-functionalized
porous carbon materials for electrochemically driven CO, cap-
ture to overcome solubility issues.'® Monomeric quinones
require reduction potentials more negative than that for the
reduction of O, to superoxide (O57), making this reaction a
competing side process in the presence of ambient or dissolved
oxygen. While O, is not directly involved in the CO, capture
mechanism, the superoxide is reactive and can degrade the sor-
bent. For this reason, researchers anodically shift the quinone
redox potentials away from the O, reduction region by function-
alizing the quinone core with electron-withdrawing groups.??
Although these modifications have proven effective toward this
goal, functionalized quinones often still face solubility issues in
organic electrolytes, posing challenges for their use in solid-state
devices.”

We hypothesized that integrating quinone molecules into
extended framework structures would address the solubility
concern while simultaneously shifting the reduction potential to
more positive values, i.e., away from the O, reduction regime,
the result of extended conjugation and enhanced electron delo-
calization. Specifically, we envisioned synthesizing quinone-
based covalent organic frameworks (COFs), which are perma-
nently porous two- or three-dimensional organic materials
composed of repeating units connected by strong covalent
bonds.?® Their robust cross-linked networks would inhibit disso-
lution in electrolyte solutions, while their porosity, highly
ordered crystalline structures,”® and n-conjugated backbones®’
would enhance CO, accessibility to the quinone-based active
sites.”®?® Our computational studies revealed that the
quinone-based COF exhibits a significantly narrower highest
occupied crystal orbital (HOCO)-lowest unoccupied crystal
orbital (LUCO) gap (0.1 eV) compared to the monomeric quinone
(0.6 eV), indicating enhanced electronic delocalization within the
extended n-conjugated framework (Figure 1B). Importantly, this
delocalization is expected to facilitate charge transport and
stabilize the reduced state, thereby shifting the reduction poten-
tial to more positive values outside the O, reduction region. In
addition to their tunable electronic properties, COFs offer struc-
tural diversity, chemical stability, and well-defined porosity,
enabling their application in various fields over the past
decade, including gas separation,®”®" catalysis,* heavy metal
removal,>*"*° drug delivery,*® proton conduction,®” pseudoca-
pacitors,?®*® and energy storage.®*~*? These combined struc-
tural and electronic features of COFs position them as promising
candidates for electrochemically mediated CO, capture
(EMCC). However, high-quality COF samples with high crystal-
linity and porosity are typically synthesized using solvothermal
methods in sealed tubes, which often yield small batch sizes
(<50 mg), posing significant challenges for scalability and prac-
tical deployment. Overcoming this synthetic bottleneck is essen-
tial to produce sufficient quantities of material to test our hypoth-
esis regarding quinone-based COFs for CO, capture in an
electrochemical device and to enable their ultimate end-use at
scale. Therefore, we first set out to develop a scalable synthesis
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Figure 1. Schematic diagrams

(A) A reversible redox cycle enables quinones to capture and release CO, through electrochemical reduction and oxidation reactions.
B) Energy band diagrams for the quinone monomer and the quinone-based COF.

C) COFs synthesized using the large-scale solvothermal method in this work.

D) Membrane electrode assembly device (CE, counter electrode; M, membrane; and WE, working electrode).

(
(
(
(E) Photograph of a multi-gram batch of DADOP-TFP.

route capable of producing gram-scale quantities of crystalline,
porous quinone-based COFs.

RESULTS AND DISCUSSION

To begin our investigation, we targeted imine-linked COFs con-
structed from amine-functionalized quinone building blocks and
complementary aldehyde-based linkers (Figure 1C). The forma-
tion of imine-linked COFs relies on the reversible condensation
of amines and aldehydes, where reversibility is essential for error
correction and the growth of highly ordered and crystalline
frameworks. Conventionally, this reversibility is maintained un-
der solvothermal conditions in sealed ampules, where the
confined headspace preserves volatile components, stabilizes
equilibrium, and promotes extended crystallinity. However, this
approach severely limits scalability to yields of about 30 mg
per batch,*® as sealed vessels constrain the reaction volume
and introduce challenges for achieving uniform heating and
reproducibility. Moreover, the reversible bond formation gener-
ates water as a byproduct, which must be carefully managed
to prevent premature termination or hydrolysis of the framework.
We hypothesized that conducting the reaction in an open round-
bottom flask, using methyl-2-pyrrolidone (NMP) as the solvent,
acetic acid as a modulator, and water intentionally added as are-
action additive, could support reversible bond formation and
crystallinity without requiring a sealed vessel. By leveraging a
water-rich environment within a controlled solvent system rather
than excluding water, we aimed to maintain dynamic reversibility
while enabling a more scalable and practical synthesis route.

This approach would promote imine exchange and error correc-
tion during framework formation, thereby preserving crystallinity,
even at large scales.

To overcome these limitations, we developed a synthetic pro-
cedure that enables the multi-gram-scale synthesis of COFs
while maintaining the same crystallinity and porosity as the am-
pule method (Figure 1E). Specifically, we developed optimized
conditions to synthesize a quinone-based COF, DADOP-TFP,
which is composed of 2,7-diaminophenanthrene-9,10-dione
(DADOP monomer) and 2,4,6-trihydroxybenzene-1,3,5-tricar-
baldehyde (TFP) (Figure 2A). The reaction was prepared in an
open 250-mL round-bottom flask using NMP as the solvent, ace-
tic acid as the modulator, and a stoichiometric excess of amine
linker. Water was added as an additive to promote reversible
imine formation under ambient conditions. The reaction mixture
was then subjected to a mild thermal ramp, reaching 140°C over
several days. Solvent exchange and subsequent supercritical
CO, activation provided 2.0 g of highly crystalline, porous COF
material (Figure 2).

Following the isolation of DADOP-TFP, powder X-ray diffraction
(PXRD) analysis and N, sorption measurements were conducted
to assess the crystallinity and porosity, respectively (Figure 2). The
PXRD pattern exhibits sharp, well-defined peaks consistent with
the simulated pattern, confirming long-range order and the peri-
odicity in the xy plane. To assess the stacking formation of the
2D layers, we simulated both the AA (eclipsed) and AB (staggered)
stacking models. The Pawley refinement of the AA stacking model
for the DADOP-TFP COF was carried out, and the refinement pa-
rameters, profile R-factor (Ry), and the weighted profile R-factor

Chem 12, 102910, June 11, 2026 3
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Figure 2. DADOP-TFP characterization

(A) Schematic reaction of DADOP-TFP using an ampule with a yield of 26 mg,** and our scaled-up synthesis method using a 3-neck flask with a 2.0 g yield.
(B) PXRD patterns, where the experimental is in purple, the Pawley refinement is in green, the simulated PXRD patterns for the AA eclipsed in red, and AB

staggered structures in black.

(C) AA and AB stacking space-filling models showing high quinone decoration of the channels; brown (C), red (O), blue (N), and hydrogens were omitted for clarity.

(D) N, adsorption/desorption isotherm with BETSI of 1,342 m? g~".

(E) Scanning electron microscope (SEM) image of the DADOP-TFP (scale bar, 1 pm).

(F) TEM image of the DADOP-TFP (scale bar,500 nm).

(G) High-resolution TEM of lattice fringe image of the 100 planes of DADOP-TFP (scale bar, 30 nm).

(Rwp) were calculated. The unit cell lattice parameters werea=b =
30.13A,c=3.48 A, and angles a = p = 90°, y = 120°, with a space
group of P6/m. The R, and R, were 1.24% and 1.12%, respec-
tively (Table S5). In contrast, the AB stacking model employed the
P6s/mmc space group, with lattice parameters a = b = 28.56 A
and c=6.46 Aand angles a = =90°, y = 120°. The experimental

4 Chem 72, 102910, June 11, 2026

PXRD pattern for DADOP-TFP closely aligns with the simulated
pattern of the eclipsed (AA) model, indicating a well-ordered struc-
ture along the z axis (001) (Figures 2B and 2C). Distinct reflections
observed in the experimental PXRD pattern at 3.4°, 5.83°, 6.80°,
and 26.0° correspond to the (100), (110), (220), and (001) facets,
respectively. Next, N, sorption measurements were performed
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Figure 3. Redox behavior and oxygen tolerance of quinone-based COFs

(A) Half-wave potentials (E+,2) obtained from cyclic voltammetry (CV) experiments under air exhibit positive shifts of the COF composite electrodes away from the
O, reduction region relative to those of the quinone monomers, with DADOP-TFP showing the most positively shifted potential.

(B) Potential sweep profiles for DADOP-TFP and its corresponding DADOP monomer show reversible redox behavior for the COF and irreversible behavior for the

monomer.

(C) In situ electrochemical mass spectrometry (EC-MS) tracking of O, concentration during cyclic voltammetry scanning with DADOP-TFP at a scan rate

of tmvVs .

at 77 K to examine the permanent porosity of DADOP-TFP. The
Brunauer-Emmett-Teller (BET) surface area was calculated using
the BET surface identification (BETSI) computational method to
be 1,342 m? g~ (Figures 2D and S24-528).* Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
images (Figures 2E and 2F) reveal that DADOP-TFP crystallizes
into rod-like particles with lengths of 200-600 nm and diameters
of 50-100 nm. High-resolution TEM (HRTEM) further confirmed
its crystalline nature, illustrating a lattice fringe with an interplanar
spacing of 2.4 nm corresponding to the (100) plane (Figure 2G).

Finally, we tested the generality of this open-flask
synthesis method by preparing four additional COFs, including
three quinone-based COFs (DADOP-TRI, DADOP-TCA,
and DAAQ-TFP, where TRI is 4,4',4"-(1,3,5-triazine-2,4,6-
triylitribenzaldehyde, TCA is benzene-1,3,5-tricarbaldehyde,
and DAAQ is 2,6-diaminoanthracene-9,10-dione), as well as a
quinone-free analog of DADOP-TFP (denoted as DADOP-QF-
TFP), which were each synthesized on at least an 800-mg scale
(Figure 1C). All materials were obtained under the same reaction
conditions in a three-neck flask and exhibited high crystallinity
and porosity comparable to those produced by conventional
sealed-ampule methods (Figures 2, S13, S15, S17, S19, and
S21). With these defined crystalline materials in hand, we next
turned to evaluating their electrochemical properties to assess
their suitability for CO, capture applications.

Electrochemistry of quinone-based COFs

To evaluate the electrochemical behavior of the four quinone-
based COFs, we first needed to overcome their intrinsically
low electrical conductivity. We addressed this by formulating
composite electrodes containing conductive carbon black and
Nafion. While direct growth of COFs on carbon nanotubes could,
in principle, enhance conductivity, our electrode preparation in-
volves grinding and sonication steps, which would fragment the
nanotubes into small carbon pieces and diminish their long-
range conductive pathways. Instead, we adopted a compos-
ite-ink formulation using carbon black, which is fully compatible
with our fabrication process, scalable across multiple COFs, and

ensures uniform electrode preparation. This approach ensured
efficient electron transport through the extended conjugated
frameworks, enabling stable redox reversibility and favorable
CO, capture/release performance in the membrane electrode
assembly (MEA) device. To this end, we prepared composite
inks by mixing each COF with carbon black and Nafion in isopro-
panol. These inks were spray-coated onto carbon paper to fabri-
cate electrodes for testing. Although the studied COFs are inher-
ently hydrophilic, incorporation into the carbon black-Nafion
composite rendered the surface hydrophobic. This was
confirmed by contact angle measurements, which showed that
all COF-based electrodes exhibited contact angles above 90°,
indicating poor wetting (Figure S29). This hydrophobicity hinders
effective interaction between the redox-active sites and the elec-
trolyte, so we implemented a simple wetting treatment using a
methanol-water mixture prior to incorporation into the MEA de-
vice (see supplemental information, Section S3 for details). We
then collected cyclic voltammograms, which revealed that all
four COFs exhibited excellent redox reversibility (Figure S30)
and a substantial positive shift in their half-wave potentials
(E4/2) relative to their monomeric counterparts (Figures 3A and
S31). This positive shift is critical since it reduces the overlap
with the O, reduction region and enhances selectivity for CO,
capture. In N,N-dimethylformamide (DMF), O, reduction to O~
occurs at —1.3 V vs. ferrocenium/ferrocene (Fc*/Fc),?> or
—0.69 V vs. standard hydrogen electrode (SHE).*> Therefore,
to avoid unwanted O, formation, the cathodic operating poten-
tial must be more positive than —0.69 V vs. SHE. A more positive
E.,» allows for a deeper reduction of quinone groups without on-
setting O, reduction, promoting the CO, capture coulombic effi-
ciency. Among the COFs studied, DADOP-TFP exhibited the
most significant positive shift in E4/», implying the highest toler-
ance toward oxygen interference (Figure 3A). Specifically, the
E4/ increased from —0.469 V for the amine monomer (2,7-diami-
nophenanthrene-9,10-dione) to +0.095 V for the COF, represent-
ing a substantial shift away from the O, reduction region. In addi-
tion, we compared the redox cycling behavior of DADOP-TFP
and its monomer under repeated potential sweeps from —1.5V

Chem 12, 102910, June 11, 2026 5
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To investigate the mechanism of elec-
trochemical CO, capture and to rule out
oxygen reduction occurring under these
device operating conditions, we em-
ployed in situ electrochemical mass spec-
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to 0.5 V (Figure 3B). DADOP-TFP exhibited a stable and revers-
ible electrochemical response over multiple cycles, indicating
excellent redox stability, likely due to the structural robustness
of the COF. In contrast, the DADOP monomer could not be
swept back to positive voltages once driven to negative poten-
tial. This poor reversibility suggests irreversible decomposition
or side reactions that prevent redox cycling.

Mechanistic investigations of oxygen and quinones

Encouraged by the favorable redox properties, oxygen tolerance,
and predicted CO, capture properties of DADOP-TFP, we next
evaluated its electrochemical CO, capture performance in an
MEA device. To prepare the COF electrode, the spray-coated
DADOP-TFP composite was treated with a methanol-water
mixture to improve hydrophilicity and facilitate electrolyte infiltra-
tion (Figure S32). The resulting electrode had a thickness of
approximately 270 pm and a loading of ~10 mg composite/cm?
(Figures S33C and S33D). The MEA device was then constructed
by using two identical COF-coated electrodes as both the working
and counter electrodes (Figures 1D and S34), with 0.5 M Na,SO,
buffered with Na,HPO,4 to a pH of ~7.0, serving as the electrolyte
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Release/Capture ratio (%)

T 0

- trometry (EC-MS), a real-time technique

that enables the direct detection of

gaseous species evolved or consumed

during electrochemical reactions. While
sweeping the potential in cycles from —1.5V to +1.8 V, we contin-
uously monitored the signal corresponding to molecular oxygen
(m/z = 32) in the gas stream. If O, reduction occurred, we would
expect a measurable decrease in the O, signal as molecular oxy-
gen is consumed. As shown in Figure 3C, no significant change in
the O, signal was detected, indicating that O, reduction does not
occur under these conditions. This result corroborates our earlier
electrochemical results showing a positive half-wave potential
(E4/2) well separated from the O, reduction region and confirms
the high oxygen tolerance of DADOP-TFP under the MEA device
operating conditions. To further validate this oxygen tolerance, cy-
clic voltammograms were recorded under both simulated flue gas
and pure-nitrogen atmospheres (Figure S35). The nearly identical
cyclic voltammograms obtained under both conditions confirm
the absence of competing oxygen reduction within the operating
potential range (—1.5 V to +1.0 V).

Performance of DADOP-TFP COF in CO, capture and
release

When the cell potential was swept between —1.5Vand 0.5V dur-
ing 8-min cycles, we observed variations in the CO,
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Table 1. CO, capture metrics and energy cost

Coulombic Energy cost,

efficiency, capture Energy cost, Energy cost,
Gas composition capture (%) (GJ/toncapture) Coulombic efficiency (%) release (GJ/toNn,gjease) total (GJ/tonieta)®
10% CO, and 90% N, 46 5.1 55 1.7 6.8
10% CO,, 87% No, 43 5.9 54 1.6 7.5

and 3% O,

2Experiments performed in the MEA device using DADOP-TFP using a gas flow rate of 10 sccm, a current of 2mAcm™

0.5V.

2 and a voltage range of —1.5to

concentration at the outlet of the working electrode (Figure 4A).
During the capture step, electrochemical reduction of the COF
generated nucleophilic quinone species (semiquinones or
radical anions) that reacted with electrophilic CO, to form stable
COF-CO, adducts.'®?® This led to a measurable decrease in
CO, concentration in the outlet stream. In the subsequent
release step, electrochemical oxidation of the adducts triggered
rapid CO, desorption, resulting in a sharp concentration spike
until the captured CO, was fully released.

Notably, the high CO, capture capacity was consistent across
cycles under both N; (i.e., 10% CO, and 90% N,) and simulated
oxygen-containing flue-gas conditions (10% CO,, 3% O,, and
87% N,), demonstrating the oxygen tolerance and stability of
the COF-coated electrodes (Figure 4A). The energy consumption
for CO, capture and release also remained relatively stable
across environments. Under the current density of 2 mA cm*2,
energy requirements were 5.06 GJ/ton for capture and 1.72
GJ/ton for release in Ny, increasing only slightly to 5.85 GJ/ton
and 1.63 GJ/ton, respectively, in flue gas (Figure 4B; Table 1).
Coulombic efficiencies were similarly stable, with 46% for cap-
ture and 55% for release in Ny, compared to 43% and 53% in
flue gas (Figure 4C). The observed inefficiencies are likely due
to incomplete formation and decomposition of the CO, adducts
under the applied scan-potential protocol.'® Additionally, slower
diffusion and local ion depletion in the inner pore regions,
compared with the outermost region of the COF, likely result in
partial utilization of redox-active sites. Furthermore, the use of
Na,SO,4 as an electrolyte may also contribute to this effect during
repeated cycling, as partial ion accumulation within the pores
can impede ion mobility in and out of the framework.?”**® On
the other hand, incorporating extended constant-potential hold
steps between cycles may potentially improve the coulombic ef-
ficiency. Long-term durability was assessed by running contin-
uous capture/release cycles in flue gas for 80 h (Figure 4E).
The CO, capture capacity remained above 80% of its initial value
throughout the test, and the CO, release-to-capture ratio
reached 92.2%, confirming a nearly complete release of
captured CO, under steady-state operation. Post-cycling struc-
tural analysis further confirmed the stability of DADOP-TFP com-
posite. PXRD patterns (Figure S36) showed reproducibility after
80 h, with minor Na,SO,4 deposition removed upon washing.
SEM images (Figure S37) revealed preserved morphology with
no major structural degradation. Attenuated total reflectance
infrared (ATR-IR) spectroscopy (Figure S38) indicated retention
of the imine linkage and quinone framework after extended
cycling.

To further elucidate the role of quinone groups in the EMCC
process, we synthesized a quinone-free analog of DADOP-
TFP, denoted as DADOP-QF-TFP. This controlled material was
prepared as described previously, using 2,7-diaminophenan-
threne (a fully reduced analog of DADOP-TFP lacking the
redox-active carbonyl groups) in place of the quinone-containing
amine linker. Importantly, DADOP-QF-TFP is isostructural to
DADOP-TFP without the quinone sites, exhibiting the same 2D
honeycomb topology, comparable pore size, and high crystal-
linity, as confirmed by PXRD and nitrogen sorption measure-
ments (Figure S19). Because this material lacks the redox-active
quinone units, we hypothesized that it would not exhibit CO,
capture under analogous MEA device operation conditions. To
test this hypothesis, DADOP-QF-TFP was processed into elec-
trodes using the same ink formulation and spray-coating method
described above for DADOP-TFP, and the electrodes were inte-
grated into the MEA device under identical assembly and elec-
trolyte conditions. When the cell potential was swept between
—1.5 V and +0.5 V, no variation in CO, concentration was
observed at the outlet of the working electrode (Figure 4D).
This result confirms that the quinone units are essential for
EMCC activity in this system, serving as the redox-active sites
responsible for CO, capture and release. Furthermore, this result
demonstrates that the imine linkages, while crucial for frame-
work stability, are not themselves active toward CO, under these
electrochemical conditions. Combined, these results confirm
that electrochemical CO, capture in DADOP-TFP proceeds via
reversible redox activity of the quinone units and occurs inde-
pendently of oxygen, with no interference from competing O,
reduction processes under operating conditions. While our re-
sults demonstrate high oxygen tolerance under simulated flue-
gas conditions, it is essential to note that the gas streams em-
ployed here were limited to O,/CO,/N, mixtures and did not
include acidic impurities such as NO, and SO,, which are pre-
sent in real point-source flue gases and known to react with
redox-active organics or promote acid-catalyzed degrada-
tion.”"*"+“® Overcoming these effects will be essential for long-
term stability under realistic flue-gas environments and will be
the focus of future studies.

Electronic-structure analysis using density functional
theory

To further support the density functional theory (DFT)-predicted
CO, binding pathway, we experimentally evaluated the electro-
chemical behavior of DAAQ and DADOP monomers under argon
and CO, atmospheres (Figure S39). Although the monomers
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Figure 5. Free energy profiles of the 2e- and 4e- O, reduction pathways

(A and B) (A) DADOP monomer and (B) DADOP-TFP at pH = 7.

(C) PDOS of O atom in -OOH (black), C atom in DADOP monomer (red), and C atom in DADOP-TFP (blue) (the vacuum energy level was set as the reference).
(D) Adsorption energy of CO, as a function of the number of additional electrons (Q) in the bulk of DADOP-TFP, DADOP-TCA, and DADOP-TRI.

show clear CO,-dependent shifts because they are fully soluble
and undergo distinct multi-step redox processes in a non-
aqueous electrolyte, the COFs display nearly identical CVs under
N2 and CO, (Figure S40). In the solid framework, the quinone
units are fixed within a rigid n-conjugated lattice and undergo a
proton-coupled electron transfer (PCET)-dominated redox pro-
cess in aqueous electrolyte, which smooths out the effects of
COs,. Since all DADOP-based COFs share the same redox-active
unit and the linkers only weakly influence their electron density,
their CV profiles naturally converge. Distinct shifts in reduction
potentials and changes in wave profiles were observed upon
introduction of CO,, indicating the formation of a CO,-quinone
adduct during electrochemical reduction. These features are
consistent with previously reported mechanisms for CO, capture
by reduced quinones, as extensively demonstrated by Hatton
and co-workers.'"??

To study and understand the electronic basis of this O, reduc-
tion resistance, DFT calculations were performed on both
DADOP-TFP and its monomeric amine. We investigated three
possible O, reduction pathways, including the widely studied
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two-electron (2e) pathway A (O, — *OOH — H,0,, represented
by the red lines) and the four-electron (4e”) pathway (O, - *OOH
- *0 + H,0 - *OH — H,0, represented by the black lines).*°
Additionally, inspired by a previous study,’® we examined an
alternative two-electron pathway (2e~ pathway B), in which the
oxygen atoms of the quinone C=0 groups separately bind with
two hydrogen atoms before forming H,O, via recombination of
the hydroxyl intermediates (represented by the blue lines). The
DFT results reveal that the protonation of the C=0 oxygen in
the DADOP monomer along the 2e pathway B exhibits an en-
ergy uphill of 0.36 eV (Figure 5A). In comparison, O, activation
to form *OOH is barrierless along both the 4e~ pathway and 2e-
pathway A, indicating these pathways are more thermodynami-
cally favorable than 2e- pathway B. Subsequently, the formation
of “O + H,O in the 4e~ pathway and H,0, in the 2e™ pathway A are
both exothermic, supporting their thermodynamic feasibility. The
preference of the 2e~ pathway A explains the experimentally
observed H,O, production. In addition, the *O intermediate in
the 4e” pathway preferentially inserts between two carbon
atoms, forming a C-O-C structure that may induce structural
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instability and degradation of the DADOP monomer in the pres-
ence of O,, consistent with experimental findings. In contrast, as
shown in Figure 5B, although the energy uphill for protonation
along 2e™ pathway B remains nearly unchanged (0.35 eV), the en-
ergy barriers for O, activation via the 4e~ pathway and 2e-
pathway A significantly increase to 0.97 eV, suggesting that
DADOP-TFP exhibits reduced reactivity toward O, compared
with its monomer. These high activation barriers help stabilize
the quinone structure in the DADOP-TFP framework and thereby
maintain high CO, capture selectivity. From Figures 5A and 5B,
the higher O, reduction activity of the DADOP monomer is attrib-
uted to the lower energy of the *OOH intermediate, indicating
stronger binding than on DADOP-TFP. To elucidate this obser-
vation, we examined the projected density of states (PDOS) of
the O atom in free-standing -OOH and the C atoms in DADOP
monomer and DADOP-TFP. As shown in Figure 5C, the Fermi
level (E;) of -OOH aligns more closely with that of the DADOP
monomer compared with DADOP-TFP, resulting in stronger
electronic coupling and enhanced interaction. This facilitates
electron transfer (0.308 e~ from DADOP monomer to -OOH,
compared to 0.092 e~ from DADOP-TFP), thereby stabilizing
the adsorbed -OOH intermediate.

To investigate the CO, binding affinity of DADOP-TFP, we first
examined the relationship between the partial charge of the ox-
ygen in the C=0 site (qo) and CO, chemisorption energy using
DFT calculations (see supplemental information, Section S4;
Figures S41-546 for details). The results reveal that across the
examined charge range, DADOP-TFP consistently exhibits
stronger CO, adsorption than the DADOP monomer
(Figure S44). To gain deeper insight into the underlying elec-
tronic-structure effects, we analyzed the PDOS for CO, chemi-
sorbed configurations when the partial charge of the oxygen in
the C=0 site (go) approaches approximately —0.6 e for both
DADOP monomer and DADOP-TFP (Figure S45). The PDOS
analysis shows that upon CO, adsorption, strong orbital hybrid-
ization occurs between the O 2p orbitals of the C=0 site and the
C 2p orbitals of CO,, particularly in bonding o orbitals. The intro-
duction of additional electrons raises the Fermi level, populating
more bonding states and thereby enhancing CO, adsorption. A
comparative analysis of CO, at the DADOP monomer
(Figure S45A) and CO, at DADOP-TFP (Figure S45B) reveals
that the hybridized C 2p-0 2p states are more densely populated
in DADOP-TFP, leading to stronger orbital overlap and interac-
tion strength. Consequently, the electron transfer from the
DADOP monomer to CO, is 0.54 e-, whereas, in DADOP-TFP,
itincreases to 0.68 e, further explaining its superior CO, capture
capability. Additionally, we compared the CO, adsorption en-
ergies of DADOP, DADOP-TCA, and DADOP-TRI and found
that DADOP-TFP and DADOP-TCA exhibit similar performance,
both outperforming DADOP-TRI. This trend aligns well with
experimental observations (Figure 5D).

Conclusion

In this study, we demonstrated that integrating redox-active qui-
nones into highly crystalline, porous COFs enables efficient and
reversible electrochemical CO, capture by overcoming the solu-
bility and redox-potential limitations inherent to small-molecule
systems. Unlike liquid-phase electrochemical systems that

¢? CellPress

require applying potential across the entire solution volume to
reduce dissolved quinones, solid-state COFs localize redox ac-
tivity at the sorbent interface, minimizing charge input and
improving energy efficiency. A key challenge in realizing this
approach was developing a scalable synthesis route to produce
the gram-scale quantities of high-quality COFs required for de-
vice-level testing. To address this, we developed an open-flask
method that avoids sealed ampules and enables the production
of quinone-based COFs with high crystallinity and porosity at
practical multi-gram scales. This approach leverages the addi-
tion of water as an additive to promote reversible imine bond for-
mation, which facilitates error correction and the growth of high-
quality COF crystals under ambient pressure. Furthermore, we
established that this method is generalizable across five imine-
linked COFs. Computational analysis revealed that the
quinone-based COF, DADOP-TFP, exhibits a significantly nar-
rower HOCO-LUCO gap than the quinone-based monomer,
indicating enhanced electronic delocalization that contributes
to improved charge transport and a positive shift in redox poten-
tial away from the region where reduction from O, to O, occurs.
To validate these results, we coated electrodes with DADOP-
TFP and employed them in an MEA device under simulated
flue-gas conditions (10% CO,, 3% O,, and 87% N,), demon-
strating high CO, capture capacity, stable cycling, and low-en-
ergy consumption (7.5 GJ/ton CO,) over 80 h of continuous
operation. Mechanistic studies confirmed that the quinone units
serve as the active sites for capture and that the COF operates
outside the O, reduction region, confirming operational stability
in the presence of oxygen under these conditions. Complemen-
tary DFT calculations revealed that the extended COF structure
hinders O, activation and strengthens CO, binding via enhanced
delocalization and charge transfer. Together, our scalable syn-
thesis strategy and device-level validation open a new avenue
for CO, capture technology, leveraging the modularity, stability,
and redox tunability of COFs for energy-efficient, electrochemi-
cally driven CO, separation.

METHODS

Materials

All chemicals used were purchased from commercial
suppliers and utilized as received. 2,6-diaminoanthracene-
9,10-dione (Ambeed, 95%); benzene-1,3,5-tricarbaldehyde
(Ambeed, 96%); 4,4',4"”-(1,3,5-triazine-2,4,6-triyl)tribenzalde-
hyde (Ambeed, 97%); 2,4,6-trihydroxybenzene-1,3,5-tricarbal-
dehyde (Ambeed, 95%); o-lodobenzaldehyde (ChemScene,
98%); copper powder (Sigma Aldrich, 99.9%); anhydrous hydra-
zine (Sigma Aldrich, 98%); anhydrous tin(ll) chloride (Fisher
Scientific); phenanthrene-9,10-dione (Ambeed); potassium car-
bonate (Fisher Scientific); acetic acid (Fisher Scientific);
N-Methyl-2-pyrrolidone (Sigma Aldrich, >99%); sodium sulfate
(Sigma Aldrich, ACS reagent, >99.0%, anhydrous, powder); so-
dium phosphate dibasic (Sigma Aldrich ACS reagent, >99.0%);
methanol (Fisher Scientific, 99.8%); Freudenberg H23C3, H23,
and carbon black (Vulcan XC72) were purchased from Fuel
Cell Store. Nafion 212 was purchased from lon Power. Gaseous
carbon dioxide (research grade), nitrogen (ultrahigh purity), and
argon (ultrahigh purity) were purchased from Airgas. Ultrapure
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water (18.2 MQ from MilliQ) was used to prepare all the solutions
and electrolytes.

Synthesis of building blocks and COFs

The building blocks were synthesized based on the literature
with modifications (Figures 1C and S1-512).%3°"-5% |n addition,
the COFs were synthesized using a generalized scaled-up pro-
cedure and characterized using PXRD, BETSI, pore size distribu-
tion (PSD), solid-state NMR, and ATR-IR measurements
(Figures S13-528). Furthermore, Pawley refinement was con-
ducted for the AA stacking (eclipsed) model for all COFs, and
the refinement parameters (R, and R,,,) were calculated and
tabulated (Tables S1-S5).

Scale-up synthesis of DADOP-TFP

A 250 mL 3-neck flask was charged with 100 mL NMP, DADOP
(1,375 mg, 1.5 eq. amine), 2,4,6-trihydroxybenzene-1,3,5-tricar-
baldehyde (TFP) (810 mg, 1.0 equiv), and 7.0 mL 6M CH3zCOOH.
The reaction was allowed to stir for 2 h at room temperature
before 4.0 mL of water was added. The reaction was stirred over-
night at room temperature at 300 rpm. The next day, the stirring
was turned off, and the temperature was increased to 60°C for
15 h and then to 140°C for 4 days. The COF was washed with
NMP and DMF until the filtrate became clear, then with methanol,
and finally soaked in ethanol overnight for supercritical CO, acti-
vation to afford 2.0 g of DADOP-TFP exhibiting high crystallinity
and porosity (Figures 1E and 2).

Electrode fabrication

Homogeneous ink was prepared by dispersing 150 mg COFs
and 75 mg conductive carbon in 15 mL isopropanol under ultra-
sonication for 20 min. Subsequently, 500 mg of Nafion was
added to the mixture, followed by an additional 20 min of ultra-
sonication to ensure uniform dispersion. The resulting ink was
then spray-coated onto H23 and H23C3 carbon cloth substrates
(5 cm? each). The coated electrode was dried at 100°C for 2 h to
remove residual solvent and achieve a stable, uniform film. Com-
posite loadings were measured at roughly 10 mg composite/cm?
on the electrode.

Electrode hydrophilic treatment
The hydrophobic composite electrode was treated by soaking
the electrodes in a 1:1 (v/v) methanol-water solution for 20 min.
This process ensures thorough solvent infiltration, effectively
displacing trapped air within the electrodes. Immediately after
soaking, the electrodes were promptly used for MEA device as-
sembly to maintain their wet state (Figure 1D).

Further details regarding the experimental procedures can be
found in the supplemental methods.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be
directed to the lead contact, Omar K. Farha (o-farha@northwestern.edu).

Materials availability
This study did not generate unique reagents.
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Data and code availability

All data supporting the findings of this study are included within the article and
its supplemental information and are also available from the authors upon
request.
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