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Water-stable direct air capture of CO, with
microcapsules of task-specific ionic liquid and their
electrothermal regeneration
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Microcapsules of the task specific ionic liquid (TSIL) 1-ethyl-3-methylimidazolium 2-cyanopyrrolide [EMIM]
[2CNpyr] with composite polydimethylsiloxane (PDMS) shells were fabricated for use in CO, direct air
capture (DAC) conditions. The TSIL was encapsulated using an oil-in-oil emulsion as a templating
procedure through two different approaches. In the first approach, a PDMS-polyurea (PU) shell was
constructed by interfacial polymerization, while in the second approach, a graphene oxide (GO)-PDMS
shell was constructed by cross-linking GO sheets. The composition and structure of both capsule types
were fully characterized, and their CO, DAC performance was evaluated by gravimetric and
breakthrough analysis. Both capsules exhibited competitive capacities, with the PDMS-PU capsules and
the GO-PDMS capsules reaching 0.75 mol kg™t and 0.66 mol kg™, respectively. We further demonstrate
that both capsule systems can be regenerated with complementary electrothermal methods. Microwave
(MW) regeneration was used for the PDMS-PU capsules, effectively releasing absorbed COs; in less than
an hour. Owing to the electrical conductivity of GO, GO-PDMS capsules were regenerated via radio
frequency heating (RF). This work highlights the importance and opportunity of tuning solid—liquid

rsc.li/materials-a

Introduction

Levels of CO, in the atmosphere are rising primarily due to the
combustion of fossil fuels. Despite advancements in renewable
energy technologies in recent years, they are yet to overcome
issues such as low energy density, land requirements, weather
dependency, and safety concerns. Although it is imperative to
control the rate of emission of CO, and other greenhouse gases,
traditional reliance on natural CO, sinks, such as forests and
oceans, is not sufficient to reach net-zero emissions. Carbon
capture is required not only for flue gas separation,™* but also
direct air capture (DAC),? in order to lower the CO, concentra-
tion in ambient air, the latter of which is the more challenging
and critical approach.*

Materials for both point source and DAC have been devel-
oped, studied, and deployed at commercial scale with both
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composite performance for advanced applications, including direct air capture of carbon dioxide.

liquid and solid state systems being extensively studied.® Amine
scrubbing is the dominant CO, separation technology for flue
gas, typically absorbing CO, at 5-15% concentrations.’
However, under ambient CO, concentrations (ca. >0.04%), their
use becomes impractical, both in terms of cost and long-term
solvent stability, making it difficult for aqueous amines to effi-
ciently capture CO, without excessive energy input due to the
high heat capacity of water.” Further, aqueous amines have high
regeneration energy requirements, can undergo oxidative
degradation, and are corrosive, further making them unfavor-
able for DAC.

In contrast to aqueous amines, hydroxide solutions and
ionic liquids (ILs) have shown promise for DAC applications.
Aqueous hydroxides have a strong affinity to CO,, forming
carbonates; however, regenerating temperatures, up to 900 °C
are required, which is energy intensive, among other concerns
including high corrosivity.® On the other hand, ILs are an
emerging class of liquids for CO, and are characterized by low
volatility, high thermal stability, and have tuneability for
solvating environments. Thus, ILs are attractive solvents for
DAC applications®* not only for their ability to chemisorb CO,,
but also to physisorb it into high free volume arising from the
poor packing of ions.”** Recently, imidazolium-based ILs have
been modified to increase affinity for CO, by changing the
identity of the anion or cation, or by incorporating amine
groups to enable chemisorption with CO,.*>*® Such task-specific
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ILs (TSILs) exhibit competitive capacities among emerging DAC
materials. However, when TSILs bind to CO,, their molecular
mobility is restricted, leading to increased viscosity. The higher
viscosities slow the movement of CO, into the sorbent, causing
mass transport limitations.*® This challenge is similar to what is
observed in traditional liquid amine systems, where high
viscosity and low diffusivity lead to slow kinetics and reduced
sorption efficiency.*

A class of commercially deployed DAC sorbents that over-
come diffusion limitations and viscosity issues include amine-
modified solids. Amine-modified solids are based on highly
porous structures, such as silicas,*** alumina,*® and carbon-
based materials,” which are impregnated or chemically func-
tionalized to bear free amine groups. Combining the chemical
reactivity of amine groups and the high surface area of the
support yields preferable conditions for DAC (ie., low CO,
concentration) by mitigating diffusion constraints inherent to
bulk liquid sorbents.”® Further, these materials are relatively
inexpensive and can be readily scaled and recycled.> A major
limitation to amine-modified porous solids is that they suffer
degradation during thermal cycling, which increases costs due
to the need for consistent supply, removal, and replacement.
Other porous structures being investigated for DAC are metal-
organic frameworks (MOFs),* crystalline structures composed
of metal ions coordinated with organic linkers. MOFs have been
modified with amines, much like porous silica, which has
significantly increased sorption performance.** While prom-
ising, the commercial feasibility remains limited due to
complex synthesis for scalability, poor stability under humid
and acidic conditions, or exposure to high temperatures which
can induce degradation.

Solid-liquid composites, such as liquid-filled microcapsules,
have recently emerged as a promising class of materials for
DAC. Microencapsulation offers a variety of advantages, most
relevant to DAC are increased contact surface area, mitigation of
viscosity diffusion barriers, ease of handling, overcome mass
transport and diffusivity issues, and tunability for selectivity.
Hydroxides, amines, ILs, and TSILs have all been encapsulated
for CO, capture applications, leading to increased uptake rates
compare to the bulk liquid.** Encapsulation methods include
the use of microfluidics,**** phase inversion,* and a soft-
template approach, the latter of which approach offers a flex-
ible and scalable route for tailoring compositions.**-** We have
has previously reported the encapsulation of ILs using a soft
template approach in a nonaqueous Pickering-emulsion with
interfacial polymerization of a diamine and diisocyanate,
forming a polyurea shell.***® The encapsulation in a graphene
oxide-polyurea (GO-PU) shells of generic ILs leads to faster CO,
saturation due to increased surface area.’”?® Further, the
capture performance of TSILs encapsulated in the same GO-PU
shell has demonstrated fast absorption rates and stable
performance over multiple cycles under low CO, concentrations
(500-5000 ppm) and varying humidity levels.**** We have also
demonstrated that ILs and amines mixtures encapsulated in
GO-PU shell have higher thermal stability over multiple cycles
compared to the bulk liquid; however, under DAC conditions,
the capacities of these capsules suffer due to limited CO,
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diffusion.” Recently, we investigated alternative shell materials
such as CO,-derived polycarbonate.” In this approach, ILs were
encapsulated in a double-emulsion soft-template, utilizing
modified silica surfactant particles.*® These capsules showed
increased CO, uptake rates and eliminated core contamination,
the latter being an issue for interfacial polymerization encap-
sulation. These works demonstrate the versatility of soft-
template encapsulation for reactive cores. Although the
performance of encapsuled ILs, TSILs, and amines is prom-
ising, the core-shell structures are yet to accommodate the
ultra-low CO, partial pressure in the atmosphere.

To target DAC applications, microcapsules must meet the
critical criteria of high capacity, selectivity, kinetics for sorption,
low regeneration energy requirement, and high cyclability. This
can be achieved by modifying the shell, aiming to tune the
structures to enhance both permeability and selectivity by
incorporating CO,-philic functional groups, such as amines,
and utilizing permeable polymers like polydimethylsiloxane
(PDMS). The flexible nature of the PDMS backbone plays
a significant role in permeability, making it attractive for gas
separation membranes.**™*¢ Indeed, PDMS has shown promise
as a shell material in aqueous hydroxide microcapsules, formed
by a microfluidic technique, due to its thermal stability and
CO,-permeability,”” but the approach is less applicable to
viscous liquids such as TSILs. Encapsulating TSILs within
PDMS shells offers the potential to create modular, reusable,
and high-performance materials for widespread use in carbon
capture. We propose that the unique attributes of ILs and PDMS
can be used to overcome existing technical barriers and
contribute to the development of scalable DAC solutions.

Although tailoring the liquid core and polymer shell can
enhance capacity and selectivity, a critical challenge is low and
efficient energy methods for regeneration; hence, alternative
regeneration approaches for carbon capture materials are
emerging of urgent interest. Many regeneration techniques
have been explored including convection heating,*” pressure
swing,*® moisture swing,* vacuum swing,* and the use of
chemical regeneration.* Recently electrothermal heating, more
specifically microwave heating (MW), has emerged as a favor-
able low energy approach for regeneration of carbon capture
materials due to its ability to induce localized heating, pre-
senting a significant improvement in regeneration efficiency
compared to conventional convection heating.'®*** Another
alternative method of electrothermal regeneration is radio
frequency (RF) which is widely used in commercial applica-
tions, such as food processing,* textile drying, and steriliza-
tion,”® medical treatments, and others, yet underexplored for
CO, sorbent regeneration.””*® The development of innovative
energy-efficient regeneration techniques is vital to improve the
scalability and viability of CO, capture systems.

Herein, we report the production of microcapsules contain-
ing a core liquid and PDMS composite shell for carbon capture,
the performance in carbon capture under DAC conditions, and
the ability to use MW and RF induced heating to reach
temperatures for regeneration. The TSIL 1-ethyl-3-
methylimidazolium 2-cyanopyrrolide ([EMIM][2CNpyr|) was
chosen as the core liquid due to its high CO, capacity (5 mol

This journal is © The Royal Society of Chemistry 2026
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kg at 1 bar CO,), its low temperature required for thermal
regeneration (~55 °C), and its polarity which should allow for
MW and/or RF active regeneration. Microcapsules were fabri-
cated with PDMS-based composite shells using two oil-in-oil
emulsion-templated approaches. In the first, the TSIL was
encapsulated via interfacial polymerization of a diamine and
diisocyanate to form a polyurea shell, with PDMS serving as
a surfactant. In the second, a reactive, modified graphene oxide
surfactant was cross-linked with different PDMS polymers.
These approaches were designed to target distinct electro-
thermal heating modalities, MW heating for PDMS-PU and RF
regeneration for GO-PDMS, enabling assessment of both modes
and providing insight into their practical feasibility and
tunability for scalable DAC systems. The characterized micro-
capsules’ performance was evaluated under pure and 410 ppm
CO, concentrations for up to 12 cycles, maintaining 76 and 82%
of their initial capacities for PDMS-PU and GO-PDMS compos-
ites, respectively. Further, their electrothermal regeneration
with both MW and RF was investigated. Additionally, their
performance stability after soaking in water was investigated.
This research demonstrates both the potential of utilizing
microcapsules for DAC applications, as well as the applicability
of electrothermal heating as a potential low-energy regeneration
approach.

Experimental
Materials

Graphite flakes, potassium permanganate (KMnO,), hexa-
methylene diisocyanate (HDI), ethylene diamine (EDA), poly(-
dimethylsiloxane), bis(3-aminopropyl) terminated (DA-PDMS),
poly(dimethylsiloxane) diglycidyl ether terminated (DGEP),
polyethyleneimine (branched, average Mw ~800) (PEI), iso-
propanol (IPA), hexanes, toluene, butylamine, EMIM-Br, meth-
anol, Amberlite IRN78 hydroxide (AER) form, and 2-cyanopyrole
were purchased from Sigma Aldrich. Octane was purchased
from Oakwood Chemical. Hydrogen peroxide (H,O,) in water
(30%) was purchased from Fisher Scientific. Sulfuric acid
(H»S0,), N,N-dimethylformamide (DMF), and 1-octadecylamine
(97%) were purchased from Alfa Aesar. (3-5%
aminoethylaminoisobutylmethylsiloxane)-dimethylsiloxane
copolymer (AMS) was purchased from Gelest. 1-Butyl-3-
methylimidazolium tetrafluoroborate ([BMIM][BF,], 99%) was
purchased from Iolitec.

MGO synthesis

Graphene oxide (GO) was synthesized following a modified
Hummers' method based on a previously reported procedure.”
Briefly, 133 mL of H,SO, was gradually added to 1 g of graphite
flakes and the mixture was stirred at 300 rpm. Then, 4 g of
KMnO, was gradually added to the solution at a rate of 1 g per
day while stirring continued. The reaction was quenched with
ice water and 30% H,O, was added dropwise until the solution
changed color from burgundy to brown. The precipitated GO
sheets were thoroughly washed with IPA until the pH of the
supernatant was neutral, then dried under vacuum overnight.

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry A

After drying, 100 mg of GO sheets were weighed and
dispersed in 50 mL of DMF under sonication, followed by
heating to 55 °C while stirring. To this reaction mixture, 100 mg
of octadecylamine dissolved in 50 mL of toluene was added and
allowed to react for 15 minutes to facilitate alkylation and
interlayer spacing. Then 1.2 mL of DA-PDMS in toluene was
added to the flask and allowed to react for 1 hour. The resulting
MGO sheets were then washed several times with toluene, dried
under vacuum, ground, then dispersed in octane at a concen-
tration of 10 mg mL™" for use as a surfactant in GO-PDMS
capsules. Their functionalization was confirmed by Fourier
transform infrared (FTIR) spectroscopy, performed using
a Thermo Fischer iS50, equipped with a diamond ATR and
DLaTGS detector, for 32 scans at resolution 4 cm ™", and by X-ray
Photoelectron Spectroscopy (XPS) performed using a Thermo
Scientific (Waltham, MA, USA) Model K-Alpha instrument,
utilizing monochromated, microfocused, Al K, X-rays (1486.6
eV) with a variable spot size (30-400 pm). A 400 pm X-ray spot
was used for the maximum signal and to obtain an average
surface composition over the largest possible area. The instru-
ment had a hemispherical electron energy analyzer equipped
with a 128-channel detector system. Base pressure in the anal-
ysis chamber was typically 2 x 10~° mbar or lower. The powders
were prepared for analysis by dispersing materials onto double-
sided tape on clean glass slides. Sufficient material was used to
prevent any interference signals from the tape. Next, high-
resolution core level spectra (step size 0.1 €V, pass energy 50
eV) were acquired for a detailed chemical state analysis. C KLL
(Auger) spectra were recorded using a step size of 2 eV and
a pass energy of 100 eV. All spectra were acquired with the
charge neutralization flood gun (combination of low energy
electrons and argon ions) turned on to maintain stable analysis
condition. A typical pressure in the analysis chamber with the
flood gun operating was 2 x 10~ mbar. Data were collected and
processed using the Thermo Scientific Avantage XPS software
package (v.5.96).

[EMIM][2CNpyr] synthesis

20 g of AER was weighed and slurried with methanol. This slurry
was poured into a 3/4 in diameter x 25 in column with a quartz
wool plug. The column was allowed to equilibrate for 30 min.
2.0 grams of [EMIM][Br] was dissolved in ca. 2 mL of methanol.
This was placed carefully on top of the AER column, ca. 150 mL
of methanol used to elute the column with a steady drip over ca.
15 min into a 300 mL round bottom flask. The methanol was
reduced via rotovap to ca. 50 mL. An equimolar amount of 2-
cyanopyrole was added to the methanol solution of [EMIM]
[OH]. This was stirred at room temperature for overnight. The
methanol and water formed was removed via rotovap at 40-50 °©
C and held for ca. 4 h. The absence of residual bromide in the
[EMIM][OH] intermediate was confirmed by (0.171 N) silver
nitrate test where no visible white or yellowish silver(1) bromide
precipitate was observed. The removal of residual moisture was
carried out under vacuum at 70 °C overnight. The molecular
structure of [EMIM][2-CNpyr] was confirmed by "H-NMR on a 60
MHz Nanalysis.

J. Mater. Chem. A
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PDMS-PU capsules synthesis

To an 8 mL vial, 200 pL of [EMIM][2CNpyr] was added and
mixed with EDA (0.7 mmol). To that vial, the immiscible phase
consisting of AMS polymer (100 pL) in 1 mL of octane was added
to the vial and emulsified under 30000 rpm for 30 seconds
using a VWR 200 Homogenizer. The emulsion was diluted with
octane then 1 mmol of HDI in octane was added dropwise to the
emulsion and left to polymerize at the interface with EDA and
the amine functionalities on AMS for 2 hours. The formed
capsules were then quenched with butylamine, washed with
octane and hexanes, and dried under vacuum over night for
characterization. The capsules were initially evaluated by
optical microscopy imaging using a Motic SMZ-171 microscope.
Further, the capsules morphology was investigated by imaging
with scanning electron microscopy (Zeiss Merlin FE-SEM), and
their cross-section obtained by a Hitachi NB5000 FIB/SEM
(Hitachi High Technologies Corporation, Japan) milling oper-
ated at 40 kv, followed by a reduction to 5 kV for imaging. The
capsules size was determined by a Partica LA-960S Laser
Diffraction Particle Size Analyzer.

GO-PDMS capsules synthesis

Pristine [EMIM][2CNpyr] (200 pL) was added to a vial and 1 mL
of MGO in octane (10 mg mL™ ') was added to the vial and
emulsified under 30 000 rpm for 1 minute. The emulsion was
diluted with octane then DGEP (100 pL) diluted in octane was
added dropwise to the emulsion and left to react with the
remaining primary amine functionalities on the MGO for
15 min at 55 °C. The emulsion was washed with octane and AMS
copolymer (200 puL) in octane was added and left to react with
the remaining unreacted epoxide functionalities for 15 min at
55 °C. Finally, the grafted AMS polymer was crosslinked with
HDI (0.6 mmol) for 1 hour and quenched with butylamine
before washing and drying under vacuum over night for
characterization.

Core weight loading analysis

The IL content in the capsules was determined using 'H NMR
spectroscopy. For this, 20 mg of capsules were mixed with 1 mL
of a 0.039 M mesitylene solution in DMSO-dg, serving as an
internal standard. The mixture was analyzed using a Bruker
Ascend III HD 500 MHz NMR Magnet, and the weight
percentage of IL was calculated based on the relative integration
of the IL and mesitylene signals (see Table S2 for more details).
Additionally, gravimetric analysis was performed to verify the IL
weight loading in the capsules. Capsules were weighed before
and after core extraction, where the IL was removed using
DMSO. The difference in mass provided a measurement of the
core weight loading (Table S2).

Gravimetric CO, sorption

CO, sorption and desorption at pure and 410 ppm CO, were
performed wusing a thermogravimetric TA Instruments
Discovery TGA 5500. The sample mass was first stabilized under
N, (25 mL min~" flow rate) at 65 °C for 1 hour to remove
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volatiles & absorbed CO,. The desorption temperature of 65 °C
was selected based on preliminary temperature-screening
experiments to ensure complete and rapid CO, release from
the encapsulated TSIL while avoiding thermal degradation.
Once a baseline was obtained, the sample was allowed to cool to
30 °C and then CO, was introduced (either pure or 410 ppm
balanced by N,, 25 mL min~ ' flow rate), and sorption was
monitored until equilibrium was reached, denoted by a plateau
in weight gain. Desorption was then carried out by switching
back to N, and heating to 65 °C for 25 minutes, the minimum
temperature observed for complete CO, release. The cycle was
repeated after re-stabilizing the baseline and cooling to 30 °C.
Cyclic sorption-desorption experiments were conducted over 12
consecutive cycles under identical operating conditions to
evaluate the short-term repeatability of CO, uptake and release
and to establish preliminary evidence of stable regeneration
behavior for the capsule materials.

Breakthrough experiments & MW regeneration

The capsules were dried under vacuum at 65 °C, and cooled to
25 °C under argon (Ar). Breakthrough experiments for DAC were
conducted using 300 + 50 mg of the dried capsules carefully
packed into a 0.305” PTFE column (Kidder, M. K., Klemm, A
US Patent Application 19/287 907, 2026). 410 ppm CO, balanced
by N, gas was fed at 180 scem, first through a bypass for cali-
brating an infrared LI-850 CO,/H,O gas analyzer, then through
the sample column. The effluent CO, concentration was recor-
ded until it matched the feed concentration, indicating satu-
ration. CO, capacity was determined by integrating the
breakthrough curve using eqn (1).

J’ (Co—C)dtx F

0
—_—— 1
W x Vs'[p ( )

zZ =

where z is the CO, loading in mol kg™" of sorbent. C, is the
dimensionless feed CO, composition (concentration in ppm x
10°), C is the dimensionless effluent CO, composition
(concentration in ppm x 10°), ¢ is time in minutes, F is the total
mass flowrate of the feed gas in sccm, W is the weight of the
sample, and Vsrp is the molar volume of CO, at STP (22.4 scc
CO,/mmol CO,, assuming ideal gas law in dilute conditions).
Breakthrough time (¢gr) and pseudoequilibrium time (¢pg) were
defined as the times when effluent CO, reached 5% and 95% of
the feed concentration, respectively.

For microwave heating desorption, the capsule-packed
column was placed inside a CEM Discover 2.0; 2.45 GHz, 1-
300 W microwave chamber. The sorbent temperature was
controlled at 65 °C (£3 °C) using the instrument's contactless
infrared temperature sensor, which measures the temperature
of the microwave-heated sample through the PTFE sample
packed column and regulates the applied continuous micro-
wave power (5 W) via closed-loop feedback. This measurement
provides a representative bulk temperature for temperature
control during desorption; however, it does not yield spatially
resolved temperature distributions within the packed sorbent
bed. The desorbed CO, was carried by a nitrogen flow (180

This journal is © The Royal Society of Chemistry 2026
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sccm) and monitored using the LI-850 IR CO, analyzer con-
nected to the column outlet.

RF heating

A signal generator (Rigol Inc., DSG815) and an RF amplifier
(ZHL-100 W-GAN + MiniCircuits) were used to supply RF power
to a fringing-field applicator via a 50 Ohm coaxial cable. The RF
applicator was custom made from PCB Power Inc. The appli-
cator has a heating zone of ~1 cm and is made of copper traces
drawn on a KAPPA 438 substrate. A FLIR A655sc thermal camera
was used to safely measure the maximum temperature of the
sample when heated via RF. The entire RF setup is placed inside
a Faraday cage made out of brass mesh.

RF frequency sweep. RF-induced heating rates were
measured in 1 MHz intervals from 1-200 MHz using 1.6 W of
applied power. This was achieved by programming a stepwise
heat-cool frequency sweep into the signal generator. Each
sample was heated for 1 s and then cooled for 13 s before
advancing to the next 1 MHz incremental step.> The heating
rates for each frequency were calculated by analyzing the slope
of the initial linear region in the temperature vs. time plots.

Regeneration of CO,. The capsules before and after CO,
absorption were heated for 30 minutes at a temperature of ~65 °©
C, by modulating the applied power between 1 to 2 W. The
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frequency was maintained constant for these experiments (128
MHz for CO, loaded capsules & 140 MHz for lean capsules).

Vector network analysis. A vector network analyzer (VNA)
(SVA1015X, Siglent Technologies) was used to find the reflection
coefficient (Sy;) characteristics of the bare applicator, and the
different lean & CO, loaded capsules. The samples (sample
under test) were placed on the applicator, which was connected
to PORT 1 using a 50 ohm coaxial cable. Based on previous
work, the frequency at which the lowest S, value is observed, is
the best frequency for RF heating.*

Results and discussion

Microcapsules with a core of the TSIL [EMIM]2CNpyr] and
PDMS-based composite shells were prepared using a non-
aqueous emulsion as template (i.e., droplets of the TSIL in
a continuous octane phase). Briefly, PDMS-PU capsules were
formulated by interfacial polymerization between ethylene
diamine (EDA) and hexamethylene diisocyanate (HDI), while
using aminoethylaminoisobutylmethylsiloxane-
dimethylsiloxane co-polymer (AMS) as a surfactant (Scheme
1A). Alternatively, GO-PDMS capsules were prepared by cross-
linking an alkyl chain-PDMS-modified graphene oxide (MGO),
which served as surfactant, at the surface of the emulsion
droplets. Here, the primary amines on MGO were reacted with
epoxide groups from excess diglycidyl ether terminated PDMS

A
— :
e <
g™ 2, 8 l
= ) ; 8
a ~ vy e
(7)) HN polymerize
E 7 y —_— D et o e
- ~NH] s oJ ! .o ol 3 HN
A, = "N D e ! HDI
\\ " EDA + TSIL PDMS-AMS in octane f Sty ¥ \/\”T
0 n
B
/J ;
o ® /!
:
=
n o
S
o ./ ,>/\°/\/\S|I-O.S'..0 sll’v\o’\d
fo) ¥ 1.0 01 0
© ) d DGEP <
C,5 chain o' 2. PDMS-AMS si—
NV, Y,V | 0
D 3. HDI Sz
| H Ho 1 1 1 H ‘—'—'0 /,
*HWWWHMY A IER
1 OH | )
DA-PDMS DGEP PDMS-AMS

Scheme 1 Schematic showing formulation of microcapsules with core of the TSIL [EMIM][2CNpyr] and shells of (A) PDMS-PU, and (B) GO-

PDMS.
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(DGEP) for 1 hour. The emulsion was washed, then AMS was
added to react with the remaining epoxide groups grafted on
MGO to grow the shell. Lastly, HDI was added to the continuous
phase to enhance shell cross-linking and quench any residual
amines (Scheme 1B).

Optical microscopy images of PDMS-PU capsules in
suspension are shown in Fig. S1A and images of the isolated
capsules are shown in Fig. S1B and C, whereas images of GO-
PDMS capsules are shown Fig. S2. The liquid content of the
capsules was qualitatively confirmed by a “squish test”, where
the capsules are compressed between 2 glass slides and imaged
(Fig. S1D for PDMS-PU capsules and Fig. S2D for GO-PDMS
capsules). Both sets of capsules were dried under reduced
pressure before further characterization. The loading of the
liquid core was quantitatively determined gravimetrically by
weighing the capsules before and after liquid extraction, and by
"H NMR, 500 MHz, revealing capsules are ~50 wt% of the liquid
core.

Morphology and structure

The morphology of the microcapsules was revealed by scanning
electron microscopy (SEM), as shown in Fig. 1A for PDMS-PU
microcapsules. These PDMS-PU microcapsules were spherical
and had a relatively smooth surface. This supports that poly-
merization occurred uniformly at the interface of the emulsion
droplet (Fig. 1B and C). The SEM-FIB cross-section of these
PDMS-PU capsules (Fig. 1B inset) supports a core-shell struc-
ture, as expected from the interfacial polymerization synthesis.
Particle size, as determined by laser diffraction, shows
a Gaussian distribution of the particle diameter of PDMS-PU
microcapsules with a median value of 6 + 4 pm (Fig. 1D).
GO-PDMS microcapsules were significantly larger and had
a more textured surface (Fig. 1E-G) compared to the PDMS-PU
capsules. The surface roughness may be attributed to the
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presence of nanosheets. GO-PDMS capsules also have a nar-
rower size distribution than PDMS-PU capsules, with a median
diameter of 35 + 21 pm (Fig. 1H). The difference in size
distribution may be the result from differences in interfacial
forces and stabilization mechanisms provided by each type of
surfactant. For PDMS-PU, the relatively low molecular weight
polymeric surfactant reduces the interfacial tension by
diffusing rapidly to the interface, allowing for stabilization of
smaller droplets during emulsification. Alternatively, for GO-
PDMS the polymer-modified nanosheets may diffuse to the
interface more slowly, and thus smaller droplets coalesce before
surfactant can stabilize them. Notably, the GO-PDMS capsules
have a similar size distributions to those previously prepared
from alkylated GO stabilized emulsions, indicating a distinc-
tion for soft templating in particle stabilized emulsions (e.g.,
Pickering emulsions).>

The FTIR spectra of the capsules and their constituents are
shown in Fig. 2A. FTIR was used to aid in confirming the
alkylation and PDMS grafting on the GO (see Fig. S3 for
comparison of MGO and its components). The FTIR spectrum
of the PDMS-PU capsules confirms the presence of both the core
and shell materials. The characteristic peak of the cyano group
at 2180 cm ™" verifies the presence of the TSIL [EMIM][2CNpyr]
and the characteristic stretching frequencies at Si-O at
1013 cm™* and Si-CH; at 1258 cm™ ', indicate successful
incorporation of PDMS. The pronounced peak at 3320 cm ™! is
attributed N-H stretching, which is present in both the polyurea
and TSIL. The spectrum of the GO-PDMS capsules similarly
confirms the presence of the TSIL; the slight shift of the cyano
peak to 2210 cm ™' is attributed to CO, binding.** The charac-
teristic peaks of PDMS are present, and the presence of MGO is
supported by the broader N-H stretching at 3320 cm ™' is
attributed to the crosslinked AMS polymer. These results
confirm the successful integration of the core and shell mate-
rials in both capsule systems.
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capsule cross-sections.
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Fig. 2 (A) FTIR spectra, and (B) XPS spectra of GO-PDMS and PDMS-PU capsules, TSIL, MGO, GO. (C) TGA decomposition curves and (D) their

weight loss derivative for capsules and the TSIL.

X-ray photoelectron spectroscopy (XPS) was also used to
characterize the capsules and components (Fig. 2B). The XPS
spectrum of the PDMS-PU capsules shows a Si 2p binding
energy at ~101.8 eV, which is present in all samples but shifts
slightly to higher binding energy in the capsules (Fig. S4A).
Further, the primary O (19.5 at%) in the O 1s spectrum is likely
O-Si bonds. The total Si surface atomic composition was 15.6
at%, confirming the presence of PDMS in the shell. The N (7.8
at%) 1s binding energy (~399 eV) is pronounced in the PDMS-
PU system, indicating the presence of amines within the shell,
which likely enhances CO, selectivity and transport. Interest-
ingly, the N 1s spectrum of PDMS-PU capsules also shows a peak
at ~401.7 eV, revealing the presence of pyrrole species from the
TSIL (Fig. S4B), which suggests its incorporation in the shell.
For the GO-PDMS capsules, the presence of Si-O and Si-C

This journal is © The Royal Society of Chemistry 2026

(~100.2-100.4 eV), which are absent in pristine GO (Fig. S4A),
confirms the successful grafting of PDMS onto the nanosheets,
with a total Si and O surface composition of 10.7 at% and 17.4
at%, respectively. Slightly lower than those of PDMS-PU
capsules. The N 1s binding peak at ~399 eV is also present in
the GO-PDMS capsules, with a slightly higher N atomic
composition (N 11.0 at%) compared to PDMS-PU. Similar to
PDMS-PU, a small peak at ~401.7 eV is present, also indicating
the incorporation of the TSIL in the shell. The GO-PDMS
capsules spectra also shows intensity at ~289 eV which is typi-
cally assigned to a carbonate, likely formed due to CO, binding
on the surface. Table S1 summarizes the atomic percent surface
composition calculated from the XPS spectra.

The thermal stability and degradation profiles of the
capsules and TSIL were evaluated by thermogravimetric
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analysis (TGA) under air from ambient to 700 °C. Fig. 2C shows
the weight loss profiles, and Fig. 2D represents the first deriv-
atives of those profiles. The TSIL and capsules show an initial
mass loss occurring at ~80 °C, attributed to the release of
absorbed solvent, moisture, and/or CO, from the system. The
second weight loss event is observed for the TSIL at ~216 °C
which is a slightly lower temperature than the second weight
loss event of the capsules, which occurs at 237 °C and 227 °C for
PDMS-PU and GO-PDMS, respectively, indicating a higher
thermal stability of the capsules compared to the bulk TSIL, as
previously reported in similar work.> In comparison, the
capsules decompose in a similar temperature range as each
other, with the PDMS-PU capsules demonstrating a slightly
better thermal stability, with the second decomposition peak at
340 °C, compared to 335 °C for GO-PDMS. At CO, desorption
temperatures (~65 °C), no significant degradation is detected,
suggesting that the capsules can withstand these temperatures
without significant degradation.

The liquid content of the capsules was determined by
extraction and characterization using "H NMR spectroscopy. A
known mass of capsules was treated with a solution of DMSO-d,
containing mesitylene as an internal standard, then the TSIL
content was quantified by integrating the mesitylene peak
relative to that of the TSIL (Fig. S5). For the PDMS-PU capsules,
the "H NMR spectrum of the extracted liquid (Fig. S5B) matched
that of the TSIL, confirming successful encapsulation while
preserving its purity. The quantification of the liquid content
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revealed that the capsules contained 51 wt% TSIL, which aligns
with our previous core loading obtained with soft-template
encapsulation.***>** Similarly, the NMR spectrum of the
extracted liquid from GO-PDMS capsules showed peaks attrib-
uted to the TSIL (Fig. S5C); although the calculated loading was
20 wt% based on 'H NMR analysis, gravimetric measurements
based on weighing the shell before and after core extraction by
grinding the capsules, indicated a loading of 53 wt% (see Table
S2). This discrepancy suggests that TSIL could not readily
diffuse out of the shell, which is further supported by the water
immersion test discussed later, leading to an underestimation
of the TSIL content by NMR alone.

CO,, sorption performance & microwave regeneration

Fig. 3A illustrates the different CO, reaction mechanisms with
[EMIM][2CNpyr], as previously reported.*®®>* Under dry
conditions, CO, can react with the anion to form carbamate
(route 1) or with a transient carbene derived from the depro-
tonated cation to produce imidazolium carboxylate (route 2). In
the presence of moisture, CO, primarily reacts with hydroxide
produced by reaction of water and the anion, leading to bicar-
bonate formation (route 3). The same reaction mechanisms are
expected to occur in the encapsulated TSIL as for the bulk.
The gravimetric CO, uptake performance for both types of
capsules was evaluated at 30 °C under pure CO, and DAC
conditions (410 ppm CO, in N,), comparing to the TSIL itself.
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(A) Reaction pathways of the TSIL [EMIM][2CNpyr] with CO, following 3 different routes.*® (B) Capsules CO, sorption and thermal

regeneration over four cycles: measured gravimetrically at 1 bar of 410 ppm CO, at 30 °C for sorption, then desorption at 65 °C under 1 bar N.
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Each sample was first pretreated by heating at 65 °C under 1 bar
of N, for 1 hour to remove volatiles and adsorbed water or CO,
from air; these conditions were chosen to reflect thermal
regeneration conditions. To assess the contribution of the shell
materials to CO, uptake, hollow shells were prepared by
extracting the core liquid (see SI for details); DAC capacities of
0.04 and 0.03 mol kg~ ' were observed for PDMS-PU and GO-
PDMS, respectively (Fig. S6A). At 1 bar of pure CO,, the TSIL
(i.e., pure [EMIM][2CNpyr]) reached a plateau in mass gain
reflecting a capacity of 5 mol kg™, as previously reported.* For
the PDMS-PU capsules, CO, sorption at 1 bar of pure CO,
resulted in a capacity of 2.4 mol kg™ " (Fig. S6B). The capsules
reached the equilibrium capacity faster than the bulk TSIL,
likely due to enhanced transport properties for the encapsu-
lated system (e.g:, higher accessible surface area). Further, after
normalizing the TSIL capacity (5 mol kg ) to the core content
(51 wt%), the capsules' capacity aligns with expectations
(2.55 mol kg™"), confirming that the capsules reach pseudo-
equilibrium capacity. The pure CO, gravimetric capacity of the
GO-PDMS capsules was measured at 3.2 mol kg '. Unlike
PDMS-PU, the observed uptake capacity is slightly higher than
the expected TSIL capacity of ~2.65 mol kg™, suggesting that
the wt% loading of these capsules is potentially slightly higher
than that calculated gravimetrically due to plasticized TSIL.
These results suggest that the shell accommodates CO, diffu-
sion by facilitated transport from the shell to the inner liquid
core.

The DAC gravimetric capacities of the capsules and cycla-
bility compared to the TSIL bulk liquid is shown in Fig. 3B,
where the sorption was performed under 410 ppm CO, in N, (1
bar) and 30 °C, and desorption performed under N, (1 bar) and
65 °C. The TSIL had a capacity of 0.97 mol kg " in the first cycle,
slightly higher than that previously reported (0.75 mol kg );*°
this may be due to the difference in measurement techniques,
as our approach gravimetrically measures the pseudo-equilib-
rium with TGA and the previously reported capacity utilizes **C
NMR spectroscopy and integration of specific, broad peaks.
Under the TGA conditions, the DAC performance of the TSIL is
relatively stable upon cycling using thermal regeneration. For
the PDMS-PU capsules, the measured capacity was 0.76 mol
kg ' in the first cycle, and slightly increased to 0.80 mol kg™ * by
the 4th cycle. Based on the 51 wt% TSIL content and the
capacity of the TSIL bulk, the expected capacity of the PDMS-PU
capsules was 0.49 mol kg~ '; however, the capsules exceeded this
value by 55%, suggesting CO, uptake beyond the predicted
equilibrium capacity due to the increased surface area, leading
to better availability of CO, reactive sites and overcoming mass
transport limitations. Similarly, the GO-PDMS capsules reached
a capacity of 0.66 mol kg~ ' during the first exposure to DAC
conditions and showed a stable capacity over the next three
cycles, with a 35% increase in capacity compared to the ex-
pected value (0.49 mol kg~ '). Both PDMS-PU and GO-PDMS
capsules exhibit similar rates of uptake and comparable
capacities, indicating that the incorporation of GO does not
significantly compromise mass transport of CO, through the
shell and the inherent chemisorptive preference of the TSIL.
These results confirm that the encapsulation of the TSIL leads

This journal is © The Royal Society of Chemistry 2026
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to increased accessible surface area which mitigates mass
transport of CO, found in bulk liquid limitations. Further, the
CO, over N, selectivity is also potentially enhanced by intro-
ducing GO nanosheets into the shell composition, which create
narrower channels that only allow the small CO, molecules to
diffuse through, and blocking the larger N, molecules. The
stability of both capsule types was tested over 12 cycles of DAC
sorption (410 ppm CO, 30 °C) and desorption (N, at 65 °C) as an
initial screening to assess reversible uptake and regeneration
behavior, and to determine their stability and capacity retention
(Fig. S6C). While there was a slight reduction in capacity for
PDMS-PU, both capsule types demonstrated good stability.
Specifically, after 12 cycles, the PDMS-PU and GO-PDMS
capsules retained 76% and 82% of their DAC capacity,
respectively.

Breakthrough DAC performance of the capsules was evalu-
ated using the setup shown in the inset of Fig. 4A. An ideal
breakthrough curve for a DAC material is typically characterized
by three criteria: an initial flat baseline indicating that the
sorbent is effectively capturing all incoming CO,, followed by
a steep rise in CO, concentration indicating the material is
approaching saturation, and finally a quick leveling as the
effluent reaches the concentration of the inlet CO,, reflecting
the saturation of the material. The breakthrough curves of both
capsule types were obtained to evaluate their kinetics and
working capacities. Briefly, around 300 mg of the capsules were
packed into a PTFE column then heated under reduced pres-
sure at 65 °C overnight to remove absorbed CO, prior to the
breakthrough experiments, then the system was allowed to cool
to 25 °C while purging with pure Ar. The flow rate of the
experiment was set to 0.18 L min~', maintained by mass flow
controllers.

To the pretreated column of capsules, the gas feed was
switched to 410 ppm CO, and a breakthrough curve was ob-
tained for both types of capsules (Fig. 4A). The PDMS-PU
capsules exhibited a shorter breakthrough time (5% of the
feed concentration) than the GO-PDMS capsules, suggesting
that CO, diffusion is slower in PDMS-PU as the breakthrough
time is the point at which the column is no longer absorbing
CO, as fast as CO, is being fed. The pseudoequilibrium time,
the point at which the CO, concentration in the effluent stabi-
lizes and the capsules are near full saturation (>95% of the feed
concentration), was nearly twice as long for PDMS-PU compared
to GO-PDMS, suggesting that PDMS-PU is diffusion limited;
however, this contradicts the results obtained with the TGA
sorption under 420 ppm CO, (Fig. 3B), where the PDMS-PU
capsules showed similar sorption rates as the GO-PDMS.
Further, under gravimetric pure CO, uptake, PDMS-PU
showed higher sorption rates than GO-PDMS (Fig. S6B). This
suggests that while PDMS-PU shell is permeable (further sup-
ported by the water immersion results discussed below and in
Fig. $8), its CO, selectivity may be reduced due to CO,-induced
plasticization of the polymer shell; an effect well documented
for gas separation membranes,** which leads to slow break-
through kinetics.”

In contrast to PDMS-PU, the GO-PDMS capsules exhibited
a significantly longer breakthrough time, indicating that
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absorption in this column was able to keep up with the rate of
CO, being fed for longer. The breakthrough curve also shows
a steeper rise in CO, concentration in the effluent compared to
the PDMS-PU capsules. This runs counter to expectations based
on the size distribution of the capsules, as the smaller PDMS-PU
capsules are expected to saturate more quickly due to the
shorter diffusion distance. However, incorporating GO into the
shell increases the shell's selectivity by introducing a layered,
size-sieving architecture that limits molecular diffusion
through the polymer. The GO nanosheets create tortuous
diffusion pathways within the PDMS matrix, effectively acting as
a physical barrier to larger molecules while allowing the smaller
CO, molecules to permeate efficiently. This increased perme-
ation selectivity explains why the kinetics of the GO-PDMS
capsules are better than that of the PDMS-PU capsules,
despite the larger size of the GO-PDMS capsules.”*”* Further,
the packing of the column can also significantly influence
measured breakthrough kinetics: a tightly packed column
increases pressure drop and prolongs gas-sorbent contact,
delaying breakthrough, whereas a loosely packed column may
contain voids or channels that allow gas to bypass the sorbent,

J. Mater. Chem. A

(A) Breakthrough curves of PDMS-PU (green) and GO-PDMS (orange) capsules with inset showing schematic of breakthrough apparatus,
410 ppm CO,. (B) Microwave regeneration (65 °C) of PDMS-PU at 5 W.

leading to early breakthrough. In this study, the substantial size
difference and distinct shell properties between the two capsule
types could affect their packing density, affecting gas flow
patterns and contact efficiency, and thereby contributing to the
observed differences in breakthrough behavior. And yet, both
capsules exhibited similar CO, breakthrough capacities of 0.64
and 0.57 mol kg™ for PDMS-PU and GO-PDMS, respectively,
which are slightly lower values that those obtained from gravi-
metric studies described above (Table 1), as expected for this
methodology.

Microwave and radio frequency regeneration

Key aspects of lowering the operational cost of DAC include not
only maintaining the performance over numerous cycles, but
also lowering the energy required for regeneration. One way to
reduce energy consumption is by using electrothermal heating,
as opposed to convection heating, in two different regimes:
microwave (MW) and radio frequency (RF). When exposed to
MW, the TSIL heats up rapidly due to its dipolar nature, where
the ions interact with the electromagnetic field, leading to faster

This journal is © The Royal Society of Chemistry 2026
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Table 1 Breakthrough results for the synthesized capsules
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Journal of Materials Chemistry A

PE CO, capacity

Saturation capacity TGA capacity

tgr (min) tpg (min) (mol kg™ ") from breakthrough (mol kg™*) (mol kg™
PDMS-PU 1.4 167.8 0.57 0.64 0.75
GO-PDMS 6.8 92.4 0.53 0.57 0.66

and more uniform heating compared to conventional methods.
Following CO, uptake using the breakthrough set up, MW was
applied to the PDMS-PU capsules (Fig. 4A inset). The gas was
switched to nitrogen at 0.2 L min ' flow rate and the CO,
concentration in the effluent was measured as a function of
time as MW was applied at 5 W to heat the sample to 65 °C, as
determined by an IR temperature sensor (Fig. 4B). A rapid initial
desorption of CO, was observed in the first 10 min, evident by
a dramatic increase in CO, concentration in the effluent,
reaching 5000 ppm in the first 5 minutes. After the initial spike
in desorption, slower CO, loss from the capsules was observed,
which we attribute to CO, moving from the liquid core to the
shell, then leaving the capsule. Complete regeneration was
observed in less than an hour, as evidenced by the CO,
concentration in the effluent being 0 ppm. While MW regen-
eration has proven promising for DAC materials,'**>* as
demonstrated in our in situ sorption and desorption, applying
MW at scale may be challenging that could create hot-spots in
a fixed, packed column of solid sorbent-ideally a fluidized bed
would allow for thermal equilibration of materials as one
potential solution. Further, while the PDMS-PU capsules were
regenerated using MW heating, the GO-PDMS capsules were
instead regenerated with RF heating. This choice was motivated
by the conductive nature of GO. Given the MW instrument's

minimum output of 5 W, using it to heat the GO-PDMS can risk
thermal degradation of the capsules.

An alternative low energy heating approach is to utilize RF,
which interacts strongly with polar molecules and conductive
materials, such as the nanosheets in the GO-PDMS capsules. RF
heating generates a more uniform electromagnetic field and
uses lower frequencies than MW, more importantly, our RF
setup allows for modulation of lower power output than the MW
(as low as 1 W), a key feature that enables controlled and
gradual heating of conductive materials like GO-PDMS
capsules. This significantly reduces the risk of hot spots and
material degradation that would otherwise occur at higher
power levels. Indeed, RF has been previously shown to heat GO-
containing structures.*® Using the setup shown in Fig. 5A, the
capsule samples were placed on a fringing field applicator, and
exposed to an RF field generated using a signal generator. The
amplified signal was then directed to the applicator, where
a thermal camera was used to monitor the temperature of the
sample. Prior to heating the capsules, a Vector Network
Analyzer (VNA) was used on the neat (CO, free) sample to
determine the best radio frequencies the capsules interact with
and show heating (Fig. 5B). The sample showed a strong
absorption (lowest S;; values) at 129 and 143 MHz.

To determine the frequency at which the capsules heated
best, the rate of heating as a function of frequency was
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(A) RF setup demonstrating placement of sample and thermal camera, (B) VNA graph of applicator and GO-PDMS capsules without CO,,

(C) Frequency sweep (0-200 MHz, 2 W) of GO-PDMS capsules before and after CO, loading, performed by turning RF on for 1 s to heat the
sample and off for 13 s to cool the sample at each frequency step. (D) Heating of lean GO-PDMS capsules (without CO5,) at 1-2 W and 140 MHz,
(E) Regeneration of CO, loaded GO-PDMS capsules at 1-2 W and 128 MHz. (F) FTIR spectra of GO-PDMS capsules before and after RF heating.
Black lines represent CO,-lean capsules and orange lines represent CO,-loaded capsules.
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measured: RF was turned on at 2 W for 1 second then turned off
for 13 seconds (Fig. 5C) and the frequency was then increased in
1 MHz steps. This frequency sweep was carried out from 1 MHz
to 200 MHz. The heating rate at each frequency was calculated
by analyzing the slope of the initial linear region in the
temperature-time plot. The GO-PDMS capsules show the
highest heating rate at 128 MHz, and second highest rate at 145
MHz. Two additional small peaks are observed at 109 and 168
MHz. Both lean and CO, loaded samples show the similar
heating frequencies. It is noteworthy to mention that these
frequencies can vary slightly due to minor changes in the setup
and location of the sample on the applicator. The RF heating of
GO-PDMS capsules was first tested on the as prepared sample,
where RF was applied at 140 MHz and the power was modulated
between 1-2 W to effectively maintain temperature of the
sample at 65 °C. As shown in Fig. 5D, the capsules reached 65 °C
within seconds and remained at a constant temperature for
20 min. RF was then applied to capsules that had been loaded
with CO, (128 MHz and 1-2 W to maintain ~65 °C for 30 min,
Fig. 5E); this was the same temperature and time that led to full
regeneration of the capsules in the TGA experiments as
described above. Two cycles of heating were performed, where
CO, was reintroduced into the capsules after the first regener-
ation to demonstrate cycling performance. CO,-loaded and
CO,-lean capsules demonstrate similar patterns of instant
heating in response to RF to reach the targeted temperature,
and the samples stayed at that temperature for the given
timeframe. Notably, the frequency needed to heat the capsules
was consistent regardless of if CO, was loaded, which supports
the opportunity to standardize a method for RF regeneration.
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To confirm that CO, was effectively desorbed, FTIR spectra of
the CO,-loaded, conventionally-heated, and RF-heated capsules
were collected (Fig. 5F). As discussed above, the stretching
frequency of the cyano group shifted from 2185 cm ™ for pris-
tine TSIL to 2216 cm™ ' upon CO, binding. Such shift is
observable, even after loading the capsules under DAC condi-
tions.®* The FTIR spectra of both heated samples have both
peaks, but the CO, loaded sample shows only 1 peak at
2216 cm ' (Fig. 5F), suggesting that both RF heated and
conventionally heated samples adequately desorbed CO, but
ambient atmosphere (i.e., DAC CO, concentration) leads to
rapid carbon capture. RF heating was also applied to the PDMS-
PU capsules, with heating expected due to the ionic conductivity
of the TSIL, as previously reported;”* here, regeneration
temperature (65 °C) was reached within seconds at 1-2 W, and
the temperature was maintained for 20 minutes (Fig. S7).

Water stability

Another important factor to consider in developing DAC mate-
rials is stability to water, because any uptake of water could lead
to the formation of carbonate salts which require a significantly
higher temperature for regeneration (e.g., 90 °C).* For the GO-
PDMS capsules, in addition to providing controlled absorption
kinetics and conductivity for RF heating, we discovered that the
hydrophobicity of MGO provided superior water stability. Fig. 6
shows the TGA sorption profile of the GO-PDMS capsules after
they were submerged in DI water for 24 hours, then filtered and
dried under reduced pressure. The capacities before and after
submersion in water show a slight difference, with the water-
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Fig.6 Gravimetric CO, capacities of the GO-PDMS capsules (1st cycle)

before and after submersion in water. Inset shows CO, sorption cycles of

the water-submerged sample regenerated at 65 °C under N». Sorption conditions: 1 bar CO,, 30 °C.
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Table 2 DAC-relevant CO, capacities under dry conditions of similar core—shell IL/TSIL composites reported in the literature in comparison to

this work
Liquid Temp. Pressure CO, partial CO, capacity Cycles,

Solid-liquid composite wt% (°C) (bar) pressure (mbar) (mol kg™ ") capacity lost Ref.
[EMIM][2CNpyr] PDMS-PU 51 30 1 0.41 0.76 12, 24% This study
[EMIM][2CNpyr] GO-PDMS 53 0.66 12, 24% loss
[EMIM][2CNpyr]@PU 25 25 1 0.5 0.16 41
[EMIM][2-CNpyr]/1,3-P@PU 28 0.47 9, 15%™”
[EMIM][2CNpyr]/DEG@PU 34 0.66 9, 19%™?
[EMIM][2CNpyr]@PU 60 25 — 5 0.82 2, — 40
[EMIM][2-CNpyr]/ZIF-8 35 30 1 0.5 0.20 10, 15% 52

0.001 1 0.16 —

0.005 5 0.40 —

1 1000 1.28 —
[BMIM][BF,)/MEA GO-PU 64 25 1 0.5 0.02 — 29
[BMIM][BF4)/MEA/Pz GO-PU 51 0.04 10, 14%"
[MeTBDH]2[HFPDO]/Ni-MOF 1.74% 25 — 0.4 0.58 5, 4.6% 75
Zeolite 13X? — 25 0.0005 0.5 0.4 100, 27%" 76 and 77

1 1 1.2 — 76

3 2.1 —

“ Cycling performed under 1 bar CO,. ? Loss observed only after the first cycle. © SIL mmol g~* MOF. ¢ Not a solid-liquid composite.

submerged sample having a slightly higher capacity (30 °C, 1
bar CO,). This may be due to diffusion of water into the capsules
which promotes formation carbonates and bicarbonates;
however, the performance also suggests that the TSIL is not
extracted from the capsules. For the capsules which had been
submerged in water, the capacity was measured over 4 cycles,
showing negligeable changes (Fig. 6 inset). The same test was
performed for the PDMS-PU capsules, revealing a drastic
decrease in capacity for the sample after submersion in water
(2.4 to 0.2 mol kg ' for as-prepared and water-submerged
samples, respectively); this can be attributed to the TSIL being
extracted into the water (Fig. S8).

To highlight the modularity of our emulsion-templated
method, different CO,-absorbing liquids were encapsulated.
Fig. S9 shows optical microscopy images of capsules with both
types of shells (PDMS-PU and GO-PDMS) containing a core of the
IL [BMIM][BF,] (Fig. S9A and C) or polyethyleneimine (PEI),
a polyamine known to chemisorb CO, (Fig. S9B and D). This
demonstrates the versatility of the method and the ability to
accommodate a wide variety of CO,-absorbing liquids, expanding
their potential compositions and application spaces. Further,
among similar composites, these materials have shown signifi-
cant enhancement in performance, summarized in Table 2.

Conclusion

We successfully designed and synthesized PDMS-based micro-
capsules for DAC application and electrothermal heating
regeneration. The favorable performance of the capsules under
DAC can be attributed to high shell permeability to CO,, ach-
ieved by incorporating a flexible PDMS polymer, and liquid core
of the TSIL [EMIM][2CNpyr]. Two types of PDMS-composite
capsules were fabricated via emulsion templating, using
PDMS as a surfactant and growing polyurea at the interface of

This journal is © The Royal Society of Chemistry 2026

the droplets or using MGO sheets as a surfactant and cross-
linking them with PDMS. Additionally, electrothermal heating;
microwave (MW) and radio frequency (RF), were investigated as
alternative regeneration approaches to improve efficiency and
reduce operational costs. The two systems exhibited perfor-
mance differences, attributed to differences in shell structure
and composition. The PDMS-PU capsules demonstrated CO,
capacities up to 0.8 mol kg™ at 410 ppm CO,, outperforming
previous liquid-filled capsules investigated for DAC. These
capsules exhibited compatibility with both MW and RF regen-
eration methods, where MW regeneration was rapid and energy-
efficient (5 W, full desorption in <30 min at 65 °C), similar to RF
heating (2 W, stable heating >30 min at 65 °C). However, under
realistic setup they have slower kinetics due to low CO, over N,
selectivity, and are not water stable, which limits performance
under humid conditions. As for the GO-PDMS capsules, while
slightly lower CO, DAC capacities (0.66 mol kg™ ") were observed
compared to PDMS-PU, these capsules showed a more favorable
mass transfer behavior due to their size-sieving properties. The
GO-PDMS capsules were also compatible with RF regeneration,
requiring very low energy to maintain 65 °C (<2 W). More
importantly, however, is the hydrophobic nature and structural
robustness of the shell, giving these capsules superior water
stability, making them more ideal for realistic humid uptake
conditions. In conclusion, both capsule types demonstrated
reasonable DAC capacities, kinetics, and cyclability under dry
conditions; however, the choice between the two depends on
the operational priorities: maximizing uptake and utilizing MW
for regeneration vs. tuning permeability and utilizing RF-
heating regeneration.

Our current studies focus on optimization needed to address
efficient large-scale implementation. While the capsules
demonstrate potential in DAC application with low energy
requirements, further research is needed to elucidate the CO,
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diffusion mechanism through the shell, assessing the effects of
humidity and acidic environments, and evaluating long-term
stability and cyclability. Additionally, batch to batch variations
were observed due to the multi-step synthetic procedure. Both
capsules require simplification in formulation methods to
ensure a consistent scale-up and utilizing cost-effective and
commercially available materials. Further, electrothermal
heating (both MW and RF) is being studied under realistic
conditions, such as humidity effects. Lastly, safety concerns and
precautions need to be addressed with the scale-up of these
regeneration approaches.
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