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Using branched polyethylenimine as the sorbent material for dilute CO, capture, a photo-swing method is
demonstrated in an industrially relevant support architecture using titanium nitride (TiN) nanosized light
absorbers coupled with low-power LEDs with irradiances up to 420 mW cm™2. The photo-swing
desorption process is applied to dry and humid streams of 400 ppm CO, diluted in N,. Consistent with
known sorption mechanisms for aminopolymers, humid CO, streams increased the CO, uptake, in our
case by ~30%. The photo-swing CO, capture desorbed ~83% and ~100% CO, compared to thermally-

driven desorption over the same period for a dry and humid CO, stream, respectively. The photo-swing
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Accepted 29th July 2025 CO, capture exhibits robust performance over >90 cycles without significant signs of photo(thermal)
induced sorbent degradation. This work lays the groundwork for photo-swing DAC technology as

DOI: 10.1035/d5ta02824h a scalable, energy-efficient solution for CO, capture, well-suited for modular systems in remote
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1. Introduction

In the pursuit of achieving the ambitious target of reducing
atmospheric carbon dioxide (CO,) levels to 350 ppm by 2100,*
even after comprehensive decarbonization efforts across
various sectors, managing residual CO, from industrial activi-
ties will remain a challenge. Various approaches will need to be
adopted, ranging from reforestation efforts to direct air capture
(DAC) technologies. While DAC is still an emerging field, there
are pilot and commercial plants actively removing CO, from the
atmosphere, such as Climeworks (Iceland), Zero Carbon
Systems (USA), Holocene (USA), Mission Zero (United
Kingdom), Avnos (USA), Verdox (USA), Heirloom (USA), and
Carbon Engineering (Canada). These removal solutions mainly
rely on a liquid solvent or solid sorbent acting as the CO,
capture agent, which are amongst the most commercially
mature material approaches.” Traditional thermal-swing
adsorption methods, requiring (waste) heat for sorbent regen-
eration, have been a mainstay, but recent innovations are
introducing novel techniques with potential energy efficiency
improvements. For instance, recent research has leveraged the
sublimation point of CO, that forms a solid at —78.5 °C in
cryogenic DAC,** using moisture to release the bound CO, in
moisture-swing adsorption,”” and utilizing microwave, electric
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locations utilizing intermittent renewable energy sources.

or electrochemical desorption of CO, in electro-swing
adsorption.'*** While these novel techniques harbor meaning-
ful improvements in energy efficiency, they also use new fami-
lies of materials that may delay their broader market adoption.

This study introduces a novel photo-swing adsorption solu-
tion, utilizing a readily available liquid aminopolymer,
branched polyethylenimine (PEI, Mw ~800), sorbent embedded
in an industrially relevant support made of a high surface area
mesoporous oxide with a proprietary composition. Unlike
previous reports on photocatalytic CO, capture,'**® our
approach integrates an amine-containing sorbent with an earth-
abundant plasmonic light absorber, specifically titanium
nitride (TiN). This unique system achieves fast CO, desorption
rates even at low irradiances (as low as ~50 mW cm >, but
optimized near ~420 mW cm ™ 2), presenting compatibility with
renewable energy sources and eliminating the need for co-
located industrial waste heat. Notably, the modularity of the
photo-swing adsorption system,> coupled with its potential
compatibility with intermittent renewable grids, addresses
some scalability concerns while also promoting equitable
distribution of carbon capture technologies.

Photocatalysis encompasses many charge-generation and
transfer mechanisms as well as photothermal mechanisms.
Plasmonics is an emerging field of photocatalysis based in the
concept that nanoparticles, most commonly noble metals, can
be light “activated” when illuminated at their plasmonic reso-
nance frequency, which is dependent on the material, size and
morphology.*®?* While the precise mechanism is not fully

This journal is © The Royal Society of Chemistry 2025
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explored in detail in this study, we focus on the photothermal
activation of TiN when illuminated with red light (625 nm), UV
light (385 nm), and a broad-spectrum white light LED, all
capable of activating TiN and titanium oxynitride (TiO,N,). TiN
is of particular interest as it is one of the only non-noble metal
plasmonic materials that is earth abundant, has optical prop-
erties similar to gold, and remains structurally stable and
plasmonically active even when partially oxidized.”®*?¢ This
photo-swing process offers significant benefits in terms of
scalability, modularity, and applicability across diverse envi-
ronmental conditions, while also laying the foundation for
future advancements in photoreactive carbon capture and
conversion to value-added products.”

2. Materials and methods

2.1. Materials

The support material, referred to as “contactor”, was impreg-
nated with branched PEI (Mw ~800) using a proprietary process
similar to that from a patent.® TiN nanoparticles (NPs) were
drop-cast onto the contactor from a mixture of 1 mL methanol,
5 uL of PEI, and 10 mg TiN. The additional PEI improved the
suspension of TiN in methanol and enhanced its adhesion to
the contactor. The resulting contactor system consisted of
2.5 wt% TiN and ~12 wt% PEI, the latter verified by thermog-
ravimetric analysis using published methods.” While studies
highlighting proof-of-concept results employ mesoporous oxide
supports with high PEI loadings (40-60 wt%), the industrial
contactors used in this work incorporate additional binder
materials to provide the mechanical strength and macroscopic
form factor necessary for commercial-scale monolithic devices.
This structural requirement reduces the overall PEI weight
fraction but results in a material that is more durable and
representative of deployable DAC systems.

The TiN NPs were acquired from US Research Nano-
materials, Inc. A transmission electron microscopy image (SI,
Fig. S1) reveals a heterogeneous morphology and an average
size distribution centered ~20 nm, with a broad absorption
spectrum from 380-750 nm obtained from diffuse reflectance
UV-Vis absorption spectroscopy. Once TiN was added to the
samples, they were uniformly black, such that TiN is likely in
excess.

Dilute streams of CO, were obtained as cylinders of pre-
mixed 400 ppm CO, in N, from Matheson and humidified by
diverting the gas flow through a deionized water bubbler. A flow
of 100 sccm was chosen and regulated through a mass flow
controller, as illustrated in Fig. 1 and photographed in Fig. S2.

2.2. CO, adsorption-desorption characterization

The benchtop flow-through reactor employed a standard quartz
cuvette with a 1 cm pathlength. CO, rich gas was flowed over
a 0.5 cm? piece of contactor placed at the bottom of the cuvette.
The gas at the outlet was analyzed using the in-line LI-COR®-850
infrared sensing system specifically tuned for low-concentration
CO, flow and for H,O sensing. The LI-COR® sensor was used to
establish saturation of CO, as well as H,O which reached 100%
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Fig. 1 Schematic representation of the experimental flow-through
reactor employed in this work. A flow of 100 sccm of 400 ppm CO; in
N> is introduced in a quartz cuvette hosting a flat piece of the PEI-
loaded contactor “coated” with TiN powder. The CO, stream can also
be diverted to a water bubbler to simulate 100% relative humidity. The
gas flow exiting the septum-capped cuvette passes through an
infrared detector calibrated for CO, and H,O signals, the LI-COR®-
850 detector. In this study, two methods of amine-regeneration were
used: thermal regeneration, where the cuvette is immersed into an oil
bath at T ~ 110 °C, or photo-driven regeneration. The main body of
research was conducted using LEDs (300-400 mW cm~2) centered at
~625nm, ~385 nm, or a broad-spectrum white LED. The focus length
from the LED to the sample is 20 cm.

relative humidity within ~30 min. Unless otherwise stated, the
CO, adsorption step was conducted for 15 min, followed by
5 min of bulk heat using an oil bath at 110 °C, or 5 min of
localized heat using LEDs. Low-power LEDs from ThorLabs
were mainly used for this study, including 625 nm (red light),
385 nm (UV light), and a broadband white light, with maximum
input current of 1000 mA, 700 mA, and 1000 mA, respectively.
Their emission spectra can be found in Fig. S3. A focusing lens
was attached to the LEDs whose focal length is 20 cm from the
LED. The light was focused to a ~1 cm diameter circle on one
side of the flat piece of contactor. Using a Thorlabs wireless
power meter PM160T, we measured the irradiances at different
set currents for the monochromatic LEDs and summarized the
results in Table S1.

3. Results and discussion
3.1 Photo-induced heating compatibility with PEI

Because PEI starts experiencing thermal degradation at 120-
135 °C in dry conditions,***" it is crucial to keep the composite
below this temperature to ensure compatibility of plasmonic
heating induced by the light-activation of TiN with the amino-
polymer. To this end, the temperature profiles of illuminated
TiN at different set currents to obtain different irradiances, as
shown in Fig. 2 and Table S2, using a FLIR E6 infrared (IR)

J. Mater. Chem. A, 2025, 13, 29334-29342 | 29335
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Fig.2 Thermalimaging of 10 mg TiN powder on glass slide in N, atmosphere glovebox, illuminated at 625 nm perpendicular to the sample, at 23

mA input current with a measured irradiance of 10 mW cm™2 in (A), and at 700 mA input current with a measured irradiance of 320 mW cm™

2in

(B). The sliding scale is different for each image, representing the minimum and maximum temperature measured in °C.

camera. When a low irradiance is used, 10 mW cm ™2 shown in
Fig. 2A, the bulk sample temperature measured after 2 min is
26 °C, while an irradiance of 320 mW cm 2 resulted in
a measured sample temperature of 120 °C. Illuminating the
contactor pieces with the 625 nm LED, with a set current of 1000
mA (equivalent to 420 mW cm ™ ?), and focused 20 cm from the

LED, the pristine contactor without TiN only reaches ~31 °C,
while the temperature of the illuminated TiN-coated contactor
rises to 110 °C. Because TiN is dispersed and mixed with PEI in
the TiN-contactor system, it is expected that the powder of NP-
only gives rise to a higher temperature. However, the pristine
contactor system has a high IR emissivity (~0.8-0.95), and we
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Fig.3 CO; concentration (in ppm) using a flow-through reactor with 15 min adsorption time and 5 min exposure to 625 nm-light at irradiances
of ~420 mW cm™2 (red trace in (A) and (C)) or an oil bath at T ~ 110 °C (black trace in (B) and (D)), for dry CO; flow ((A) and (B)) and humid CO,
flow ((C) and (D)). The dashed line is a guide to eye for the baseline CO, concentration of 400 ppm. The value in the adsorbed and desorbed
portion of the signal is the integrated area (in mmol CO, per g PEI) representing the amount of CO, desorbed. The conversion between ppm of
CO, to mmol CO, per g PEI can be found in Section S5. For these experiments, the same TiN-impregnated contactor system was used.
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expect the measured temperature of the composite system
~110 °C to be more accurate, and therefore the photo-induced
heating to be compatible with the stability window of PEI. While
the plasmonic community often debates the extent to which
different catalytic mechanisms are influenced by charge trans-
fer (also known as hot electrons), plasmon induced resonant
energy transfer, or thermal effects,** in this study we do not
attempt to disentangle potential contribution from these
mechanisms. However, it is likely that the light activates the
plasmonically active TiN nanoparticles and simply induces
local collective heating at the microscale that results in the
desorption of CO,.**3*

3.2 Effluent measurements of CO, desorption in humid and
dry conditions: photo-vs. temperature-swing desorption

We monitored the CO, concentration in line with the cuvette-
reactor depicted in Fig. 1, while constantly flowing 400 ppm
CO, diluted in N,, and desorbing CO, using light or applied
heat. Fig. 3 shows the resulting profile for the photo-swing and
temperature-swing desorption under dry (Fig. 3A and B,
respectively) and humid CO, flow (Fig. 3C and D, respectively),
with desorption marked by the shaded areas. After 15 min of
adsorption, though the sorbent was not yet saturated, CO,
desorption was triggered. It is common practice with composite
sorbent systems not to fully saturate PEI, but rather utilize
~70% or less of its theoretical CO, capacity,*™* as

Table 1 Overview of the CO, desorbed in mmol CO, per g PEI des-
orbed when exposed to 625 nm light at ~420 mW cm™2 or a thermal
oil bath set at 110 °C. Error bars represent the standard deviation across
three cycles

View Article Online
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aminopolymers can become glassy upon CO, uptake, slowing
adsorption kinetics dramatically. When light or heat is applied
to the cuvette-reactor, the CO, concentration measured
increases significantly corresponding to desorption. Average
values of desorbed CO, in these experiments range between
2.25 and 2.80 mmol CO, per g PEI, in line with most literature
values for PEI-based sorbents reported between 1 and 3 mmol
CO, per g PEL***** The presence of TiN resulted in a 10-fold
increase in photo-swing CO, desorption compared to a control
sample without TiN (Fig. S4).

Average desorption quantities for three consecutive cycles
were measured for dry and humid photo and thermal desorp-
tion and summarized in Table 1. In dry conditions, the thermal
desorption is more effective than photo-driven desorption,
which is expected since the LED only illuminates the bottom
part of the sample compared to bulk heating of the entire
sample when immersed in the oil bath. Considering that only
half of the sample was illuminated, it is impressive that photo-
desorbed CO, reached 80% of the thermally desorbed quantity,
which we attribute to the high thermal conductivity of TiN (22-
29 W m~" K') enabling efficient heat conduction throughout
the bulk sample.

In humid gas flow settings, photo-swing desorption out-
performed the thermal desorption, while, surprisingly, the CO,
thermal-swing capacity in humid condition is lower than in dry
conditions. This observation is characteristic of the DAC cycling
times that are far from thermal equilibrium. For example,
Russel-Parks and co-authors showed that PEI's mobility,
depending on the humidity level, could require >90 min to
equilibrate in humid CO, conditions,* which is much longer
than the 15 min used in DAC. Under our simulated DAC
conditions, the role of humidity can be at least two-fold. First, it
is known that H,O stabilizes carbamate species, thereby freeing

625 nm light Thermal an amine binding site for additional interaction with CO,,**>*
such that a two-fold increase in CO, capacity is, in principle,
Humid 2.80 £0.03 2.52£0.08  hogsible in the presence of H,0. Because of this binding
Dry 2.25 £ 0.03 2.72 + 0.01
1200 — 35
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Fig. 4 (A) CO, concentration (in ppm) during the 83rd and 93rd cycles, last 10 cycles of a cycling series using a dry CO, gas flow. The green-

shaded areas represent the 15 min-long adsorption half-cycle and the red-shaded areas are the 5 min-long exposures to the light when an
increase in CO; signal is detected. The photo-activated desorption, denoted in red, was initiated using the low-power 625 nm LED set to 420
mW cm 2. The line at 400 ppm serves as a guide to the eye. (B) CO, concentrations (in mml CO, per g PEl) adsorbed and desorbed during the
83rd and 93rd cycles extracted from the integrated areas of the green-shaded and red-shaded areas in (A) associated with an adsorption and

a photo-swing desorption step, respectively.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A, 2025, 13, 29334-29342 | 29337


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta02824h

Open Access Article. Published on 30 July 2025. Downloaded on 3/3/2026 10:30:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

mechanism, the presence of H,O also prevents the high degree
of polymer crosslinking that occurs in dry conditions linked to
a higher polymer mobility than in dry conditions.>»*>* Addi-
tionally, water has a higher heat capacity (4.2 J g K ") than
amine-impregnated silica (1.1-1.7 ] g~* K™') such that it can act
as a heat sink, further delaying bulk heating.®*** In other words,
additional energy is necessary to desorb the same amount of
CO, in humid gas streams, as exemplified by Wurzbacher who
measured a 30% CO, desorption energy increase between a 20%
relative humidity (RH) to a 80% RH gas stream.®* Since the
main difference between photo-swing and temperature-swing
desorption lies in local vs. bulk heating, we hypothesize that
the presence of water—and the distinct heat capacities of TiN,
H,0, and PEI—impacts the tradeoff between increased polymer
mobility (plasticity and CO, capacity) and induced thermal
“resistance” . *®%+%>

Consistent with other studies using PEI,****%” the presence of
H,O0 also affects the photo-swing CO, desorption kinetics. The
difference in the CO, desorbed in dry and humid conditions is
more pronounced for prolonged light exposures as inferred by
Fig. S5. While in dry flow, the peak CO, desorption is reached
within the first minute of heat or light applied, in the humid
system, CO, desorption seems to be slower, to exhibit multiple
desorption events, and to require close to 2 minutes to reach
maximum desorption levels. In the photo-swing process, the
trace in Fig. 3C hints to more features, which could be related to
localized heating desorbing H,O heterogeneously throughout
the samples.

3.3 Effect of photo-cycling - 93 cycles

Introducing a mechanical shutter mechanism between the LED
and the sample, a continuous flow of dry 400 ppm CO, gas
stream was exposed to the sample for 33 hours, allowing for the
measurement of >90 photo-swing adsorption—-desorption cycles
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over the TiN. Fig. 4A shows the CO, evolution during cycle 83
and 93 that are representative of the other cycles during this
experiment. The difference of 2.4 vs. 2.18 mmol CO, per g PEI
recorded during the photo-desorption step in Fig. 2 and 4,
respectively in the same experimental conditions is mainly
attributed to the slight differences in LED alignment for the two
sets of experiments, since photo-activated systems are very
sensitive to alignment and focus, as can be seen from Fig. S6.
Comparing the amount of CO, adsorbed and desorbed per
cycle, Fig. 4B shows a 1-to-1 transfer for each of the 10 cycles.
Additionally, over 93 cycles, the ratio of CO, adsorbed and
desorbed remained constant, but the CO, capacity decreased by
0.096 mmol CO, per g PEI, equivalent to 4% (Fig. S7). Leaching
or thermal degradation of the PEI is known to occur, especially
in dry and dilute CO, flow conditions. Compared to the few
reports of cycling experiments in similar conditions, no degra-
dation over 10 cycles and 7% degradation over 25 cycles,***’ our
value seems promising, especially because the photo-swing
approach allows for the optimization of illumination duration
or power to prolong the material durability. However, these
cycling experiments were performed under simulated condi-
tions in the absence of oxygen. Thanks to the recent overview on
the competing kinetic pathways of oxidative degradation of
PEL*® it is expected that the mild degradation we observe could
be accentuated when cycling under real-life operation if oxygen
is not purged from the sorbent prior to illumination. Despite
mild degradation over 93 cycles, PEI exhibits compatibility with
the photo-induced local heating.

3.4 Effect of applied light irradiance and wavelength

LEDs with a 385 nm and 625 nm were tested and compared with
a broadband light, also referred to as white light. For each LED,
the set current was varied according to the LED's range (0-1000
mA for white and red light, 0-700 mA for UV light) and the
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Fig. 5 Measured CO, desorption (mmol per g PEl) as a function of set light intensities in dry (A) and humid (B) conditions, with the lines between
data points acting as guides to the eye. The sample was exposed to 400 ppm CO,/N, for 15 min, and to various light sources and intensities (or
temperature) for 5 min. Error bars represent the standard deviation of three independent measurements. In both graphs, the green line shows the
CO, desorbed from bulk heating of the contactor, where the shaded region is representative of the standard deviation over 3 cycles. The
standard deviation for the photo-swing desorption was also included in the graphs in the form of error bars that are often smaller than data

markers.
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associated irradiance (10-420 mW cm ™ ?), also referred to as
power density, was measured and is summarized in Table S1.
The amount of CO, was measured under these conditions for
dry and humid CO, gas flow, as shown in Fig. 5A and B,
respectively. It has been previously shown,* that distinguishing
between a photothermal and photochemical mechanism based
on light power dependence can be challenging. This difficulty
arises because a shallow exponential curve, characteristic of
a photothermal process, can closely resemble a linear curve,
typical of a photochemical process. This similarity is evident in
the fit of our results, as illustrated in Fig. S8. However, upon
closer examination, the exponential function provides a better
fit to our data, particularly in the humid CO, stream case. Based
on this observation, we conclude that plasmonic heating is the
primary mechanism driving the photo-wing DAC process.
Specifically, the local temperature increase caused by light
absorption in TiN is proportional to the light power applied to
the sample, resulting in CO, release. The white light has the
shallowest increase of the 3 LEDs, consistent with a small
irradiance value (see Fig. S3) and discontinuous spectrum in the
range of interest, 380-750 nm. The UV light desorbs the most
CO,, closely followed by the red light, consistent with both, the
UV and red wavelengths aligning with TiN's absorbance band.
In the humid flow, the overall CO, photo-desorption increases
for all three lamps. While the CO, desorption increases simi-
larly to the dry case for the white light, there is an inflexion
point ~400 mA and ~700 mA for the UV and red light, respec-
tively. This behavior could be indicative of a mass-transfer
limited regime, due to efficient CO, desorption being close to
the saturation capacity of the PEI system. A competitive mech-
anism could be a heat transfer limitation of the material system
due to illuminating only one contactor half.

4. Conclusion

In conclusion, our study shows the potential of photo-swing
CO, capture using branched PEI-based contactors enhanced
by cost-effective plasmonic TiN and low-power LEDs. Notably,
our findings reveal that even with illumination on just one side
of the contactor, the photo-swing method achieves comparable
CO, desorption levels to traditional thermally driven processes.
This exceptional desorption capacity is likely attributed to the
localized heating facilitated by plasmonically activated TiN,
coupled with its high thermal conductivity, releasing >99% of
adsorbed CO, in 5 min. Moreover, our extensive cycling exper-
iment, spanning >90 cycles, underscores the remarkable
stability of the TiN light absorber and the photothermal dura-
bility of the aminopolymer indicating the long-term resilience
of these materials in the photo-swing CO, capture process.
Compared to existing and emerging DAC technologies, photo-
swing DAC paves a way towards a fast process with reduced
thermal energy penalties. To accurately assess the true potential
of this lab-scale technology as a cost- and energy-competitive
DAC solution, we recommend the development of a dedicated
sorbent architecture able to maximize the interaction of light
with the photo-responsive material and optimize operating

This journal is © The Royal Society of Chemistry 2025
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conditions, including light type and applied optical power, to
enhance photon-to-desorbed-CO, efficiencies.

The implications of our findings offer potential practical
solutions to the environmental challenge of carbon removal
from the atmosphere. For instance, the light-driven desorption
approach could be particularly advantageous in cold climates
where the energy efficiency of steam-driven processes is
compromised. Furthermore, the application of photo-swing
CO, capture in small modular reactors for DAC not only miti-
gates the cost constraints associated with steam-driven
methods but also reduces the initial capital investment
required, thereby fostering widespread adoption and utilization
of DAC technology. Lastly, our research introduces a promising
avenue for enabling reactive capture within aminopolymer
systems, historically hindered by CO, slip from the sorbent
occurring before requisite catalytic conversion temperatures
can be reached (>200 °C),* temperatures which also decompose
the polymer. Photocatalysis, however, can lower activation
energies and enable low temperature -catalysis, offering
unprecedented opportunities to leverage mature
aminopolymer-based capture media for efficient and sustain-
able CO, capture and conversion processes.
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