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Carbon capture in electrochemical cells generally relies on the local pH difference at the two
electrodes, which results in high pH overpotentials and high energy consumption. Here, we integrate
CO, absorption and in situ CO,/sorbent regeneration steps in a single electrochemical reactor for
reduced energy consumption, a simplified process design, and improved reactor stability. By directly
feeding the carbon source into the cathode chamber while performing the CO, and sorbent
regeneration electrolysis from (bi)carbonate solutions, we successfully demonstrate in-cell carbon
capture and the mitigation of local pH elevation, which effectively reduces the pH overpotentials and
enhances the electron efficiency. Our system enables predominant bicarbonate-based CO, capture
under point-source conditions, requiring only ~48 kJ mol~ CO, for onset capture and ~180 kJ mol™*
CO, at 100 mA cm™2. This strategy achieves high sorbent utilization efficiency, improved electron
utilization, and reduced energy consumption, enabling stable carbon capture operation (3.5% CO,
concentration input) at 50 mA cm™2 for over 1000 hours, with the cation transport efficiency maintained
above 807%.

Decarbonizing energy and industrial systems require carbon capture technologies that combine low energy consumption, operational durability, and scalable
process integration. Electrochemical carbon capture has emerged as a promising alternative to thermally driven regeneration because it can directly couple
electricity with sorbent regeneration under mild conditions. However, many existing systems rely on large pH gradients between electrodes to release CO,,
which inherently generates significant pH overpotentials, reduces electron efficiency, and increases the overall energy demand. Consequently, reactor

architecture and interfacial transport management have become critical challenges for the practical deployment of electrochemical carbon capture. Here, we
address this challenge through an integrated reactor design that couples CO, absorption with in situ electrochemical CO,/sorbent regeneration while
promoting bicarbonate-mediated capture pathways. This configuration moderates local pH accumulation and maintains effective ionic transport, thereby
reducing pH-related energy losses and improving sorbent utilization and electron efficiency during continuous operation. Stable performance at low CO,

concentrations further supports applicability to flue gas and dilute carbon streams. More broadly, this work demonstrates how reactor-level integration and
microenvironment engineering can advance electrically driven carbon capture toward scalable and energy-efficient carbon management technologies.

Introduction

the atmosphere has become more urgent than ever. Captured CO,
can be converted into value-added chemicals, such as carbonates

As fossil fuels remain a significant part of the global energy
production and industrial processes, the effective mitigation of
continuous carbon pollution from different point sources into
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or fuels, or transported to suitable storage sites, where it is securely
stored to prevent it from re-entering the atmosphere.’™ In recent
years, beyond point source capture, direct air capture has started
playing an important role in capturing CO, directly from the
atmosphere, offering the flexibility to install facilities near renew-
able energy sources and geological storage sites and improving the
reliability of carbon feedstock supply chains for certain chemical
manufacturing processes.*”

Recent advancements in carbon capture, utilization, and
storage (CCUS) technologies have led to significant developments
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in new capture materials and processes, but scaling them up for
industrial applications remains challenging.”® The widely used
chemical absorption method, based on organic amines, is effec-
tive but suffers from several major limitations, including solvent
degradation and equipment corrosion, highlighting the urgent
need for more efficient and stable alternatives. In addition, con-
ventional amine-based CCS systems still require substantial
energy input, with parasitic electrical demands of ~30-50 k] mol *
CO, and thermal regeneration energies reaching ~2-4 GJ per ton
CO, (88-176 kJ mol™' CO,).°™** Inorganic alkaline solutions,
particularly hydroxide-based systems, present a promising
solution for carbon capture owing to their high capture effi-
ciency, low material costs due to the abundance of alkali
metals, high chemical stability, and good scalability for indus-
trial use.'® However, due to the high chemical stability of the
alkali metal carbonates formed when CO, reacts with hydro-
xides (such as Na,COj; or K,CO;), cation exchange with Ca*" is
often required to produce CaCOj3, which is then subjected to
high-temperature (~900 °C) calcination for CO, release and
sorbent regeneration. While this calcination step is a well-
established and widely scaled industrial process, particularly
in cement production, its high energy demand and reliance on
natural gas as a thermal energy source present significant
barriers to large-scale deployment (Fig. 1a).

Emerging electrochemical methods present a potential
breakthrough for addressing the above-mentioned challenges
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in current carbon capture technologies."*™° Instead of relying
on high-temperature calcination processes to split metal ions
from carbonates for alkaline and CO, regeneration, novel
electrochemical processes have been demonstrated to effec-
tively split carbonate salts into alkaline sorbents and high-
purity CO, during room-temperature and ambient-pressure
operations (Fig. 1b).">*° Compared with other electrochemical
carbon capture technologies using redox-active organic
molecules,”™" the electrochemical splitting of alkali metal
(bi)carbonates (NaHCO; or KHCO;) avoids the use of hazardous,
air-sensitive, or poor-cycling-stability materials. Our recent work
on a three-chamber cation exchange membrane (CEM)-based
porous solid electrolyte (PSE) reactor demonstrated that electro-
chemical regeneration can efficiently produce hydroxide and
recover CO, from absorbents, showing significant advantages
compared to conventional thermal regeneration processes.*'
By flowing (bi)carbonate solutions through the middle PSE
layer while carrying out redox reactions at the cathode and
anode, the reactor continuously acidifies the carbonate
solution, regenerating high-purity CO, from the PSE layer while
simultaneously basifying the cathode chamber as cations are
drawn into it.>»>> However, there are still challenges for this
approach to be practically implemented."®*® For instance, in
air contactors, the carbon capture process typically halts at the
carbonate phase due to the slow reaction kinetics of bicarbo-
nate formation. Regenerating CO, from carbonates requires
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Fig. 1 Comparison between calcium looping and electrochemical CO, capture. (a) Schematic of the pilot-scale CO, capture process via calcium
carbonate looping. (b) Schematic of the electrochemical CO, capture from flue gas or air using our solid electrolyte reactor for complete carbon capture.
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twice the number of electrons compared to bicarbonates, as
each carbonate involves the transfer of two protons (H").>*?’
This reduces electron efficiency and increases energy consump-
tion.>>*”% Another challenge is that although a sharp pH
gradient between the cathode and anode is needed to generate
a chemical potential difference that can be used for CO, and
sorbent regeneration, this pH difference also contributes to
large pH overpotentials, which dramatically increase the energy
consumption.>® Therefore, addressing these drawbacks is
crucial to further improve the feasibility and energy efficiency
of this electrochemical carbon capture method.

In this work, we demonstrate an integrated carbon absorp-
tion and regeneration process in a single PSE reactor unit for
significantly reduced energy consumption and improved opera-
tional stability. By directly feeding the CO, source gas, typically
containing O,, into the cathode chamber while performing an
oxygen reduction reaction (ORR), we leverage the locally high-
concentration hydroxides at the cathode/CEM interface for
efficient CO, absorption and hydroxide utilization. Compared
with in-cell alkaline generation, followed by out-of-cell carbon
absorption, this in-cell CO, capture design not only simplifies
the overall carbon capture process design by eliminating the
CO, absorption unit, but also, more importantly, effectively
neutralizes the interfacial pH for significantly lowered pH
overpotentials and improved Na' transport efficiency (fna+)-
Specifically, at an operating current density of 50 mA cm™>
and a 10% CO, concentration for carbon capture, the cell voltage
decreases from 1.70 to 1.51 V, while ty,. increases from 92.6% to
96.0%, representing a 15% improvement in energy consumption.
By carefully matching the operating current density with the input
CO, concentration, we capture carbon from point-source streams
(1% to 20%), predominantly in the form of bicarbonate, which
delivers ~48 k] molco, * for onset capture and ~ 180 k] molgo,
at 100 mA cm™ > (under a 10% CO, feed). While performing the

co,

a b
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same ORR/OER redox electrolysis, this new design requires a
~53% lower energy input compared to the previously reported
anion exchange membrane-proton exchange membrane (AEM-
PEM) PSE reactor system,?® which predominantly captures CO,
via the formation of carbonates, due to significantly enhanced
electron efficiency. More importantly, due to the robust chemical
stability of CEMs, our CEM-based PSE carbon capture reactor
shows excellent long-term reliability, delivering an ultra-stable
carbon capture operation at 50 mA cm™ > for over 1000 hours
while maintaining a transport efficiency of >85% and an electron
efficiency of >65%. Notably, our approach is also effective
for direct air capture, with an onset energy consumption of
~52 K] molo, " and 203 kJ molgo, ' at 5 mA em >, as well as
an electron efficiency of over 70%. The operational flexibility of
the integrated system enables carbon capture to be performed
near renewable energy sources, providing a pathway to improving
the overall energy efficiency in CCUS applications.

Results and discussion

Integrated electrochemical CO, absorption and regeneration
design

Our system can be implemented for different CO, sources,
ranging from flue gas capture to DAC. The overall process of the
electrochemical CO, absorption and regeneration loop is illu-
strated in Fig. 2a. The loop begins with the reduction of oxygen
to generate hydroxide ions (OH) at the cathode, which react
with CO, from the gas feed to form (bi)carbonates. These
captured carbon species then flow to a buffer chamber, where
they react with protons generated at the anode to release high-
purity CO, gas. Meanwhile, oxygen is regenerated at the anode
and recirculated to the cathode to complete the cycle. Through
this loop, CO, from flue gas or air is continuously separated

@ CO,-rich gas
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CEM  cathode |
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1 CO,-lean
i gas

Flue gas Air
2 0, etc.)

Fig. 2 Schematic and demonstration of electrochemical CO, capture in a solid electrolyte reactor. (a) Process of the electrochemical CO, absorption
and regeneration loop from flue gas or air in our solid electrolyte reactor. (b) Schematic of the electrochemical carbon capture and CO, regeneration
process. The terms PEM and CEM are used in this work to distinguish their functional roles: PEM is applied when H* transport is desired, while CEM is used
when Na* is the target cation. (c) Lab-scale set-up for electrochemical carbon capture and pure CO, regeneration (pump and air flow meters ignored for
simplicity). Green line 1: pure CO, gas/liquid mixture (pH: near-neutral or acidic); green line 2: CO,-lean gas/absorbent mixture (pH: near-neutral or
basic); green line 3: CO,-rich gas/liquid mixture (pH: near-neutral or acidic); blue line: liquid (required by the pump to control the liquid flow rate); and
red line: gas (required by the airflow meter to control the gas flow rate).
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into pure CO, without any consumption or generation of other
chemicals.

The process is facilitated by a three-chamber electrolyzer
architecture consisting of a cathode, a PEM-separated buffer
chamber packed with a porous solid electrolyte (PSE) layer, and
an anode (Fig. 2b). At the anode, the oxygen evolution reaction

1
(OER, H,0 —2e~ — 2H" +§Oz) supplies both protons and

oxygen, catalyzed by an OER catalyst. The oxygen produced is
recirculated to the cathode, where the oxygen reduction reac-
tion (ORR) occurs on catalysts such as Pt/C or Co single-atom
catalysts.>® The ORR generates OH, which reacts with CO,

1 1
to form bicarbonate (CO, + ZOQ + §H20 +e” — HCO;57) or

1
carbonate (CO; + 502 +e~ — CO3>7), depending on the cap-

ture conditions. The protons produced at the anode transport
across the PEM into the middle buffer chamber, where (bi)car-
bonate species react with H" to regenerate CO, and water
(COs*” + H - HCO;, HCO;™ + H" — CO, + H,0). Cations
migrate from the buffer chamber to the cathode across the
CEM to balance the charge. Overall, the electrolyzer converts
CO, from flue gas or air into high-purity CO, (net reaction: CO,
(flue gas or air) — CO, (pure)) without net consumption of
chemical sorbents, enabled by coordinated flow, ion transport,
and chemical transformations within the cell. The photograph
of the electrochemical cell design is provided in Fig. 2c.
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For a typical CO, regeneration from (bi)carbonates, we
compared three different operation cases with different pH
overpotentials, as shown in Fig. 3. In all three cases, the CEM is
required to separate the middle chamber and cathode compart-
ment for selective Na* transport (Fig. S4). The CEM is essential
to suppress uncontrolled ion crossover, which would otherwise
eliminate the pH gradient and disrupt the decoupled capture-
regeneration mechanism, resulting in significant performance
degradation. In the first scenario, we consider independent
CO, absorption and regeneration steps. In this case, we do not
flow CO,-containing gas into the cathode chamber, resulting in
the generation of alkaline sorbents, while a high-purity CO, gas
stream is regenerated inside the PSE layer from (bi)carbonates.
The regenerated alkaline sorbent then flows to the downstream
air contactors for the carbon capture process. In this case, we
create a sharp pH difference between the anode and cathode
interface, and we will have the largest pH overpotential during
electrolysis operation. In the second case, we include CO, in the
cathode inlet gas composition (containing both O, and CO,),
which reacts with the in situ-generated hydroxide ions right
at the cathode/membrane interface to form (bi)carbonates,
effectively decreasing the cathode interfacial pH. These
carbon-containing ions flow to the middle chamber and
react with protons from the anode to release pure CO,. In this
case, the carbon absorption and carbon regeneration steps are
integrated and happen simultaneously, and the pH difference
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Fig. 3 Electrolyzer configuration optimization. (a) Schematic illustration of ion transport in three electrolyzer configurations for the integrated
electrochemical carbon absorption and regeneration process: (i) 3-chamber PSE electrolyzer with a pure O, feed; (ii) 3-chamber PSE electrolyzer
with a CO,-0, mixed feed; and (iii) 2-chamber PSE electrolyzer with a CO,-O, mixed feed. (b) Corresponding cell voltage breakdowns for

configurations (i)—(iii).
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between the cathode and anode is reduced due to CO,-(bi)car-
bonate buffering effects. In the third scenario, because the
cathode side interfacial pH now has limited room to be further
lowered, we could consider adjusting the anode pH by remov-
ing the PEM and forming a two-chamber reactor system. When
the PEM in the anode is removed, OER-derived protons are
effectively buffered by (bi)carbonates in the PSE layer to form
carbonic acid and release CO,. This will result in an elevated
pH at the anode interface, further lowering the pH overpoten-
tial of the cell. However, the penalty here is the mixture of the
regenerated CO, stream with the O, stream from the OER,
which necessitates additional separation processes to isolate
pure CO, and O, for subsequent use or storage. While the CO,
concentration (80% when considering regenerating bicarbo-

1 1
nate, HCO;™ + EHzo —e~ — CO, + H,O + 502) is signifi-

cantly improved compared to the cathode feed, this
operational mode may find limited application scenarios.

The practical cell voltage (Vceipractical) can be expressed
using the following equation:

2.303 x RT

Veell practical = 7 (PHpasitied — PHacidified)

+ ern,overpotential + le (1)

where R is the universal gas constant (8.3144 J K~ mol '),
T is the temperature, and F is the Faraday constant (9.6485 x
10" C mol ). This equation, derived from the Nernst equation,
accounts for the pH gradient across the cell. pHpasifiea refers to
the pH at the cathode interface in the basified compartment,
while pH,iqifiea represents the pH at the anode interface in the
acidified compartment.

This equation incorporates three main contributing factors:
(1) pH overpotential, (2) catalyst overpotentials for the anodic
and cathodic half-reactions (activation energy barriers), and
(3) the internal resistance (ohmic drop) of the cell. In this study,
Vixn,overpotential T€fers to the overpotentials of anodic OER and
cathodic ORR catalysts, while the cell resistance (iR) includes
PSE resistance, membrane resistance, and electrode resistance.

For pure CO, and sorbent regeneration (case (i)), the PEM
and CEM are both utilized, with a pure O, feed at the cathode,
resulting in a highly acidic interface at the anode and a strongly
basic flow at the cathode. In case (ii), following the integration
of CO, absorption into the system, the pH of the cathode flow
can decrease due to the direct reaction between the generated
OH™ and CO,. The pH can be reduced to 8-10 if the captured
product is bicarbonate or to 11-13 if the product is carbonate.
In case (iii), the anode pH can significantly increase after
removing the PEM at the anode side. Without the PEM acting
as a proton channel, the proton concentration at the anode
gradually decreases as protons react with (bi)carbonate ions.

Effects of In-Cell CO, absorption on PSE electrolyzer
performance

To validate the hypothesis from Fig. 3 and investigate how the
CO, concentration and current density affect the performance
of the PSE electrolyzer, we varied these parameters and

This journal is © The Royal Society of Chemistry 2026
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evaluated their impact on key metrics such as cell voltage, ion
transport efficiency, and pH changes. Fig. 4a illustrates the
current-voltage (IV) curve and sodium transport efficiency of a
three-chamber PSE reactor supplied with a 10% CO, feed at the
cathode (case (ii)). At a current density of 50 mA cm™?, the cell
voltage is approximately 1.51 V, while at 100 mA cm ™2, the cell
voltage increases to 1.75 V. Compared with systems where
carbon capture takes place outside the electrolyzer (pure O,
feed), the cell voltage is higher than that of the integrated
system. This increase can be attributed to the increased catho-
dic pH, as shown in eqn (1), resulting from the existence of
hydroxides instead of (bi)carbonates. Additionally, the sepa-
rated system shows a slightly lower cation transport efficiency
(Fig. S6 and S7), which can be attributed to the higher proton
crossover from the middle chamber competing with Na* (or K)
transport at high pH in the absence of CO,. The energy
consumption for carbon capture is displayed in Fig. 4b, demon-
strating that the presence of CO, at the cathode lowers the
energy inputs due to the synergistic effect of the lowered cell
voltage and improved Na' transport efficiency. The onset
energy consumption of 10% CO, capture is approximately
50 KkJ molCOz_l, with the average consumption ranging from
140 to 190 k] molco, " at 50 mA cm ™2,

According to eqn (2), only the cathodic pH (pHa. ) is relevant
to the CO, concentration. Therefore, the relationship between
the cell voltage and pH.,, was further investigated. Based on
the Nernst equation, the cell voltage difference (AV) between
CO,-free (case (i) in Fig. 3a) and CO,-fed (case (ii) in Fig. 3a)
cathodic conditions is given by the following equation:

2.303 x RT

AV
F

(pH - pHcatAii)' (2)

cat,i

Therefore, the cathodic pH difference (ApHcathode = PHeat,i —
PHca¢,ii) between the two conditions can be calculated using the

equation ApH_,, As shown in Fig. 4c and Fig. S8, the

AV
~0.0591°
pH under 10%-CO,-fed conditions decreases more significantly
at lower current densities, indicating the formation of HCO;~
from OH™ and CO, and more efficient OH ™ utilization due to
an excess of CO, compared to OH . As the current density
increases and more OH™ is generated, catholyte products
gradually change from HCO;~ to CO;>~ due to limited CO,
mass diffusion. Fig. 4d presents the cell voltage and ApH,,, at
various CO, concentrations at a fixed current density, demon-
strating that increasing the CO, levels at the cathode helps
push the carbon absorption reaction towards bicarbonate,
resulting in lower cell voltages and greater pH drops. The
decreasing slope of the upward trend is mainly due to the
buffering capacity of (bi)carbonate ions. This demonstrates that
the current density and CO, concentration not only affect the
capture or sorbent generation rate but also modulate the
electrochemical environment under the cell conditions.

To quantify how efficiently the regenerated sorbent is used
to capture CO, in a single-pass flow through the cathode,

Energy Environ. Sci.
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Fig. 4 Effects of the CO, feed and cathodic pH on the PSE electrolyzer performance. (a) |-V curve and Na* transport efficiency. (b) Energy consumption
of the PSE electrolyzer with feeds of 10% CO,-90% O, and pure O,. (c) Cell voltage shifts and the corresponding cathodic pH differences (ApHcat)
between 10% CO, and pure O, feeds across varying current densities. (d) Cell voltage shifts and the corresponding cathodic pH differences (ApHca) at
25 mA cm~2 across different CO; ratios. Here, ApH_at represents the difference in the cathodic pH under the CO,-fed and CO,-free (pure O,) operating
conditions. The pH differences are derived from the voltage shifts observed when switching from 0% CO, (pure O, feed) to different CO, concentrations
at 25 mA cm™2. In both (c) and (d), the right-axis pH values are calculated from the left-axis voltage values, and the plotted curve corresponds to both
axes. (e) Distribution of the captured CO, species as a function of the CO, concentration and current. (f) Sorbent utilization efficiency (SUE) as a function
of the CO, concentration and current, obtained and processed from experimental data.

we defined the sorbent utilization efficiency (SUE) as follows:

SUE =

[NaHCO3] + [N32CO3]

[HCO5™] + [CO5*7]

[NaOH]
Ko
- [Nat]”

- [Na+]

€)

The SUE indicates the chemical form in which CO, is
captured: a 50% sorbent utilization efficiency corresponds
to CO, being captured as CO;*, while a 100% efficiency

Energy Environ. Sci.

represents full conversion to HCO; . Importantly, the SUE
obtained in this work from titration (Fig. S9) reflects only
HCO; ™ and CO;>~ produced from electrochemically generated
OH, excluding contributions from dissolved CO, or H,COj;.
Thus, the SUE quantifies only the portion of electrochemical
OH" that is converted into bicarbonate or carbonate and not
the CO, that dissolves without consuming OH™ . When com-
bined with the Na' transport efficiency (¢ya.+), which is charac-
terized by an increase in the Na* concentration at the cathode,
the overall electron efficiency for CO, capture (EEco,) can be

This journal is © The Royal Society of Chemistry 2026
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calculated. EEco,, defined as the ratio of captured carbon
species to the total electrons used, serves as a key metric for
evaluating capture effectiveness as follows:

- Total captured carb
CO; electron efficiency (EEco,) = ota c;[;;iee_mr on

_ n(HCO3‘)+n(CO32_)7 4)

Total e

EEco, = tna— X SUE (5)

Assuming ty.+ = 100%, the EE reaches 100% for bicarbonate
formation and 50% for carbonate formation. This difference
arises from the reaction stoichiometry: one bicarbonate reacts
with one proton (and thus one electron) to form CO,, whereas
one carbonate requires two protons—one to convert to bicarb-
onate and another to generate CO,.

To illustrate how operating conditions influence the sorbent
utilization efficiency, we quantified the bicarbonate composi-
tion, defined as the ratio of n(HCO;™) to total carbon species
(measured by acid titration), at various CO, concentrations and
currents, and then, we visualized captured CO, species and
sorbent utilization efficiency with contour maps generated
from experimental data (for more details, see the SI). As shown
in Fig. 4e, higher CO, concentrations or lower current densities
promote increased HCO;~ formation. When converted to the
sorbent utilization efficiency using eqn (3), Fig. 4f shows how
the sorbent utilization efficiency varies with the CO, concen-
tration and applied current. Therefore, the cathodic pH differ-
ence, which reflects the bicarbonate composition and is a key
indicator of the sorbent utilization efficiency, increases at
higher CO, concentrations but decreases at higher current
densities. These results highlight the intrinsic balance between
the CO, concentration, current density, and cell voltage in
determining the performance of the PSE electrolyzer. By care-
fully matching the input CO, concentration and the corres-
ponding operating current density, a high sorbent utilization
efficiency can be maintained to deliver high electron efficiency
in carbon capture.

PSE electrolyzer performance and stability study for carbon
capture

To evaluate the impact of catholyte Na' accumulation on
reaction efficiency and stability, we first conducted a cation
mass balance analysis during the continuous, integrated elec-
trochemical carbon absorption and regeneration process. This
involved the continuous flow of the middle buffer chamber
stream (1.0 M NaHCO; at 60.0 mL h™") and the cathode stream
(1.0 mL h™"), as shown in Fig. 5a. At a current of 50 mA, the
theoretical increase in the Na' concentration in the cathode
stream is approximately 1.86 mmol h~', which should be
matched by a corresponding Na" decrease in the middle PSE
layer stream if the cation mass balance is maintained. This
value will be around 1.64 mmol h™" when considering a Na*
transport efficiency of 88%. According to the ion chromato-
graphy result, the Na" concentration drops by ~0.0265 M in the

This journal is © The Royal Society of Chemistry 2026
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PSE layer stream, while the concentration in the cathode
stream increases by ~1.65 M, corresponding to 1.59 mmol h™*
and 1.65 mmol h™', respectively. The decrease in the Na*
amount from the PSE layer stream closely matches the amount
detected in the catholyte, confirming the Na' mass balance
between the middle buffer chamber and the cathode. The
sorbent utilization efficiency and electron efficiency were eval-
uated based on the (bi)carbonate species in the catholyte and
tna+ As shown in Fig. 5b, the SUE and EE for point source
capture using 10% CO, are higher than 60% and 50% at
200 mA cm ™, respectively. To explore the maximum absorbent
concentration that our PSE reactor could achieve in the cath-
ode, we performed an additional experiment with a decreased
flow rate of the catholyte at 200 mA (Fig. S11). The Na" transport
efficiency remains stable at ~85% even when producing a
Na' concentration as high as 5.0 M at a DI water flow rate of
1.3 mL h™' (together with O, as the gas input), suggesting that
catholyte Na® accumulation has no significant impact on
cell performance. However, with a further reduction in the
catholyte flow, carbonate salts may crystallize and block the
membrane, decreasing the cation transport efficiency, espe-
cially considering that the theoretical solubility of Na,CO; is
only 2.6 M at room temperature.

The advantages of our three-chamber PSE reactor design can
be clearly demonstrated by comparing its intrinsic electro-
chemical performance with other cell configurations. Compared
to a conventional two-chamber membrane electrode assembly
(MEA) electrolyzer, where both electrodes directly contact the
CEM, the middle chamber in the three-chamber configuration
functions as an important “PSE layer” buffer. The “PSE layer”
buffer effectively dilutes proton flux at the anode-membrane
interface, reducing the proton competition for Na“ transport
across the CEM by separating the acidic and basic interfaces.
Moreover, the PSE layer facilitates good ionic conduction in
the middle chamber, promoting Na" transport across the CEM.
As shown in Fig. S12 and S13, after replacing the three-chamber
PSE configuration with a two-chamber MEA configuration, the cell
voltages increase drastically, suggesting a repulsion effect at the
interface, where protons hinder Na* transport.

The anodic pH also significantly influences the cell voltage,
as discussed above. When the PEM (Nafion membrane) is
removed (Fig. S14), the anode is in direct contact with the
PSE layer, which results in a cell voltage decrease of approxi-
mately 0.5 to 0.6 V. Elevated temperatures generally accelerate
the electrolysis process by increasing ion mobility in the
electrolyte and facilitating reactions at the electrode surfaces,
leading to increased rates of electrochemical reactions.
As shown in Fig. S15, an increased temperature yields a lower
cell voltage. At 70 °C, the cell voltage decreases by approxi-
mately 150 mV at 100 mA cm 2, compared with the cell voltage
at room temperature, indicating enhanced reaction kinetics.
The energy consumption for flue gas carbon capture with
different concentrations is demonstrated in Fig. 5c, with an
onset value of ~48 k] mol™" CO,. The 2-chamber PSE configu-
ration shows the lowest pH difference but shows increased cost
due to the use of the CO, and O, mixture. Compared with other
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Fig. 5 Electrochemical characterization and stability of the PSE electrolyzer for point source carbon capture. (a) Na* mass balance between the middle
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Detailed parameters are summarized in Table S3. (e) 1000 hour stability with a 3.5% CO, feed at a constant current density of 50 mA cm~2. CO, electron
efficiency was calculated based on the CO, regeneration rate from the middle chamber. The 3-chamber PSE cell demonstrated good stability with a

minimal voltage increase.

emerging technologies for point source capture (Fig. 5d), our
proposed method shows one of the lowest energy consump-
tions at higher capture rates.

To evaluate the practical long-term stability of our PSE
device for this integrated carbon absorption and regeneration
process, we conducted an extended carbon capture experiment
(Fig. 5e). The stability was evaluated by applying a constant
operating current density of 50 mA cm™?, with a 3.5% CO,
feed at the inlet of the cathode and 500 mL of a 1.0 M
NaHCO; solution as the starting stock solution for the middle

Energy Environ. Sci.

chamber during the whole course of stability testing (flow rate:
60 mL h™"). Please note that this starting carbonate solution
can be fully regenerated as CO, in 268 hours of operation if no
carbon capture is performed to recharge the (bi)carbonate ions.
Benefiting from reliable electrocatalysts, membranes, porous
solid electrolytes, a less alkaline cathodic condition, and the
three-chamber PSE cell configuration, our electrolyzer shows
excellent stability in capturing CO, at the cathode and regen-
erating high-purity CO, at the middle chamber. The three-
chamber PSE reactor can be stably operated for more than

This journal is © The Royal Society of Chemistry 2026
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1000 hours, with negligible degradations in both the cell voltage
(less than 50 mV increase) and ¢y, (maintained at >80% after
1000 hours). No additional (bi)carbonates or alkaline solutions are
used during the 1000 hour operation, with pure CO, generated
from the absorbent (Na,CO; and/or NaHCOj; as captured carbon
species), demonstrating the “integrated absorption and regen-
eration” concept in this study. Under a 50 mA cm > cell
electrolysis current, approximately 32.8 mL of CO, can be stably
captured as a pure phase in each hour, with an average energy
consumption of 235 kJ molco, ' (equivalent to 5.3 GJ ton ™).
The slightly higher energy consumption is mainly attributed to
the reduced electron efficiency resulting from the lower CO,
concentration used (3.5% instead of 10%). When scaled up to
a 1 m” electrode device, this corresponds to a production
rate of approximately 14.2 kg of pure CO, per day. Notably,
this represents a 33% reduction in the energy input compared
to the previously reported AEM-CEM PSE reactor system
(~350 kJ molco, " at a similar CO, capture rate).**
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Electrochemical preformation in direct air capture (DAC)

DAC enables the removal of CO, directly from the atmosphere,
offering a versatile approach to carbon capture independent of
emission sources. Building on the robust performance of our
PSE device in point source capture, we further explored its
applicability for DAC, where atmospheric CO, concentrations
are significantly lower (~400 ppm). Despite the lower concen-
tration, the same principles of electrochemical reactions and
the robust architecture of the PSE electrolyzer ensure effective
CO, capture. Notably, the cathode’s operation in oxygen-rich air
allows the oxygen generated at the anode to be collected,
enabling the co-production of pure O, and pure CO,.

The electrolyzer behavior differs notably when capturing
atmospheric CO, (400 ppm) compared to concentrated CO,
feed streams (Fig. 6a and Fig. S21). At a given current density,
flue gas capture operates at a lower cell voltage than atmo-
spheric CO, capture. This difference can be attributed to
variations in the local pH at the cathode following CO,
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Fig. 6 PSE electrolyzer for direct air capture. (a) /-V curves of PSE electrolyzers for CO, capture from 10% CO, feed gas and atmospheric CO,. The flue
gas capture shows lower cell voltages at the same current density, attributed to the decreased pH at the cathode after CO, capture. (b) Sorbent utilization
efficiency and electron efficiency for DAC. (c) pH-current diagram of the catholyte outlet for CO, capture from 10% CO, feed gas and atmospheric CO,.
Flue gas capture occurs at a much lower pH and at the same current, corresponding to the same OH™ concentration. Sorbent utilization efficiency
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absorption (Fig. 4d), where a greater pH shift in the flue
gas capture contributes to reduced energy consumption. The
sorbent utilization and electron efficiencies for DAC are demon-
strated in Fig. 6b. Notably, the CEM-based PSE reactor main-
tains over 99.5% electron efficiency at 1 mA cm ™2 and ~70% at
5 mA cm >, demonstrating its flexibility and adaptability for
integrated carbon absorption and regeneration across varying
operating conditions. While the electron efficiency is lower in
DAC compared to point source capture, this difference primar-
ily arises from the much lower CO, concentration in ambient
air and the inherently slower capture kinetics. Nonetheless, the
high electron efficiency at low current densities highlights the
reactor’s strong potential for efficient DAC performance. Fig. 6¢
demonstrates that the electron efficiency is closely tied to the
pH of the absorbent. If no CO, is captured, the catholyte will
contain only OH ", resulting in an EE of 0%. In contrast, the
conversion of bicarbonate requires only one electron per CO,,
compared to CO;>~, which enhances electron efficiency and
reduces the energy demand. Furthermore, at a fixed current
and OH™ concentration, flue gas capture results in a more
substantial pH drop at the catholyte outlet compared to ambi-
ent air capture.

Energy consumptions of the PSE electrolyzer under different
conditions are shown in Fig. 6d. For DAC, the system shows
onset energies of around 50 kJ molgo, ! and ~80 kJ molgo,
at 1 mA cm 2. At a 5 mA cm > current density, it requires
~150 KkJ molco;1 for the 2-chamber PSE electrolyzer and
~200 KkJ molco;1 for the 3-chamber PSE configuration. These
results show the higher energy demand of DAC compared to
flue gas capture, primarily due to the significantly lower
concentration of CO, in atmospheric air. The system’s opera-
tional flexibility makes it well-suited for operation near renew-
able energy sources and geological storage sites, offering a
scalable and energy-efficient pathway for CCUS. Further
advancement toward practical scalability and economic viabi-
lity would require progress in several key areas to reduce
the overall energy consumption of DAC systems, including:
(i) increasing the achievable current density under dilute CO,
conditions to enhance reaction rates and reduce capital costs,
(ii) reducing electrolyzer, membrane, and catalyst costs while
improving long-term operational durability, and (iii) increasing
the retention time through electrode architecture modification
or flow channel design to improve sorbent utilization efficiency
and energy efficiency under low-concentration feed streams.
By coupling reactive absorption, local pH gradients, and elec-
trochemical regeneration within an integrated system architec-
ture, this strategy may reduce reliance on energy-intensive
intermediate steps such as thermal regeneration and separate
process units. In principle, the proposed integration could
lower balance-of-plant complexity, reduce system-level energy
losses, and improve compatibility with modular scale-up. While
significant advances in materials and operating conditions are
still required, this work highlights a potential pathway toward
future, low-cost and scalable carbon utilization systems.

A comparison between our approach and conventional CO,
absorption and regeneration technologies, such as calcium
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looping and amine scrubbing thermal, as well as three strate-
gies reported in the recent literature, is provided in the radar
plot in Fig. 6e and Table S1. While energy inputs vary across
methods, calcium looping is inherently energy-intensive,
and many electrochemical strategies suffer from high energy
consumption due to low sorbent utilization or large pH over-
potentials. In contrast, our integrated CO, absorption and
regeneration approach operates solely on renewable electricity
without any additional chemical input, requires no additional
chemical inputs, and generates no waste or pollutants owing to
its closed-loop operation and long-term air stability. Notably,
unlike the previously reported AEM system, which relies on a
carbonate-limited pathway with restricted electron efficiency,
point-source-only operation, and CO;>" transport, the integrated
Na-driven CEM system enables direct bicarbonate regeneration,
decoupled absorption/regeneration, and fundamentally diff-
erent ion transport. As a result, the presented system lowers
energy consumption (~150 vs. ~350 k] mol ™' CO,), enables
practical DAC, achieves up to 90% electron efficiency, and
demonstrates >1000 h durability. Unlike traditional methods
that separate the carbon absorption from CO,/sorbent regen-
eration, our integrated method enables the continuous, simul-
taneous absorption and regeneration of pure CO, (99.5%,
determined by gas chromatography, Fig. S22), lowering opera-
tional complexity and eliminating complicated pre-/post-
treatment such as evaporation or salt dissolution. This simpli-
fication may contribute to lower capital costs. Additionally,
compared with a separated system, the integrated system
maintains a stable operating voltage, ensuring sufficient Na*
crossover and avoiding high voltage peaks that increase energy
consumption. Importantly, the process does not involve strong
acids or bases and avoids corrosion issues commonly asso-
ciated with the amine scrubbing process. Overall, the compar-
ison demonstrates the versatility and potential of our PSE
device as a sustainable and scalable solution for both industrial
and atmospheric CO, capture. The future deployment of
the PSE electrolyzer will require considerations beyond the
single-cell configuration demonstrated here. In multi-cell
stacks, uniform electrolyte distribution, controlled pressure
drop, effective gas-liquid management, and parasitic energy
demands must be addressed. These challenges can be miti-
gated by utilizing flow-field and manifold designs that are
already established in commercial electrolyzers. Shunt currents
can be minimized through appropriate electrical isolation
strategies, and parasitic pumping and circulation loads are
expected to remain modest due to the system’s low pressure
drop. The high-purity CO, output also enables straightforward
integration with downstream CO, utilization or storage path-
ways, supporting practical CCUS implementation. Building on
these features, we propose an automated CO, capture system
that integrates CO, and electrolyte monitoring with a potentio-
stat and a central controller (Fig. 6f). By adjusting the current
density in response to the inlet CO, concentration and sorbent
utilization efficiency, the system can maintain high electron
efficiency and minimize energy consumption, enabling fully
automated and energy-optimized carbon capture.

This journal is © The Royal Society of Chemistry 2026
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Conclusion

In conclusion, we have developed a closed-loop, electrochemi-
cal system for integrated CO, capture and sorbent regeneration
that combines high operational stability with significantly
reduced energy consumption. By leveraging in situ-generated
concentrated hydroxide at the cathode for direct CO, absorp-
tion and simultaneously regenerating high-purity CO, and the
sorbent, our design eliminates the need for separate absorption
and regeneration units, streamlining the system architecture
and enhancing the overall efficiency. Co-feeding CO, with air or
0O, lowers the cell voltage and improves cation transport across
the cation exchange membrane, further reducing energy con-
sumption. Through careful tuning of the current density to
match the inlet CO, concentration, the system predominantly
converts CO, into bicarbonate under point-source capture
conditions, enhancing electron efficiency and reducing energy
consumption. This strategy achieves carbon capture at energy
inputs as low as ~48 k] mol " for onset capture and ~180 kJ mol "
at 100 mA cm™ > under flue gas conditions (10% CO, concentration)
and remains effective for direct air capture with comparable
performance. The operational flexibility and long-term stability
highlight the potential of our system as a scalable and practical
solution for low-cost, high-efficiency CO, capture.

Methods

Three-chamber PSE cell configuration and electrochemical
measurements

Salt splitting and acid/base generation were conducted in a PSE
cell. The cell configuration and operating procedure are illustrated
in Fig. 2b and c, respectively. The CEM close to the cathode
(cathodic ORR catalyst: Pt/C or Co-SAC on a hydrophobic carbon
cloth electrode) was a Nafion N2100TX or ePTFE-reinforced
Nafion membrane, and the PEM close to the anode side (anodic
OER catalysts on carbon paper, IrO, or RuO, on a gas.diffusion
layer electrode) was the Nafion-117 membrane. The active elec-
trode area was 4.0 or 1.0 cm” in this study. In the middle chamber,
Diaion (Na) ion exchange resin was employed as the PSE.>** The
flow rate at the outlet was calibrated using a measuring cylinder.
The cathode side of the cell was provided with a mixture of O, and
CO, gases at different concentrations or the atmosphere for the
ORR and CO, capture reaction. All the cell voltages in our work
were reported without any iR compensation. For flue gas capture,
a simulated flue gas (CO,, O, or atmospheric air) was prepared as
the gas input for the reactor system. All gas flow rates were
precisely controlled using mass flow controllers, and the concen-
tration of the mixture was measured and recorded using a CO,
meter (sensor from CO,Meter).”” The middle solid electrolyte
layer was continuously flowed with the (bi)carbonate electrolyte at
1.0 mL min~ ', and the cathode side was circulated with the
electrolyte at 1.0 mL h™",

Synthesis of SACs

The method used for synthesizing the Co-SAC is based on
our previously reported method with some modifications.?

This journal is © The Royal Society of Chemistry 2026
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First, 1.0 g of o-phenylenediamine, 0.44 g of CoCl,, and 2.0 g
of SiO, nanoparticle (10-20 nm, Aldrich) templates were mixed
in 20 mL of a 1.0 M HCI solution. Then, the mixed solution was
sonicated for 0.5 h and stirred for another 0.5 h. Subsequently,
12 mL of the 1.0 M HCI solution, which contained 3.0 g of
ammonium peroxydisulfate, that is, (NH,4),S,0s, was added
dropwise into the above mixed solution with vigorous stirring.
After polymerization in an ice bath for nearly one day, the
mixture was dried using a rotary evaporator. Then, the dried
powder was annealed under an Ar atmosphere at 800 °C for 2 h.
Finally, the product was treated by alkaline (2.0 M NaOH) and
acid (2.0 M H,S0,) leaching successively to remove SiO, nano-
particle templates and unstable Co-based species, respectively,
to obtain the Co-SAC. We used the same method to prepare the
Ni-SAC. The only difference is that 0.405 g of NiCl,-6H,O
and 1.0 g of SiO, were used to synthesize the Ni-SAC. The
Fe-SAC was obtained based on the procedure reported in our
previous paper.

Contour map generation

To visualize the spatial variation of the CO, concentration and
current for captured CO, species distribution (Fig. 4e) and
sorbent utilization efficiency (Fig. 4f), contour maps were
generated using experimental data. For nonuniformly spaced
points, Shepard interpolation was applied using the XYZ gridd-
ing tool to produce a regular Z matrix. The data were then
plotted using the Contour-Color Fill option, with color scales
and levels adjusted to emphasize the distribution of captured
CO, species and the orbital utilization efficiency.
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