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Electrochemical carbon capture (ECC) processes offer efficient, scalable, and
modular alternatives to conventional thermal-based methods. Among ECCs,
electrochemically mediated amine regeneration (EMAR) reached higher
technology readiness levels, moving from small-scale laboratory studies
toward pilot-scale implementations. Previous EMAR systems rely on ion-
selective membranes, which contribute significantly to the cost and present
challenges for long-term operation. This study presents a membraneless EMAR
system by fundamentally redesigning the process configuration and using gas
diffusion electrodes (GDEs) as both the anode and cathode. This setup elim-
inates the membrane and the need for additional equipment such as the
absorption column, flash tank, and pumps, significantly reducing the process

footprint and simplifying the flow diagram. Two GDE configurations, mesh-
attached and electrodeposited, are tested and compared in terms of CO,
removal efficiency, current density, and energy consumption. Electro-
deposited GDEs achieve CO, removal efficiencies above 90% with energy
consumption as low as 60 kJ/mol CO,. A techno-economic analysis estimates a
levelized cost of capture of ~-$70/tonneCO,, compared to $137/tonneCO, for
conventional EMAR. Further improvements in current density and removal
efficiency may enable costs below $50/tonneCO,. These results position the
membraneless EMAR as a potentially promising approach for cost-effective
and scalable point-source carbon capture.

The most recent Intergovernmental Panel on Climate Change (IPCC)
Assessment Report highlighted the key role of carbon capture in cli-
mate change mitigation". Electrochemical carbon capture (ECC) pro-
cesses are rapidly emerging as an alternative to conventional thermally
driven amine scrubbing for carbon capture, effectively addressing
several challenges of conventional processes, such as high energy
requirements for separation and significant absorbent degradation®™.
ECC systems also offer inherent advantages of electrochemical tech-
nologies, including high efficiency, modularity, ease of retrofitting,
and scalability>’. ECC processes have been successfully implemented
for carbon dioxide (CO,) separation from point sources®’, direct air
capture (DAC)®°, and, most recently, from seawater'®",

Depending on how redox reactions are involved, ECCs can be
categorized into four broad groups* (1) electrochemical generation
of nucleophiles®™, (2) electrochemical modulation of proton
concentration (also known as pH-swing processes)?°, (3) electro-
chemical capacitive adsorption” %, and (4) electrochemically mediated
amine regeneration’ . Additionally, some earlier-stage electro-
chemical systems are emerging, such as electrochemical mineralization
by direct amine-CO, reduction”*. Among these systems, electro-
chemically mediated amine regeneration (EMAR) has advanced to
higher technology readiness levels; it has progressed from small-scale
laboratory settings* to pilot-scale implementations, demonstrating
continuous CO, capture for extended periods nearing one week”.
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The EMAR process operates similarly to conventional amine-
based thermal approaches, but instead of using a high-temperature
scrubbing stage (typically at 120 °C), it employs a two-compartment
electrochemical cell that operates at low to moderate temperatures
(<50 °C). In this process, CO, is separated through chemical reactions
in the absorption column. The CO,-rich solution is then directed to the
anode compartment of the electrochemical desorption unit, where the
oxidation of the metal electrode and its subsequent complexation
reaction with the absorbent releases the captured CO,. This stream is
then sent to a flash tank for CO, removal and subsequently to the
cathode for absorbent regeneration, where the metal center of the
metal-absorbent complex is deposited back on the electrode. The CO,-
lean stream is then returned to the absorption column for
reuse (Fig. 1A).

Several fundamental and practical aspects of the EMAR process
were recently investigated. Various absorbent chemistries, including
different amines and ammonia, were tested” ™, and different
additives™?* and electrode configurations were suggested®*°. Key
metrics such as energy consumption, CO, separation efficiency, and
durability were monitored and optimized. Additionally, detailed ther-
modynamic analyses were conducted across a wide range of operating
conditions”*% Despite these advancements, little to no attention has
been given to modifying the process configuration (i.e., developing
alternative configurations) and the anion exchange membrane (AEM)
that separates the anode and cathode compartments. All previous
studies have used the same configuration with an AEM, as illustrated
in Fig. 1A.

A recent techno-economic analysis (TEA) of the EMAR process
aimed to identify the capital expenditure (CapEx) required for com-
ponents of the scaled-up process, including the electrochemical unit
(electrodes, electrolyte, and AEM) and process equipment (such as
compressors, pumps, condenser, etc.)*’. The results indicated that the
AEM significantly contributed to the overall CapEx, with the cost of the
membrane largely dictating the total levelized cost of carbon capture.
The function of the membrane in EMAR differs from that in other
electrochemical systems, such as flow batteries. In a flow battery, an
ion-selective membrane serves as a separator between the individual
species of each electrolyte, ensuring that the redox species remain in
their corresponding electrolyte tank**. However, in EMAR, the AEM is
essential for the efficient desorption of CO, in the anode chamber. If
the membrane is removed (Fig. 1B), the desorbed CO, on the anode
side would be reabsorbed by the regenerated amine on the cathode,
resulting in the return of a CO,-rich stream to the absorption column,
instead of the intended CO,-lean stream (as shown in Fig. 1A). Thus,
with the current EMAR configuration, removing the membrane would
lead to a critically low cyclic capture capacity and desorption effi-
ciency. Re-defining the EMAR configuration with the overall aim of
eliminating the membrane while maintaining high desorption effi-
ciency is necessary and offers substantial economic incentives, given
the considerable cost of AEMs on the CapEx and capture cost.

In this study, we developed a membraneless EMAR system by
fundamentally re-designing the process configuration. A gas diffusion
electrode (GDE), serving as a gas-breathing interface, was used as the
anode to efficiently remove the desorbed CO, from the electrolyte
before it could be reabsorbed in the cathode compartment. This
innovation effectively eliminates the need for a membrane while
potentially maintaining high desorption efficiency. Additionally, a
similar GDE was employed as the cathode, providing a gas-breathing
interface for the absorption of CO, from the gas mixture (e.g., flue gas),
thereby logically eliminating the need for a separate absorption col-
umn. The system operates in a flow-by mode, where the flue gas flows
parallel to the external surface of the GDEs. At the cathode, CO, is
selectively absorbed into the amine solution, while at the anode, a
separate sweeping gas facilitates the removal of desorbed CO,. This
selective absorption of CO,, rather than other gases present in the flue

gas (e.g., N, and O,), is primarily driven by the high chemical affinity
between the amine and CO, at the electrode interface, precisely where
the amine is continuously regenerated (Section S1 in the Supporting
Information). Maintaining an optimized flow rate of the flue gas is
critical to ensure sufficient CO, absorption while minimizing both
unabsorbed CO, and the intrusion of other gases into the electrolyte.
In addition, the hydrophobic coating on the external layer of the GDE
(which is exposed to the gas phase) effectively prevents electrolyte
leakage into the gas channel and bubbling gas into the electrolyte,
ensuring stable operation and maintaining efficient gas-liquid separa-
tion. The proposed GDE configuration is analogous to those used in
established electrochemical systems such as fuel cells**, air-
breathing batteries*’™*°, and CO, reduction cells***?, which utilize
similar gas-liquid interfaces to facilitate efficient mass transfer.

Unlike the conventional EMAR process, which mainly relies on
convection for the mass transfer of various species, the new mem-
braneless configuration relies on diffusion and migration. The trans-
port of the copper-amine complex (Cu(EDA),* aq)) and EDA-CO; (aq
complexes to their respective electrodes is facilitated by a combina-
tion of electric forces (migration) and concentration gradients (diffu-
sion). The cationic copper-amine complex is driven toward the
cathode by the electric field, while the concentration gradient across
the electrochemical cell promotes the diffusion of EDA-CO, (aq)
towards the anode. These transport mechanisms are common in other
electrochemical systems, such as thermochemical galvanic cells****,
microbial fuel cells**®, and concentration cells’’*®, where species
migrate and diffuse under non-convective forces. As a result, the new
system can operate in batch mode, eliminating the need for pumps to
circulate the electrolyte (Fig. 1C). Overall, the new design not only
eliminates the membrane as a major CapEx component but also
removes other process equipment, including the absorption column,
flash tank, and pumps, which collectively contributed approximately
40% of the CapEx of the conventional EMAR*, This streamlined design
results in simpler configuration and operation and a significantly
smaller footprint.

Two types of GDE assemblies were developed: the “mesh-attached
GDE,” where a metal mesh is mechanically attached to a porous
carbon-based substrate with a hydrophilic layer facing the electrolyte
and a hydrophobic layer on the back, and the “electrodeposited GDE,”
where the metal is electrodeposited onto the same porous carbon-
based substrate. The mesh-attached GDE is inspired by the conven-
tional EMAR configuration, where a pure metal electrode is used, while
the electrodeposited GDE is inspired by GDE-based electrochemical
systems, such as those developed for CO, reduction® or air-breathing
batteries. For all experiments, copper was used as the metal, and
ethylenediamine (EDA) as the absorbent, a combination that has been
established as the benchmark for the EMAR process®?°.

The primary goal of this investigation was to develop a membra-
neless system with high removal efficiency at high current density and
low energy consumption. The energy consumption refers to the
electrical work required to drive the carbon capture process. These
metrics were evaluated to optimize the GDE assembly fabrication
parameters as well as the operational parameters. Finally, a TEA was
conducted to evaluate the economic performance and the levelized
cost of carbon capture of the developed membraneless system in
comparison to the conventional membrane-based EMAR process.

Results

Co, removal efficiency

Mesh-attached GDE. The CO, removal efficiency of the two mesh-
attached GDEs, one assembled with a 50 x 50 mesh and the other with
a 100 x 100 mesh, was evaluated across three different carbon-based
substrates (Fig. 2). The overall removal efficiencies ranged between
35% and 55%, regardless of the carbon-based substrate or mesh size.
Among the substrates, GDS 230 exhibited the highest efficiency,
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Fig. 1| Conventional and developed membraneless EMAR systems. A Process interface, where the absorbent is regenerated. The desorbed CO, at the anode is
scheme of the conventional EMAR with a two-compartment electrochemical cell removed from the electrolyte through a similar gas-breathing GDE and collected
separated by an anion exchange membrane (AEM), illustrated as a dashed line. The  using a sweep gas (SG; e.g., water vapor). The carbon-based GDE consists of a

system also includes an absorption column, pumps, and a flash tank. copper layer (Cu®), a microporous layer (MPL), a gas diffusion layer (GDL), and a

B Conventional EMAR without the AEM. In this configuration, the desorbed CO, at  porous current collector (CC) facing the gas channel. A photo of the membraneless
the anode is reabsorbed by the regenerated absorbent at the cathode, leadingto ~ EMAR unit cell is included. The illustrations depict the use of copper (Cu) as the
low removal efficiency. C Developed membraneless EMAR with gas diffusion metal and an amine (Am) as the absorbent.

electrodes (GDEs). On the cathode side, CO, is absorbed through a gas-breathing
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Fig. 2 | Mesh-attached GDE performance. A CO, removal efficiency of the mesh-
attached GDEs with three different carbon-based substrates (Toray 060, GDS 230,
and GDL 240). Two different mesh sizes, 50 x 50 and 100 x 100, were tested. The
error bars show the standard deviation of three independent experiments. The
inset is a photo of the mesh-attached GDE. B A schematic representation of the

mesh-attached GDE, illustrating a microscale gap (microgap) between the mesh
and the carbon-based substrate. Desorbed CO, at the anode interface is reabsorbed
by amine (Am) and hydroxide (OH"), leading to ineffective collection of CO, by the
gas channel located at the back of the GDE.

reaching up to 55%, followed by Toray 060 and GDL 240. While the
100 x 100 mesh generally demonstrated slightly higher removal effi-
ciencies compared to the 50 x 50 mesh, the difference was not sig-
nificant for most samples. The only notable exception was GDS 230,
where the 100 x 100 mesh showed an approximately 10% increase in
efficiency over the 50 x 50 mesh.

The results suggest a CO, removal inefficiency of 45% to 65% from
the mesh-attached GDEs. This inefficiency likely originates from two
sources: (1) a parasitic oxidation reaction occurring alongside the
desired oxidation of copper on the anode electrode (i.e., Cu® > Cu?" +
2e7), which is the primary driving force for the eventual desorption of
CO,, and (2) the desorbed CO, at the anode interface (the mesh in this
case) was not effectively collected in the gas channel behind the GDE.
The former can be referred to as Faradaic inefficiency, and the latter as
inefficient CO, collection. Previous studies have demonstrated that the
EMAR system achieves nearly 100% Faradaic efficiency, indicating that
almost all of the applied current is utilized for the intended copper
redox reactions—copper oxidation at the anode and reduction at the
cathode—without significant parasitic side reactions'?*%. Therefore, it
is likely that the primary source of removal inefficiency is due to
inefficient collection rather than inefficient desorption.

The inefficient CO, collection can be attributed to the presence of
a microscale gap, or “microgap”, between the mesh and the carbon-
based substrate, which is filled with the electrolyte. As the desorbed
CO, travels through this wetted microgap, it is partially reabsorbed
into the electrolyte, either by available free amines or hydroxide ions
(Fig. 2B). Since CO, absorption by primary amines such as EDA
(forming carbamate) is kinetically faster than by hydroxide (forming
bicarbonate)®*®!, reabsorption by amine is likely the dominant path-
way, given the short distance and brief time during which CO, tra-
verses the electrolyte-filled microgap. Eliminating the microgap is
challenging, as it is a consequence of the mechanical attachment of the
mesh to the carbon-based substrate. Attempts to create a zero-gap
electrode by mechanically pressing the materials at elevated pressures
and temperatures were unsuccessful, as the fragility of the carbon
paper resulted in its structural failure (Section SI11; Supporting
Information).

The relative removal efficiencies of the different carbon-based
substrates can be linked to their structural and morphological char-
acteristics. The GDL 240 substrate is coated with a carbon black
microporous layer (MPL) and a polytetrafluoroethylene (PTFE) layer.

Toray 060 has only a PTFE layer, while GDS 230 lacks both layers.
Cross-sectional Scanning electron microscopy (SEM) images con-
firmed the presence of these layers (see Section S4 in the Supporting
Information). These layers create resistance to CO, transfer through
the material matrix.

The differences in removal efficiencies between samples with
different mesh sizes can be attributed to the variation in their thick-
ness, which affects the travel distance and time for CO, from deso-
rption at the anode interface to reaching the gas channels. The
thickness of the 50 x 50 mesh (228 pm) is twice that of the 100 x 100
mesh (128 um), resulting in CO, being exposed to the electrolyte for
almost twice as long after desorption in the 50 x 50 mesh. This longer
exposure increases the likelihood of CO, reabsorption mainly by
amine as described earlier.

Electrodeposited GDEs. Electrodeposited GDEs were prepared by
depositing copper with specific loadings onto the three different
carbon-based substrates. In general, the CO, removal efficiency of the
electrodeposited GDEs outperformed that of the mesh-attached GDEs,
with several samples reaching efficiencies above 90% (Fig. 3A). Among
the different carbon substrates, GDS 230 and Toray 060 showed
similar efficiencies, both of which were significantly higher than that of
GDL 240, regardless of the copper loading. These differences can be
attributed to the structural and morphological characteristics of the
substrates, as observed in the mesh-attached GDEs.

The efficiency was adversely impacted by higher copper loadings,
irrespective of the substrate type. At a copper loading of 0.7 mg/cm?,
Toray 060 and GDS 230 achieved efficiencies of 95%, while GDL 240
reached 67%. The efficiencies slightly decreased at a copper loading of
1.2 mg/cm?, with Toray 060 at 91%, GDS 230 at 90%, and GDL 240 at
65%. Further increases in copper loading to 1.7 mg/cm? led to more
efficiency reductions: 78% for Toray 060, 76% for GDS 230, and 62% for
GDL 240. Beyond 1.7 mg/cm?, a substantial drop in efficiency was
observed. At a copper loading of 2.5 mg/cm?, the efficiencies dropped
to 48% for Toray 060, 55% for GDS 230, and 42% for GDL 240, nearing
the average efficiency of the mesh-attached GDEs (42%). Efficiencies
fell below the mesh GDE average when copper loading reached its
highest at 3.3 mg/cm? (Fig. 3A).

The microgap present in the mesh-attached GDEs was
inherently eliminated in the electrodeposited GDE assembly, as
the copper was directly deposited onto the surface of the carbon
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Fig. 3 | Electrodeposited GDE performance. A CO, removal efficiency of electro-
deposited GDEs with three different carbon-based substrates (Toray 060, GDS 230,
and GDL 240) and various copper loadings. The error bars show the standard

deviation of three independent experiments. The dashed line indicates the average
efficiency of the mesh-attached GDE. B Schematic illustration showing the physical
barriers created by both the copper layer and the microporous layer. These barriers

Carbon
Substrate

Deposited
Layer

No significant barrier

facilitate the reabsorption of desorbed CO2 by amine (Am) or hydroxide (OH"). (C-F)
SEM images of Toray 060 with copper loadings of (C) O, (D) 0.7, (E) 1.7, and (F)
3.3 mg/cm? G-J SEM images of GDS 230 with copper loadings of (G) 0, (H) 0.7, (I)
1.7, and (J) 3.3 mg/cm K-N SEM images of GDL 240 with copper loadings of (K) O,
(L) 0.7, (M) 1.7, and (N) 3.3 mg/cm?. For all SEM images, EDS results are overlaid, with
green indicating the presence of carbon, blue for oxygen, and orange for copper.

substrate. However, the deposited copper layer itself can act as a
physical barrier to the transport of desorbed CO, from the elec-
trode interface to the gas channel, leading to the reabsorption of
desorbed CO,, and consequently, lowering the removal efficiency.
In the case of GDL 240, the MPL may also contribute to this
barrier effect (Fig. 3B), which explains the lower efficiency of GDL
240 compared to Toray 060 and GDS 230, both of which lack an
MPL, regardless of the copper loading.

As copper loading increases, the physical barrier effect intensifies,
potentially blocking the pores on the carbon paper, as evidenced by
SEM images (Fig. 3C-N). At higher copper loadings (Fig. 3F, ], and N),
the surface becomes almost completely covered by the copper layer,
creating significant resistance to the removal of desorbed CO,,
resulting in higher rates of CO, reabsorption and lower effi-
ciencies. Energy dispersive X-ray spectroscopy (EDS) results for all

three samples show that the green color representing the porous
carbon paper fades away as it becomes covered by the copper layer. In
the case of GDL 240, the surface is nearly fully covered with copper
even at lower loadings (Fig. 3L). This formation of a copper layer as a
physical barrier to CO, transport explains the efficiency drop with
increasing copper loading. Additional details on the SEM and EDS
results can be found in Section S5 the Supporting Information.

Current density and energy consumption

In addition to CO, removal efficiency, two other critical performance
metrics were investigated: current density, which reflects the carbon
capture rate, and energy consumption, which represents the ener-
getics of the carbon capture process. As for current density, the mesh-
attached GDEs outperformed the electrodeposited GDEs, likely due to
the larger amount of copper available per surface area on the
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Fig. 4 | Performance comparison of different GDEs. The current density and
energy consumption for carbon capture using the developed membraneless EMAR
system were evaluated. The corresponding CO, removal efficiency (1) values are
provided for all developed GDEs and categorized into three groups: Low (17 < 50%;
red), Medium (50% <n < 75%; orange), and High (> 75%; green). A Performance of
all mesh-attached GDE assemblies, including mesh sizes of 50 x 50 and 100 x 100.

B Performance of all electrodeposited GDEs with different copper loadings. For
both mesh-attached and electrodeposited GDEs, three different carbon-based
substrates were used: Toray 060, GDS 230, and GDL 240. C Comparison of the
membraneless EMAR system with the two different GDE configurations against the
conventional EMAR in terms of current density and energy consumption.

electrode. Among the mesh sizes, the 50 x 50 mesh exhibited better
performance compared to the 100 x 100 mesh, with the highest cur-
rent density achieved by the 50 x50 mesh attached to GDS 230,
reaching 184 A/m? (Fig. 4A). For the electrodeposited GDEs, increased
copper loading led to higher current densities due to the greater
amount of redox-active material available for the same surface area.
The highest current density for the electrodeposited GDEs was

observed with the Toray 060 substrate at a copper loading of 1.7 mg/
cm?, reaching 176 A/m?,

As for energy consumption, electrodeposited GDEs generally
required less energy to remove CO, compared to the mesh-attached
GDEs (Fig. 4A). Among the mesh-attached GDEs, energy consumption
was highest for GDL 240, followed by Toray 060 and GDS 230, which is
consistent with the removal efficiencies observed in Fig. 2. For the
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electrodeposited GDEs, energy consumption followed a similar trend,
with higher copper loadings requiring more energy. These results
highlight the critical impact of removal efficiency on the energy
intensity of the carbon capture process.

Increasing the copper loading had a positive impact on current
density but negatively affected both CO, removal efficiency and energy
consumption. Therefore, there is an optimal copper loading for perfor-
mance. Considering the high removal efficiency (87%), high current
density (176 A/m?, and low energy consumption (76 kJ/mol CO,), Toray
060 with 1.7 mg/cm? of copper loading was identified as the most optimal
GDE, exhibiting the best overall performance metrics. The performance of
this GDE assembly served as the basis for the TEA discussed in Section 3.3.

The performance of the developed GDEs, both mesh-attached and
electrodeposited, in terms of current density and energy consump-
tion, was compared to the performance metrics reported for a wide
range of configurations in conventional membrane-based EMAR sys-
tems (Fig. 4B). The membraneless EMAR with GDE electrodes proved
competitive with conventional EMAR systems. Importantly, the intro-
duction of these new electrodes and the substantial simplification of
the process, which could potentially reduce costs, did not result in an
increase in energy consumption or a reduction in current density.
Additionally, the GDE configurations, particularly the electrodeposited
GDEs, achieved significantly higher removal efficiencies (>90%) com-
pared to conventional EMAR, which is typically limited to <75%%.
Overall, the developed membraneless EMAR with GDE electrodes
demonstrates promising performance metrics, making it a viable
option for scalable electrochemical carbon capture.

Economics of the membraneless EMAR

Purchase cost contributions. TEA was performed to compare the
economics of carbon capture using the developed membraneless and
the conventional membrane-based EMAR. A breakdown of the pur-
chased equipment cost (PEC) for the membraneless EMAR versus the
conventional EMAR is shown in Fig. 5A and 5B, revealing the individual
cost components. Due to the significantly simpler process flow dia-
gram of the membraneless EMAR (Fig. S12 in the Supporting Infor-
mation), fewer equipment purchases are required. Specifically, the
absorption column and cooling tower, flash tank, and most of the
pumps are eliminated. This simplification offers a clear economic
advantage for the membraneless system. The electrochemical cell
remains the major cost component in both systems, accounting for
78.4% in the membraneless and 80.8% in the conventional system. In
the membraneless EMAR, the GDE accounts for 63.1%, while the
membrane represents 55.8% of the PEC in the conventional system.

Levelized cost of carbon capture. Both CapEx and operating expen-
ses (OpEx) were considered in evaluating the LCOCC (Fig. 5C). In both
systems, CapEx is the dominant factor in the levelized cost, with $38.9/
tonneCO, for the membraneless system and $85/tonneCO, for the
conventional EMAR. The primary reason for the reduced CapEx in the
membraneless system is the elimination of the expensive ion-selective
membrane, which is replaced by the significantly less costly carbon-
based GDEs. Additional cost savings are attributed to the elimination
of several process components, as discussed. The major contributor to
OpEXx is electricity consumption. Due to its more efficient process, the
membraneless EMAR has a lower electricity cost ($28.8/tonneCO,)
compared to the conventional EMAR ($47.8/tonneCO,). When com-
bining both CapEx and OpEX, the levelized cost of CO, capture for the
membraneless EMAR drops to $69.7/tonneCO,, compared to $137/
tonneCO, for the conventional system (Fig. 5C). This substantial cost
reduction makes the membraneless EMAR an attractive, cost-effective
solution for carbon capture from point sources.

Sensitivity analysis. A sensitivity analysis was performed to evaluate
the impacts of four key factors—energy consumption, GDE cost, cell

lifetime, and capture capacity—on the levelized cost (Fig. 5D). This
analysis helps identify the most critical factors for optimizing the
system’s cost-effectiveness. Energy consumption had the most sig-
nificant impact; increasing the energy consumption from 1.53 GJ/
tonneCO, (the minimum theoretical required energy) to 2.94 GJ/
tonneCO;, (the highest energy requirement observed in Fig. 4A) led to a
rise in the levelized cost from $62 to $111 per tonne CO,. The variation
in GDE cost was also prominent, where a GDE cost of $5/m? resulted in
a levelized cost of $52/tonneCO,, compared to $96/tonneCO, when
the GDE price was $30/m? An increase in cell lifetime from 4 to 12 years
reduced the levelized cost from $102 to $59 per tonne of CO,. A
decrease in capture capacity from 5 MtonneCO,/year (an average
annual emission of coal-fired power plant) to 1 MtonneCO,/year (a
typical annual emission of cement plant) did not show a significant
increase in the levelized cost, reflecting the viability of the process in
lower scales, inherited from its modularity.

Cost target analysis. A cost target analysis was conducted to deter-
mine the minimum CO, removal efficiency and current density
required to meet specific levelized cost targets. The removal effi-
ciency was varied between 70% and 100%, ranges that can be effec-
tively achieved with the developed electrodeposited GDEs (Fig. 3A),
while the current density ranged from 100 to 500 A/m?. Additionally,
two different lifetimes, 8 and 12 years, were considered. The 8-year
cell lifetime, representing the baseline for LCOCC calculations in
both conventional and membraneless EMAR systems, was selected
based on the typical lifespan of conventional EMAR systems*. A 12-
year cell lifetime, representing the upper bound in the sensitivity
analysis, reflects the potential durability of the membraneless EMAR.
Given the simplified process flow and the absence of an ion-selective
membrane—known to present long-term operational challenges®**—
achieving this extended lifetime is realistic for the membraneless
configuration. A similar analysis was performed for GDE costs, with
the detailed results provided in Section S12.4 of the Supporting
Information. The results show that achieving a levelized cost below
$50 is feasible, with an operational zone bounded by efficiencies
above 85% and current densities exceeding 300 A/m? With an
improvement in the cell lifetime from 8 years to 12 years, achieving
a levelized cost below $50 is even more feasible, with an operational
zone bounded by efficiencies above 76% and current densities
exceeding 200A/m” The minimum required current density
and efficiency for achieving levelized costs below $50 further
decrease with lower GDE costs (Section S12.4; Supporting Informa-
tion). Achieving capture costs below $50/tonneCO, positions the
membraneless EMAR system as a leading electrochemical solution
for point-source carbon capture, making it a highly cost-effective
technology.

Identifying these cost target zones is a valuable resource for
guiding future research and development. Both efficiency and cur-
rent density are parameters that can be systematically studied, from
fundamental to practical aspects, using established scientific
approaches. The plot provides a clear understanding of the extent of
development needed to reach the desired cost targets. Given the
high removal efficiencies already achieved with the electrodeposited
GDEs (>90%), future efforts should focus on increasing the current
density. To achieve this, inspiration can be drawn from other GDE-
based electrochemical systems, such as air-breathing batteries,
which have employed various strategies to enhance current density.
For example, improving the kinetics of redox reactions at the elec-
trode, and thereby increasing the current density, could be achieved
through the use of advanced catalysts, optimizing the electrode
surface area, or enhancing mass transfer rates at the gas-liquid
interface®®*%°. Overall, the cost target analysis provides a crucial
framework for setting research priorities, helping to identify the
necessary improvements in efficiency and current density to achieve
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Fig. 5 | Economics of the membraneless EMAR. A, B Purchased equipment cost
(PEC) breakdown for (A) the conventional EMAR and (B) the membraneless EMAR.
The sliced pie chart illustrates the cost shares of all associated process compo-

nents, while the donut chart represents the cost shares of the electrochemical cell
components. C Comparison of the levelized cost of carbon capture (LCOCC) for the
conventional versus membraneless EMAR. Operating expenses (OpEx) includes

both non-feedstock costs (e.g., labor, on-site feedstock handling, and maintenance)
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and electricity, while depreciation is considered for CapEx. D Sensitivity analysis of
four key parameters, showing the LCOCC at their associated lower and upper
bounds. E, F Cost target analysis for the membraneless EMAR with cell lifetime of 8
years (E) and 12 years (F). The contour plot represents the LCOCC as a function of
varying efficiency and current density. The lines indicate LCOCC values of $50, $75,
and $100 per tonneCO,, while the circles represent the LCOCC for the developed
membraneless EMAR at its current performance metrics.

more economically viable carbon capture with the membraneless
EMAR system.

Discussion

This study successfully developed a novel membraneless EMAR system
for carbon capture, utilizing GDEs to eliminate the need for ion-
selective membranes. The research was motivated by the significant
contribution of membranes to the CapEx of conventional EMAR. Two
types of GDE assemblies were investigated: mesh-attached and

electrodeposited. Electrodeposited GDEs demonstrated superior per-
formance over mesh-attached GDEs, achieving CO, removal effi-
ciencies exceeding 90% compared to 35-55% for mesh-attached GDEs.
This improvement was attributed to the elimination of the microgap
present in mesh-attached GDEs. This microgap caused inefficiency by
allowing the reabsorption of desorbed CO, back into the electrolyte, a
problem that was effectively resolved in the electrodeposited GDEs.
However, for electrodeposited GDEs, the determining factor was the
copper loading; higher copper loadings resulted in lower carbon
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removal efficiency due to the copper deposition layer acting as a
physical barrier against CO, transport through the GDE. The relation-
ship between copper loading and this barrier effect was confirmed by
SEM and EDS analyses. Among the carbon-based substrates tested for
electrodeposited GDEs, Toray 060 with an optimal copper loading of
1.7 mg/cm?* exhibited the best overall performance, achieving 87%
removal efficiency, 176 A/m? current density, and 76 kJ/molCO, energy
consumption.

TEA confirmed the economic advantages of the membraneless
EMAR system, with the LCOCC dropping ~50% to $69.7/tonneCO,,
compared to $137/tonneCO, for the conventional system. This sub-
stantial cost reduction was primarily attributed to lower CapEx, par-
ticularly the elimination of expensive membranes and other process
components, i.e., absorption column, pumps, and flash tank. Sensi-
tivity analysis and cost target analysis demonstrated the feasibility of
achieving carbon capture costs as low as $50/tonneCO, with the
membraneless EMAR system if the performance metrics (current
density and removal efficiency) are further improved.

Therefore, future research should focus on increasing current
density while maintaining high carbon removal efficiency and low
energy consumption. To enhance the current density of the mem-
braneless EMAR system, several strategies can be explored. Electrode
engineering techniques, such as surface modifications through acid,
plasma, or thermal treatments, can improve electrode activity and
stability. Optimizing the structure of the GDE, including refining the
layer configuration and adjusting porosity, can significantly enhance
mass transfer efficiency. Further improvements can be achieved by
optimizing the cell geometry to promote uniform current distribution
and minimize energy losses. Additionally, electrolyte optimization,
whether by modifying the background electrolyte composition or
introducing specific additives, can play a role in increasing the current
densities. However, these strategies to improve current density may
involve trade-offs with other performance metrics, such as absorption
kinetics, energy consumption, and Faradaic efficiency. Therefore, a
systematic investigation focused on enhancing current densities while
maintaining other key performance metrics is necessary.

Long-term cycling studies are also necessary to evaluate the per-
formance stability of carbon substrates, particularly under continuous
operation and varying conditions, such as fluctuating CO, concentra-
tions and electrolyte degradation. Investigating the durability of
electrodeposited GDEs at higher copper loadings and their suscept-
ibility to physical and chemical degradation over extended cycles is
critical to ensure sustained performance. Furthermore, evaluating the
resistance of the GDE to fouling, scaling, and operational stresses (e.g.,
mechanical stability under pressure) will provide insights into their
long-term viability for industrial applications. Additionally, compre-
hensive optimization of electrodeposited GDEs, including pore size,
porosity, and surface area, is crucial to fully understanding CO, des-
orption dynamics at the electrode-electrolyte interface.

The impact of flue gas composition on the membraneless EMAR
system’s performance requires further investigation. While the current
study incorporated oxygen (7% 0O,) into the simulated flue gas to
replicate real flue gas conditions, experimental results demonstrated
that oxygen did not negatively impact the system’s performance,
indicating oxygen tolerance. However, the influence of other trace
impurities commonly present in industrial flue gases remains unad-
dressed and requires comprehensive evaluation before scaling up the
process. In particular, sulfur oxides (SOx), such as sulfur dioxide (SO,),
pose potential challenges®”%. SOx species are known to cause catalyst
degradation and passivation, which could lead to electrode perfor-
mance decay in the EMAR process. Moreover, trace amounts of dis-
solved SOx-derived species, like hydrogen sulfide ions (HS"), may react
with copper ions in the electrolyte, leading to unwanted copper sulfide
precipitation that could impair system operation®. A thorough
assessment of SOx’s impact on both the electrodes and the electrolyte

is essential to determine whether flue gas pretreatment is necessary to
mitigate these effects. If required, established desulfurization techni-
ques—such as flue gas desulfurization scrubbing, commonly imple-
mented in power plants—can be integrated into the process with
minimal disruption to the overall system design. Addressing these
considerations will ensure the long-term stability and operational
robustness of the membraneless EMAR system, ultimately enhancing
its readiness for future large-scale implementations.

Methods

Materials

The electrolyte solution used in all experiments included the following
chemicals: 0.25M copper (ll) sulfate pentahydrate (CuSO,4-5H,0; 98%
purity, Sigma Aldrich) as the initial source of cupric ions (Cu*), 1M
ethylenediamine (EDA; Sigma Aldrich) as the amine absorbent, and
0.5M sodium sulfate (Na,SOg4; purity >99.0%, Sigma Aldrich) as a
background electrolyte to enhance the electrical conductivity of the
solutions. All of the solutions were prepared using deionized water
with aresistivity greater than 18 MQ-cm. The chosen concentrations of
cupric ions and background electrolytes were based on an optimiza-
tion study, the details of which are presented in Section S2 of the
Supporting Information.

Three types of carbon-based substrates were used to provide gas
diffusion media for the GDEs to facilitate the removal of desorbed CO,.
The employed substrates were Toray 060 (thickness 190 pm, Fuel Cell
Store), GDS 230 (thickness 230 um, Fuel Cell Store), and GDL 240
(thickness 240 pm, Fuel Cell Store). All three carbon-based substrates
were made of carbon fiber paper; however, structurally, only GDL 240
was coated with carbon black as a MPL. Both Toray 060 and GDL 240
were wet-proofed with a standard 5% PTFE layer. Additional informa-
tion about the substrates is provided in Section S3 of the Supporting
Information.

GDE fabrication

Two different GDE assemblies were fabricated, both with a projected
surface area of 3.14 cm* mesh-attached and electrodeposited. The
mesh-attached GDEs were fabricated by mechanically pressing a cop-
per mesh (with a mesh size of 50 x 50 or 100 x 100; McMaster Carr)
onto one of the three carbon-based substrates. For GDL 240, the mesh
was attached to the MPL side.

The electrodeposited GDEs were prepared by electrodepositing
copper from a copper bath, inspired by the established industrial
copper plating process’®”. A two-electrode cell with carbon-based
substrates as the cathode and a sacrificial copper anode was employed
for this purpose. The electrolyte consisted of 0.25M CuSO, (as the
copper source) and 0.5 M Na,SO, (as the background electrolyte). To
enhance bulk mass transport, the electrolyte was continuously stirred
at 220 rpm. A constant current of 50 mA was applied for varying time
periods (15, 22.5, 30, 45, and 60 min), resulting in copper loadings of
0.7, 1.2, 1.7, 2.5, and 3.3 mg/cm Copper loading was confirmed by
measuring the electrode mass before and after deposition, and the
measured values closely matched the theoretical values based on the
charge transferred, confirming the high efficiency of the electro-
deposition process. Further details on the electrodeposition experi-
ments are provided in Section S4 of the Supporting Information.

Characterization techniques

SEM and EDS were used to study the morphological characteristics of
the fabricated GDEs. Samples were prepared by cutting them into
small circles (5 mm diameter) and attaching them to SEM (Axia Che-
miSE, 30 kV accelerating voltage, ThermoScientific) sample holders
using conductive carbon tape. All samples were examined at 200X
magnification with a working distance of ~10 mm from the detectors.
EDS analysis was subsequently conducted on the same samples by
activating the integrated detector through the software interface. To
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further inspect the fabricated GDEs, cross-sectional SEM and EDS
analyses were conducted by vertically placing small slices of the
samples on the sample holder. The cross-sectional SEM and EDS results
for the three carbon-based substrates are provided in Section S5 of the
Supporting Information. These results confirmed the layer composi-
tions and structures of the substrates used.

Electrochemical testing

A batch two-electrode cell was designed and fabricated for testing and
operating the membraneless configuration of the EMAR process at the
lab scale. It consisted of a main cylindrical chamber holding 4 mL of
electrolyte and two side endplates having central circular notches
(20 mm diameter) for CO, absorption and desorption. The end plates
also feature small inlet and outlet ports on the sides to introduce either
the simulated flue gas (15% CO,, 7% O,, 78% N,) on the cathodic side or
sweep water vapor on the anodic side, which facilitates the removal of
CO, bubbles from the electrode surface. More details of the developed
cell are provided in Section Sé6 of the Supporting Information.

To conduct the desorption experiment, the electrodes were
polarized at 1V using a potentiostat (VMP-300; Biologic) for 15 min.
The desorption experiments were conducted at room temperature
(set at 22 °C) using the chronoamperometry technique with a poten-
tiostat (VMP-300; Biologic), applying a potential of 1V for 15 min. This
potential was determined to be the optimal value for the operation of
the process (see Section Sl in the Supporting Information). This
experimental duration was also sufficient to observe steady-state
current density values and stable CO, desorption rates. This initiated
the anodic reaction, leading to CO, desorption, and the cathodic
reaction, regenerating the absorbent for further CO, absorption from
the simulated flue gas. The current response of the system (/) was
recorded using the built-in software (EC-Lab; Biologic), and all the
experiments were conducted at room temperature (set at 22 °C). The
current profiles (/ vs. t) for the 15-min desorption experiments are
provided in Section S7 of the Supporting Information.

CO, removal efficiency (r7; %) was rigorously quantified by mea-
suring the amount of CO, collected by the anode GDE (Aneyperimental)
and comparing it to the theoretically expected desorption amount
(ANgeoretical; EQ- 1) The experimental desorption was measured using
an acid titration method, ensuring accurate measurement of CO,
volume by displacement in a U-shaped manometer. The purity of the
desorbed CO, was validated using gas chromatography (GC), con-
firming nearly 100% purity. Further details on the titration method and
GC analysis are provided in Section S8 of the Supporting Information.
The theoretical desorption was calculated based on the charge trans-
ferred during the experiment (Q; C) and the stoichiometric ratio of
electrons to CO,, which is 1:1”—meaning that the transfer of one mole
of electrons theoretically results in the desorption of one mole of CO,
(Eq. 2).

- Anexperimental %100 (1)
An theoretical
Q It
An theoretical =~ F = F (2)

where ¢ is the experiment time (s) and F is the Faraday constant
(96,485 C/mol). To further ensure the reliability and long-term
applicability of the membraneless EMAR system, the chemical stability
of the electrolyte—particularly the EDA amine—was thoroughly
evaluated. Both the gas and liquid phases were analyzed to detect
any potential degradation products. GC analyzed the composition of
the desorbed gas, while Fourier Transform Infrared (FTIR) spectro-
scopy was used to assess changes in the liquid phase. The results
confirmed no detectable degradation products in either phase,
indicating high electrolyte stability under the tested conditions.

Detailed procedures and results of these analyses are provided in
Section S9 of the Supporting Information.

Finally, the energy consumption for CO, desorption (W; kJ/
molCO,) was calculated as:

foulde

Anexperimental

W= 3

where U (V) is the applied potential across the GDE electrodes. A
detailed analysis of the minimum work required for CO, separation
and the discussion regarding the importance of the second law effi-
ciency as a standardized matrix for carbon capture techniques’ is
provided in Section S10 of the Supporting Information.

Techno-economic analysis (TEA)

Process design. A TEA was conducted to compare the costs of carbon
capture using the developed membraneless EMAR and a conventional
membrane-based system. The membraneless EMAR operates with a
simplified one-compartment configuration, combining CO, absorp-
tion and desorption in a single electrochemical unit. This eliminates
several pieces of equipment, such as the absorption column, several
pumps, and a flash tank, which are necessary for conventional EMAR.
The reduction in equipment results in significant simplification of the
process and reduces the CapEx. Further details of the process design
and flow diagrams for both systems are provided in Section S12 of the
Supporting Information.

Levelized cost of carbon capture. The Levelized Cost of Carbon
Capture (LCOCC) was calculated for both systems to assess their
overall economic viability. The TEA model considered a hypothetical
scaled-up carbon capture facility integrated with a 550 MWe coal-fired
power plant based on the National Energy Technology Laboratory
(NETL) reference model, with annual CO, emissions of 3.1 Mtonne**”>.
All the process and economic parameters and assumptions used for
TEA are summarized in Tables S3 and S4 of Section S12 of the Sup-
porting Information.

Capital and operating expenditures were analyzed to estimate
LCOCC and identify the major cost contributors. CapEx were mainly
driven by the PEC, which was divided into process and electrochemical
components. The former was estimated based on sizing and data
reported for an EDA-based carbon capture unit*>”*, and the latter was
estimated based on a scaled-up plan for the EMAR electrochemical
modules. The calculated PEC for electrochemical and process equip-
ment in both EMAR configurations are provided in Tables S6 and S8 of
Section S12 of the Supporting Information. CapEx was then calculated
by taking depreciation into account, using the capital recovery factor
to estimate the annual depreciation costs over the plant’s lifetime,
ensuring a more comprehensive estimate of the capital costs’. Further
details and relevant data can be found in Table S5, and Tables S7, 8 in
Section S12 of the Supporting Information. The OpEx included both
feedstock and non-feedstock components. The feedstock component
was directly related to the electricity required to run the system, while
the non-feedstock component included costs associated with labor,
on-site feedstock handling, and maintenance. The LCOCC was then
calculated by combining CapEx (with depreciation) and OpEx
(including both feedstock and non-feedstock components). Whenever
assumptions were necessary for our analysis, we opted for con-
servative estimates to avoid overly optimistic projections of the
LCOCC. As aresult, the actual LCOCC values could potentially be lower
than those reported here.

Sensitivity analysis. A sensitivity analysis was performed to examine
the impact of key variables on the LCOCC. The analysis evaluated the
influence of four factors: energy consumption, GDE cost, cell lifetime,
and capture capacity. Energy consumption was analyzed from 1.53 to
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2.94 GJ/tonneCO,, ranging from the theoretical minimum for the
EMAR process to the highest experimental value observed in our
study, which represents the worst-case scenario. GDE cost was eval-
uated from $5/m? achievable based on prices projected by the
Department of Energy (DOE)”, to $30/m? reflecting the price range
reported in the literature for similar scaled-up processes’®. Cell lifetime
was varied from 4 to 12 years, representing the typical range for elec-
trochemical systems*”’. Capture capacity varied from 1 to 5
MtonneCO,/year, covering facility sizes from average cement plants to
large coal power plants’®. Detailed sensitivity analysis assumptions are
presented in Table S10 in Section S12 of the Supporting Information.

Cost Target Analysis. A cost target analysis was performed to identify
the minimum CO, removal efficiency and current density required to
achieve specific cost targets. This analysis also helped with assessing
the impact of CO, separation rate as a key parameter in TEA, which is
directly related to the current density and efficiency:

Peo,= )
where 7 is the CO, removal efficiency, / is the average current density,
and F is the Faraday constant. The removal efficiency was varied from
70% to 100%, and the current density ranged between 100 and 500 A/
m?. The analysis also included two different lifetimes for GDEs (8 and 12
years) to provide a comprehensive understanding of how these para-
meters interact to affect LCOCC in different scenarios. A similar ana-
lysis was conducted for GDE costs and the results are provided in
Section S12.4 of the Supporting Information. Contour lines corre-
sponding to LCOCC values of $50, $75, and $100 per tonne of CO, were
added to the plot to highlight the operational zones required to reach
these target cost levels.

Data availability
Source data are provided with this paper.
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