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Broader context

Industrial amine blends enable efficient CO
electrosynthesis in reactive capture

Siyu Sonia Sun, (2 12 Yurou Celine Xiao, (2 Feng Li,® Jinhong Wu,? Yuxuan Che,’
Yong Wang, €22 Min Liu, @22 Yaohao Guo,? Mengyang Fan,® Kai Han,”
Paul-Emmanuel Just,” Paul J. Corbett, ©9° Rui Kai Miao*® and David Sinton () *?

Reactive capture of CO, (RCC) integrates CO, capture and electrochemical conversion into carbon
monoxide (CO), avoiding the energy-intensive CO, regeneration required in conventional CO,
electrolysis. While single-component amines have been used in prior RCC systems, they suffer from
limited CO energy efficiency (<15%) due to sluggish CO, release. In contrast, the norm in industrial CO,
capture is to blend amines for a favorable combination of absorption rate, CO, loading capacity, and
release energetics. Here, we explore whether blending amines could likewise benefit reactive capture.
Using aqueous blends of monoethanolamine (MEA) and methyldiethanolamine (MDEA), we find a strong
correlation between bicarbonate concentration in the post-capture solution and CO faradaic efficiency
(FE). However, under industrial absorption conditions, the blend with the highest bicarbonate content
did not always yield the best CO FE: although MDEA increased bicarbonate concentrations, it also
increased the viscosity, hindering CO, mass transport and increasing cell resistance. These competing
effects highlight that, for efficient RCC, the composition must balance CO, absorption kinetics and
capacity for capture, as well as CO, availability and transport properties for conversion. Screening the
performance of binary and commercial amine blends, we find a CO energy efficiency (EE) of 31% at
50 mA cm™2—a 2.4-fold improvement over single-amine systems.

Capturing CO, from point sources and deploying efficient utilization strategies help to mitigate the climate crisis. Conventional solvent-based capture is

energy-intensive, with thermal regeneration accounting for most of the operating cost. Electrochemical CO, conversion powered by low-carbon electricity is
attractive but relies on purified gaseous CO,, reintroducing the same regeneration bottleneck. Reactive CO, capture (RCC) integrates capture and electrolysis by

feeding CO,-rich solvents directly into an electrolyzer, where an electrochemically driven pH swing releases CO, in situ for reduction, bypassing energy-intensive
regeneration. The choice of capture media is critical for RCC. Industrial CO, capture commonly employs amine blends that pair fast-absorbing activators

(primary/secondary amines) with low-regeneration-energy promoters (tertiary amines) to balance absorption kinetics, capacity, and release energetics.
Translating this design principle to RCC may similarly optimize both capture and conversion performance. Here, we show that amine blending in RCC

systems enhances CO selectivity and energy efficiency compared to single-amine solvents, while revealing the need to balance favorable speciation with
transport properties such as increased viscosity.

Introduction

substantial thermal energy to regenerate the capture solution and
produce pure gaseous CO, for sequestration or conversion.** RCC

Capturing carbon dioxide (CO,) from flue gas streams and
converting it via electrochemical CO, reduction reaction (CO,RR)
presents a promising strategy to mitigate CO, emissions while
generating useful fuels and chemicals.™” Conventional CO, cap-
ture methods rely on solution absorption, which demands
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offers a more energy-efficient alternative by directly converting the
CO,rich capture solution in an electrolyzer, bypassing energy-
intensive thermal regeneration.”®

In an RCC system, CO, from flue gas is captured in an
absorber and the resulting CO,-rich solution is then fed directly
into an electrolyzer and reduced into value-added chemicals
such as carbon monoxide (CO), while the capture solution is
simultaneously regenerated and recirculated back to the absor-
ber to complete the cycle (Fig. 1).
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Fig. 1 Schematic of the reactive capture system using amine blends as capture solution.

Several capture solutions have been explored for RCC targeting
CO. Alkali hydroxides capture CO, with rapid kinetics at high pH
(>12), forming alkali carbonate, but protonating alkali carbonate to
CO, for conversion requires two electron-coupled protons, limiting
the theoretical CO faradaic efficiency (FE) to 50%.” '° In contrast,
alkali carbonates capture CO, in the form of alkali bicarbonate that
only requires one electron-coupled proton to release, enabling
up to 100% theoretical CO FE.'' However, carbonate-based
systems exhibit sluggish CO, absorption kinetics, necessitating
larger absorber units to achieve sufficient uptake, increasing the
cost of capture.'® To improve capture kinetics, promoter addi-
tives like glycine are often introduced to accelerate CO, absorp-
tion, but these additives lower CO FE during electrolysis."*™*

Capture solutions for RCC must combine rapid CO, absorption
with facile release for conversion. Amine-based solutions meet this

EES Catal.

need: they absorb CO, at rates exceeding those of alkali carbonates
and form carbamate and bicarbonate species.'®'” However, pri-
mary amines, such as monoethanolamine (MEA), form stable CO,-
adducts that make CO, release energetically demanding.'®"
Recent advances in reactive capture amines have established two
complementary operating regimes: systems in which piperazine
(PZ) carbamates are directly reduced to CO,* and systems in
which electrolysis proceeds via in situ protonation of carbamates
and bicarbonates (both of which require just one electron-coupled
proton for CO, release).'”" Direct carbamate reduction is attrac-
tive because it can, in principle, bypass CO, desorption, but
carbamate is a strongly bound, low-mobility species, making it
intrinsically more difficult to reduce and typically requiring ele-
vated temperatures and higher overpotentials.'® In this work, we
focus on the in situ regeneration regime, where proton-assisted

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conversion of chemisorbed species to dissolved CO, provides a
local CO, reservoir at the catalyst interface and is compatible with
established CO, reduction catalysts and cell architectures that can
operate at industrial-relevant current densities. We use industrially
relevant amine blends—combinations of “activator” amines (pri-
mary/secondary) and “promoter” amines (tertiary/hindered)—to
balance fast absorption kinetics from activators and low-energy
CO, releases from promoters.>* In this context, we investigate the
potential of blended amines to achieve both rapid CO, absorption
and high CO selectivity in RCC systems.

Correlation between post-capture species and electrolysis
performance

To explore the feasibility of using amine blends for RCC, we
focus initially on MEA and methyldiethanolamine (MDEA) as a
well-established industrial activator-promoter pair.>> We
employed a zeolitic imidazolate framework (ZIF)-8-derived
nickel single-atom catalyst (Ni-N/C, Fig. S1 and S2) following
established methods, which has previously demonstrated high
CO selectivity in amine-based RCC systems.%**

We evaluated MEA, MDEA and their blends as reactive
capture solutions. To ensure a fair comparison, we attempted
to control CO, purging so that all blended solutions reached an
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identical loading of 0.56 molco, MOlmine ', @ typical industrial
CO, loading for 5 M MEA.>* However, the 5 M MDEA solution
exhibited substantially slower CO, absorption, requiring four
times longer than the MEA/MDEA blend to reach even half of
the target loading (0.29 moluo, MOlamine ') The absorption rate of
the 5 M MDEA declined over time and plateaued, suggesting
that MDEA alone is ineffective as a capture medium (Fig. S3). At
50 mA ecm™?, we achieved a CO FE of 40% using the 5 M MEA
solution, and 59% using a 2.5 M MEA + 2.5 M MDEA blend at the
target CO, loading of 0.56 molco, MOlamine * (Fig. 2a). In contrast,
the 5 M MDEA, tested at its maximum attainable CO, loading of
0.29 molco, MOlymine ', Teached only 30% CO FE (Fig. S4).

MEA, a primary amine, captures CO, as stable carbamate,
whereas MDEA, a tertiary amine, forms bicarbonate (eqn (1)
and (2) in Fig. 1). Increasing the MDEA content raises the post-
capture bicarbonate concentration. We therefore hypothesized
that the higher CO FE observed with higher MDEA content
resulted from an increased bicarbonate fraction.'® To test this
hypothesis, we performed thermodynamic calculations, which
showed that protonation of bicarbonate is more favorable than
that of carbamate (Fig. 2b). Bicarbonate also diffuses faster,
with diffusion coefficients of 7 x 107> em® s~ compared to

6.8 x 10~ ° cm® s~ for carbamate.”>?® These findings suggest
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Fig. 2 The effect of post-capture solution composition on electrolysis performance using MEA/MDEA blend. (a) FE towards CO and full cell voltage of
5 M MEA and 25 M MEA + 2.5 M MDEA solutions at the same CO, loading of 0.56 molco, MOlamine . (b) Thermodynamic calculations on proton
reactions with carbamate and bicarbonate. (c) Quantitative **C NMR spectra for the post-capture 5 M MEA, 2.5 M MEA + 2.5 M MDEA, and 4.995 M MEA +
0.005 M MDEA solutions at the same CO, loading of 0.56 molco2 MOlamine . and the quantified bicarbonate-to-carbamate ratio in each post-
capture solution. (d) FE towards CO and full cell voltage of 5 M MEA and 4.995 M MEA + 0.005 M MDEA solutions at the same CO, loading of

0.56 l’T"lOl(;o2 mOlamineil-
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that the CO, regeneration pathway in this system is likely domi-
nated by the proton-assisted conversion of bicarbonate, which is a
more thermodynamically favored chemisorbed CO, species for
regeneration. MEA contributes to fast carbamate-bicarbonate
exchange, while MDEA increases the bicarbonate reservoir. Further
kinetics analysis would help to quantitatively elucidate this
proposed regeneration mechanism in a future study.

Using quantitative carbon-13 nuclear magnetic resonance
(**C NMR), we measured the carbamate and bicarbonate con-
centrations in each solution. In the 5 M MEA solution, the
bicarbonate and carbamate concentrations were 0.63 M and
2.14 M, respectively, resulting in a bicarbonate-to-carbamate ratio
of 0.29. In the 2.5 M MEA + 2.5 M MDEA solution the bicarbonate
and carbamate concentrations were 1.09 M and 1.67 M, respec-
tively, resulting in a ratio of 0.67 (Fig. 2c). This increase in
bicarbonate content correlates with the observed improvement
in CO FE.

To isolate the potential effect of MDEA addition on electro-
lysis performance, we varied the molar ratio of MEA to MDEA to
produce a 5 M blend with the same bicarbonate-to-carbamate
ratio as 5 M MEA. This was possible because MDEA in the blend
promotes both carbamate formation (by shifting MEA equili-
brium) and bicarbonate formation (via direct CO, reaction).””
We identified that a 4.995 M MEA + 0.005 M MDEA blend
produces the same bicarbonate-to-carbamate ratio (0.29) as the
5 M MEA reference (Fig. 2c and Fig. S5). With this matching
ratio and CO, loading, the MEA/MDEA blend performed simi-
larly to the 5 M MEA solution across all current densities
(Fig. 2d). This result supports the hypothesis that the improved
performance observed in MEA/MDEA mixtures stemmed from
the higher bicarbonate fraction, and that the added MDEA does
not provide additional improvement in CO FE beyond its role in
modifying solution speciation.

Optimal composition of MEA/MDEA solution under industrial
CO,, capture conditions

With the established link between post-capture bicarbonate
concentration and electrolysis performance, we next investigated
how the initial amine blend composition affects both CO, absorp-
tion behavior and electrolysis compatibility. Specifically, we aimed
to identify blend ratios that balance (i) fast CO, absorption kinetics
and high loading capacity at industrial capture conditions for high
capture efficiency with (ii) high bicarbonate concentration which
enhances CO, availability for high CO FE.

We evaluated a series of MEA/MDEA blends under simulated
industrial CO, absorption conditions. The blends, spanning
from pure MEA to 1 M MEA + 4 M MDEA, were placed in a 40 °C
water bath and exposed to a simulated flue gas stream (15 vol%
CO, balanced with N,) at 1 atm. We measured the CO, loading
capacity of each blend and modelled it using ASPEN HYSYS
under the same conditions (Fig. 3a and Fig. S6, S7). The 5 M
MEA achieved a CO, loading of 0.56 molco, molymine *, CON-
sistent with previous reports and model predictions.>* Both
experimental and simulation results showed a decreasing trend
in CO, loading capacity with increasing MDEA content at 40 °C
and a CO, partial pressure of 0.15 atm, aligning with prior
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findings under similar conditions.”®*® We measured the CO,
absorption kinetics of each solution through the time it took to
reach their respective CO, loading capacity (Fig. S8). Overall,
the 5 M MEA exhibited the best absorption performance,
closely followed by the 4 M MEA + 1 M MDEA, while the blends
with higher MDEA ratios showed both slower CO, absorption
rate and lower CO, loading capacity (Fig. 3a and Fig. S8).

Recognizing that industrial absorbers typically operate below
full capacity, we assessed electrolysis performance at 85% of
each blend’s maximum CO, loading capacity—typical of indus-
trial practice.*®*" Using "*C NMR, we quantified the bicarbonate
concentration in each post-capture solution at this loading
(Fig. 3b). Despite the decreasing CO, loading capacity with
increasing MDEA content (less bicarbonate and carbamate
concentrations in total), the bicarbonate concentration in the
post-capture solutions increased, potentially offering more read-
ily convertible CO, species for electrolysis. However, among the
blends, the 4 M MEA + 1 M MDEA achieved the highest CO FE at
50 mA cm~? and 75 mA cm™ 2, despite having lower post-capture
bicarbonate concentration than the 1 M MEA + 4 M MDEA blend
(Fig. 3c). This result indicates that additional factors beyond
bicarbonate concentration may influence performance.

We observed that as MDEA content increases, the solution
becomes more resistant to flow. Pure MDEA is ~ 4.3 times more
viscous than pure MEA at room temperature, and increasing
MDEA content increases the solution viscosity.>> We posited
that higher viscosity hinders mass transport and reduces ion
mobility, potentially limiting CO, diffusion to the catalyst sur-
face and thereby lowering CO FE. This reveals a fundamental
trade-off in optimizing blend composition: while higher MDEA
content increases the post-capture bicarbonate concentration,
regenerating more CO, for electrolysis, it also slows the transport
of bicarbonate and in situ regenerated CO, through the more
viscous medium, reducing CO, availability at the catalyst surface.
In this context, MEA functions as the “activator”, providing rapid
CO, capture kinetics and high CO, loading, whereas MDEA
serves as the “promoter”, enhancing total bicarbonate concen-
tration at the expense of higher viscosity and slower diffusion. As
MDEA content increases, the benefit of higher bicarbonate
concentration is offset by hindered CO, and ion transport, so
the blends with the highest bicarbonate content do not produce
the highest CO FE. Instead, the observed maximum in CO FE
arises when CO, regeneration and transport are co-optimized at
intermediate blend compositions.

To understand this trade-off, we developed a multiphysics
model to evaluate the CO, concentration at the catalyst surface
(Tables S1-S4). CO, is released at the membrane surface via pH
swing and diffuse towards the catalyst surface where conversion
occurs. The CO, diffusion rate for each blend was estimated based
on a prior study.*® Simulation results showed that the 4 M MEA +
1 M MDEA solution achieved an optimal balance between bicar-
bonate concentration and CO, diffusion rate (Fig. 4a), consistent
with the experimental observation of its highest CO FE. Interest-
ingly, this blend also aligns with previous reports identifying it as
the optimal MEA/MDEA formulation for balancing capture rate
and regeneration energy in pilot-scale carbon capture systems.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optimal composition of MEA/MDEA blend under industrial operating conditions. (a) Experimental and simulated CO, loading capacities
(molco2 MOlamine 1) of 5 M MEA and 5 M MEA/MDEA blend solutions capturing at 40 °C and with 15 vol% CO, at atmospheric pressure. (b) Quantitative
13C NMR spectra for the post-capture 5 M MEA and 5 M MEA/MDEA blend solutions at 85% of their CO, loading capacities measured in (a), and the
quantified bicarbonate concentration in each post-capture solution. (c) FE towards CO and full cell voltage of 5 M MEA and 5 M MEA/MDEA blend
solutions at 85% of their CO, loading capacities measured in (a). (d) Nyquist plots obtained from electrochemical impedance spectroscopy (EIS) for 5 M

MEA and 5 M MEA/MDEA blend solutions at 50 mA cm™2.

We also measured the electrolyte conductivity of each
solution (Table S5) and performed electrochemical impedance
spectroscopy (EIS) at 50 mA cm 2 to quantify the series resis-
tance (Rs) during electrolysis (Fig. 3d and Table S5). As MDEA
concentration increased, solution conductivity decreased and
R increased monotonically. This trend aligns with the observed
increase in full cell voltage, suggesting that the higher voltage
in MDEA-rich blends stems from reduced ionic conductivity.

Therefore, we find that under industrial operating condi-
tions, optimal MEA/MDEA blends must balance the benefits of
increased bicarbonate concentration with the drawbacks of
higher viscosity and lower conductivity—while still ensuring
sufficient CO, loading capacity for effective capture. These
findings highlight the importance of jointly optimizing capture
chemistry and electrolyte properties for high-performance RCC.

Broad applicability of bicarbonate concentration and
electrolyte properties on electrolysis performance

To explore whether the correlation between bicarbonate
concentration and electrolyte properties on electrolysis perfor-
mance applies across diverse amine systems, we employed an
industrial CO, capture blend: ADIP-X, composed of 0.6 M
piperazine (PZ) and 3 M MDEA.** ADIP-X has a higher CO,

© 2026 The Author(s). Published by the Royal Society of Chemistry

loading capacity than 5 M MEA under comparable absorption
conditions, and improved resistance to thermal and oxidative
degradation.’® At a CO, loading of ~0.45 molco, MOlymine '—
equivalent to 85% of the CO, loading capacity for 4 M MEA + 1 M
MDEA under industrial operating conditions (capturing at 40 °C and
with 15 vol% CO, at atmospheric pressure)—ADIP-X exhibited a CO
FE of 36%, compared to 14% for the 4 M MEA + 1 M MDEA
blend at 50 mA cm ™, with a similar full cell voltage across all
current densities (Fig. 4b).

Quantitative "*C NMR analysis showed a bicarbonate concen-
tration of 1.72 M in the post-capture ADIP-X solution—significantly
higher than the 0.27 M in 4 M MEA + 1 M MDEA (Fig. 4c). However,
ADIP-X is also ~1.5 times more viscous than the 4 M MEA + 1 M
MDEA blend.***® To understand why APID-X outperforms despite
its higher viscosity, we revisited the multiphysics model to compare
the two systems. In the absence of experimental diffusion data for
ADIP-X—likely due to its high viscosity—we approximated the CO,
diffusion rate using reported values for 40 wt% MDEA solution
(~3.5 M MDEA).***° The simulation results show that when the
bicarbonate concentration is sufficiently high, the impact of CO,
diffusivity on electrolysis performance becomes minimal (Fig. 4a).

To enable direct comparison with other RCC studies,
typically conducted at full CO, saturation, we evaluated both

EES Catal.
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Fig. 4 Comparison of industrial amine blends. (a) Simulation results for CO, concentration at the catalyst surface for various MEA/MDEA blends and
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solutions at their saturated CO, loadings, captured CO, at room temperature and with 100 vol% CO, at atmospheric pressure.

ADIP-X and 4 M MEA + 1 M MDEA at their respective full
CO, loading capacities (room temperature, 100 vol% CO, at
atmospheric pressure). Under these conditions, both solutions
exhibited improved performance relative to operation at
~0.45 molco, Mol mine - ADIP-X again outperformed the
4 M MEA + 1 M MDEA, achieving a CO FE of 73% at
50 mA cm~ > with a full cell voltage of 3.1 V, corresponding to
an energy efficiency (EE) of 31% towards CO (Fig. 4d). This CO
EE marks a 2.4-fold improvement compared to the best reported
for single-amine reactive capture systems operating under similar
conditions. Preliminary stability tests under these conditions show
a gradual decrease in performance over ~10 h of continuous
operation (Fig. $9), likely due to amine-induced degradation of the
Ni-N/C catalyst.*' Catalyst durability therefore remains an impor-
tant area for improvement, and optimized catalyst formulations
will enable meaningful regeneration and cycling studies of amine
solvents and their blends under electrochemical conditions.
Using an established method that accounts for capture
and electrolysis,’® we estimate a total energy demand of
29.8 GJ t ' CO (3.1 V, 50 mA cm 2, 73% CO FE), lower than
gas-phase CO,RR (33.3 GJ t ' CO) and competitive with state-of-
the-art reactive capture schemes (30.2 GJ t~' CO), highlighting
the potential of amine blends to reduce the overall energy cost
of CO production from captured CO,.

EES Catal.

Conclusions

This work demonstrates that amine blends can offer a viable
path for reactive CO, capture of industrial flue gas, outperform-
ing single amine as well as traditional alkali-based systems. We
found that higher post-capture bicarbonate concentrations
improve CO FE but must be balanced against viscosity and
conductivity. The optimal MEA/MDEA blend achieved this
balance, enabling efficient CO, capture and conversion. Extend-
ing to the industrial ADIP-X blend, we achieved a CO FE of 73%
at 50 mA cm™ > and a full cell voltage of 3.1 V, corresponding to
a CO EE of 31%. Given that industrial absorbers operate at
elevated pressures and temperatures, further tuning of amine
formulations under these conditions may enable even higher
RCC performance. Further catalyst development will be
required to achieve improved long-term stability and to enable
regeneration and cycling studies of amine solvents and their
blends under electrochemical conditions. This work points
towards the integration of RCC with existing capture infra-
structure to produce renewable CO for downstream fuels and
chemicals.

Despite the promising results demonstrated here, several
directions for further development remain. (1) Catalyst dur-
ability: the Ni-N/C catalyst undergoes gradual deactivation over

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00333d

Open Access Article. Published on 23 December 2025. Downloaded on 2/25/2026 1:53:12 AM.

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

(cc)

EES Catalysis

~10 h, consistent with nucleophilic amine-reduced degrada-
tion. Future work should focus on developing more robust
catalysts and evaluating electrode regeneration strategies for
long-term operation. (2) Regeneration mechanism: the proton-
assisted bicarbonate conversion mechanism is thermodynamically
favorable and consistent with the observed dependence of CO FE
on bicarbonate fraction, but additional contributions from
carbamate-involved routes under certain conditions cannot be
excluded. Further kinetic and operando spectroscopic studies will
be valuable to quantitatively resolve the regeneration mechanism
and to disentangle bicarbonate- and carbamate-mediated contribu-
tions. (3) Process engineering considerations: industrial implemen-
tation will require evaluation of multi-cycle absorption-electrolysis
operation, quantification of amine oxidative degradation, and
understanding performance under a variety of absorber-relevant
pressures and gas compositions. Incorporating the electrolyte
design principles developed here into process-scale studies that
quantify amine stability, long-term cycling, and operation at indus-
trial absorber conditions will provide an important next step
towards commercialization. (4) Extension to broader amine blends:
the activator-promoter framework and the design rule of balancing
bicarbonate concentration against viscosity and conductivity are
demonstrated here for MEA/MDEA and for ADIP-X (PZ/MDEA).
Future work could extend this approach to other industrial blends
such as AMP/MDEA, PZ-promoted blends, or sterically hindered
amines to establish how broadly this design principle applies
and to identify any system-specific refinements. (5) Operation at
industrial high current density: the decline in CO FE at 100 mA
cm 2 indicates unresolved mass-transport and kinetic interac-
tions. Future studies that vary hydrodynamics, cell architecture,
and electrolyte properties will be important to identify the rate-
limiting steps and to guide operation at higher current densi-
ties, providing opportunities to further enhance the practical
viability of reactive capture systems.

Methods

Materials

All reagents were purchased from commercial suppliers with-
out further modification, unless otherwise specified. Milli-Q
water with a resistivity of 18.2 MQ cm at 25 °C was used for all
experiments.

Ni-N/C catalyst synthesis

To synthesize the Ni-N/C catalyst, 3.39 g of zinc nitrate hex-
ahydrate was first dissolved in 180 mL of methanol. Separately,
3.94 g of 2-methylimidazole was dissolved in another 180 mL of
methanol and then added to the zinc nitrate solution. The
resulting mixture was stirred continuously at 600 rpm and
maintained at 60 °C for 24 h. The ZIF-8 powder was collected
by centrifuging the mixture, washing with methanol 3 times,
and drying under a vacuum at 60 °C overnight. Subsequently,
100 mg of the synthesized ZIF-8 powder was dispersed in 12 mL
of n-hexanes and sonicated for 1 h at room temperature to form
a homogeneous suspension. Then, 216 pL of 0.125 M nickel(ir)
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nitrate hexahydrate solution was added dropwise to the suspen-
sion while sonicating at room temperature. The nickel-doped
solution was then centrifuged, washed three times with metha-
nol, and vacuum-dried at 60 °C overnight. Finally, the resulting
powder was placed in a tube furnace and pyrolyzed at 900 °C for
2 h under a continuous flow of argon (Ar) gas to obtain the
Ni-N/C catalyst.

Ni-N/C catalyst characterization

To identify the catalyst’s phase information and crystallinity, XRD
was conducted using a Rigaku Miniflex diffractometer equipped
with Cu Ko radiation (1.5405 A). The diffraction patterns were
recorded with a step size of 0.2° in 20 and a scanning rate of 5° per
minute. All additional settings were optimized to improve the
signal-to-noise ratio. High-resolution transmission electron micro-
scopy (HRTEM), high-angle annular dark-field scanning transmis-
sion electron microscopy, and energy dispersive X-ray spectroscopy
elemental mapping were performed on a double-corrected Thermo
Fisher Scientific Spectra Ultra equipped with both Cs Probe and
Image corrector. HRTEM samples were prepared by depositing a
Ni-N-C suspension onto a lacey carbon film-coated Cu grid.

Electrolyzer operation and gas analysis

The cathode electrode was prepared by spray-coating the Ni-N/C
catalyst ink onto a hydrophilic carbon paper (AvCarb MGL190,
Fuel cell store). For a 6.25 cm” substrate, the ink was composed of
25 mg of Ni-N/C catalyst and 75 mg of Nafion solution (5 wt%,
Fuel Cell Store) dispersed in 2 mL of methanol, followed by 1 h of
sonication. The cathode catalyst loading was approximately
1 mg cm 2, and the prepared cathode electrode was used with
an exposed area of 1 cm? The anode electrode was titanium-
supported iridium oxide (Magneto Special Anodes, Evoqua Water
Technologies). The cathode and anode were separated by a
Nafion membrane (N117, Ion Power), with an additional CO,
diffusion layer—mixed cellulose ester (MCE) membrane filter
(8.0 um pore size, Millipore Sigma)—placed between the cathode
and membrane.

All electrochemical experiments were performed using a
membrane electrode assembly (MEA) at room temperature
and atmospheric pressure, and data were collected using a
potentiostat (Autolab PGSTAT204). In a typical experiment,
75 mL of amine-based capture solution was purged with
15 vol% or 100 vol% CO, at room temperature or 40 °C until
the desired CO, loading was achieved. The headspace of the
capture solution was connected to a desiccant (DRIERITE
8 mesh, W.A. Hammond) trap to capture evaporated amines,
and the amount of CO, absorbed was determined by weighing
the solution and desiccant trap before and after purging. The
post-capture amine-based solution and 75 mL of 0.05 M sulfu-
ric acid (H,SO,) solution were circulated as catholyte and
anolyte, respectively, using peristaltic pumps. During electro-
lyzer operations, the catholyte was continuously purged with Ar
gas at 20 sccm. To ensure complete removal of dissolved CO,
and even mixing of gas products, the first gas sample was taken
after 20 min of operation. All reported full cell voltages were not
iR corrected.
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Gas products were analyzed using a gas chromatograph
(PerkinElmer Clarus 590) equipped with a thermal conductivity
detector and a flame ionization detector. A 1 mL sample of gas
was collected from the outlet and injected into the chromato-
graph for quantification. The FE was then calculated using the
following equation:

Zl'FP

FE; (%) = RT

><vl-><;><100%

where z; is the moles of electrons required to produce one mole
of product i, F is the Faraday’s constant, P is the atmospheric
pressure, R is the ideal gas constant, T'is the room temperature,
v; is the gas flow rate of product i, and I is the total current.

EIS measurements were acquired in the frequency range of
10° to 1 Hz at 50 mA cm ™2,

Quantitative **C NMR

13C NMR spectra were obtained using a 500 MHz Agilent DD2
NMR spectrometer. 1 M 2,2,3,3-p(4)-3-(Trimethylsilyl)propionic
acid sodium salt (98+ atom% D, Thermo Scientific Chemicals)
diluted with deuterium oxide (99.9 atom% D, Millipore Sigma)
was used as internal reference. Samples were prepared in 5 mm
NMR tubes with 500 mL deuterium oxide (D,0) and 100 mL test
solution. The following acquisition parameters were used:
pulse angle = 45.0°, acquisition time = 10.486 s, delay time =
57.514 s, number of data points = 524 288, number of scans = 128.
The data were processed by MestReNova x64.

Thermodynamic calculations

Density functional theory calculations of the reaction pathway
was performed with Gaussian 16 program package at wB97XD/
aug-cc-pVTZ level of theory using CPCM (water) solvent model.

Aspen HYSYS model

Aspen HYSYS V12.1 was used to simulate an amine-based CO,
capture process and determine the maximum CO, absorption
capacity of different amine solutions, including 5 M MEA, 4 M
MEA + 1 M MDEA, 2.5 M MEA + 2.5 M MDEA, and 1 M MEA +
4 M MDEA. The Acid Gas-Chemical Solvents property package
was selected in Aspen HYSYS, as it supports amine blends,
including pure MEA and MEA-MDEA mixtures. The flue gas and
amine solution temperatures were set to 40 °C, with an absor-
ber operating pressure of 101.3 kPa and 50 equilibrium stages.
The process begins with a flue gas stream containing 15% CO,
and 85% N, entering the absorber from the bottom, while the
amine solution is introduced from the top. As the gas flows
upward and the amine solution flows downward, CO, is
absorbed into the liquid phase. The CO,-rich amine solution
then exits from the bottom of the absorber, while the nitrogen-
rich gas leaves through the top. The maximum CO, absorption
capacity was determined by progressively increasing the flue
gas flow until the amine solution could no longer absorb
additional CO,. The CO, loading was then calculated as the
molar ratio of absorbed CO, to amine molecules in the
solution.
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