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Abstract

Integrated capture and electrochemical conversion of CO, from flue gas can mitigate the
energy penalties of conventional decoupled processes, offering a promising pathway to
reduce CO, emissions and valorize carbon resources. However, this strategy has not yet
been fully realized because of the mismatch between the rates of CO, capture and
electrolysis.
electrochemical conversion from flue gas using monoethanolamine (MEA) as the mediator.
MEA captures CO, from flue gas and delivers it in liquid form to an electrolyzer, where the
captured CO, is electrochemically converted into CO with concurrent MEA regeneration.
The regenerated MEA is recycled to the absorber for another round of CO, capture,
establishing a sustainable closed loop for simultaneous CO, capture and electrolysis.
Owing to the low solubility of O, in the MEA solution, the system exhibits strong oxygen
tolerance, avoiding efficiency loss caused by the competing oxygen reduction reaction. By
examining key parameters such as current density, electrode hydrophobicity, and CO,

Herein, we report a concerted system integrating CO, capture and

concentration, the concerted system achieves a high CO, capture efficiency of 63% for flue
gas containing 15% CO, and produces a syngas with an H,/CO = 3.2 over 24 h of
operation. This work demonstrates the first MEA-based system for concerted capture and
conversion of CO, from flue gas, offering an effective strategy for sustainable carbon
recycling and syngas production.
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INTRODUCTION

The continuous rise in atmospheric CO, concentra-
tions has led to severe environmental issues, includ-
ing global warming, ocean acidification, and biodi-
versity loss!"?l. Carbon capture and utilization
(CCU) technologies have garnered increasing atten-
tion due to their capability of reducing CO, emis-
sions while simultaneously producing value-added
chemicals and fuels” . For example, porous mater-
ials have been widely studied for CO, capture and
catalytic conversion, due to their high surface area
and tunable structures'**. Among CCU technolo-
gies, electrochemical CO, reduction reaction
(CO,RR) is particularly promising, because it can
use renewable electricity (e.g., wind and solar power)
to convert CO, under mild conditions into a variety
of valuable products such as CO and formic acid®°’.
Currently, most studies on CO,RR are performed
using high-purity CO, gas in lab-scale electrolyzers.
In practice, industrial flue gas, the main point source
of anthropogenic CO, emissions, contains 5%-15%
CO, mixed with N,, O,, and other gas impurities.
Direct electrolysis of flue gas in gas-fed electrolyzers
is challenging because the presence of O, severely
hinders CO,RR by triggering the thermodynamically
more favorable oxygen reduction reaction (ORR),
resulting in reduced selectivity and increased energy
loss [Figure 1, Path I]""*?l. Moreover, the low CO,
concentration in the flue gas leads to low reaction
efficiency!>"l.

To overcome these issues, a sequential approach for
CO, capture and conversion from flue gas has been
widely adopted [Figure 1, Path IT]"*"7). In this pro-
cess, CO, is first absorbed from flue gas using alka-
line absorbents such as KOH or amine solutions,
forming captured CO, solutions enriched with
(bi)carbonates or carbamates. This is usually fol-
lowed by thermal treatment to release CO, while
simultaneously regenerating the absorbent. The puri-
fied CO, is compressed and transported for sub-
sequent conversion in a gas-fed electrolyzer!"*.
Although effective at separating CO, from flue gas
and converting it, this approach involves high
energy consumption and capital investment, limit-

[19,20

ing its economic viability!"**°. For instance, captur-
ing CO, using a commercial absorbent such as

monoethanolamine (MEA) requires up to

4.3 GJ/tCO, for MEA regeneration™!. Additionally,
solvent degradation and equipment corrosion are
more likely to occur at elevated temperatures, there-
by increasing operational complexity>**.

Electrochemical conversion of captured CO, solu-
tion has recently emerged as a promising alternative
to the conventional sequential CO, capture and
conversion approach, offering the potential to
simplify the overall process and reduce energy con-
sumption [Figure 1, Path ITI]**. In this strategy, CO,
capture and conversion occur alternately: CO, is cap-
tured by alkaline absorbents such as carbonates or
MEA to form a captured CO, solution, which is then
fed into an electrolyzer where CO or other products
are electrochemically produced. After the reaction,
the regenerated alkaline absorbent can be reused for
another round of CO, capture and conversion. For
instance, Zhang et al. reported the direct electrolysis
of captured CO, solution (i.e., bicarbonate, obtained
by capturing CO, in a carbonate solution) in a mem-
brane electrode assembly with a silver foam cathode,
achieving a Faraday efficiency for CO (FE,) of
60%*"). Later, Song et al. developed a Ni-based sin-
gle-atom catalyst (Ni-SAC) for electrolysis of
KHCO, solution, achieving a much higher FE_
exceeding 90%"°". In comparison, Leverick et al.
attained a relatively low FE., of ~19% when
employing a simple Ag foil electrode to electrolyze a
CO,-capturing MEA solution®”.

While path III effectively integrates CO, capture and
conversion, it relies on pre-captured CO,. During
extended electrolysis, the consumption of captured
CO, without replenishment decreases its concentra-
tion, leading to a drop in product selectivity'*. This
limitation highlights the need for a concerted CO,
capture and conversion system operating simultane-
ously. However, such a strategy has not yet been real-
ized due to the inherent mismatch between the rates
of CO, capture and electrolysis. This raises a critical
question: can the electrolytically regenerated
absorbent maintain adequate alkalinity to capture
CO, effectively and sustain the supply of captured
CO, species for subsequent conversion cycles at
comparable rates®*'? Recent work has demonstrat-
ed a coupled system comprising a K,CO, absorption

column and an electrolyzer, which achieved a CO,
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Figure 1. Schematic illustration of various pathways for CO, valorization from industrial flue gas. Path | represents the direct flue-gas
electrolysis in gas-fed electrolyzers without capture steps. Path Il illustrates a sequential route for CO, capture and electrolysis, with
electrolysis also carried out in a gas-fed electrolyzer. Path Il depicts the alternate route in which captured CO, is directly converted via
electrolysis of the captured CO, solution, while the regenerated absorbent is reused for subsequent CO, capture. Path IV shows the
concerted route for simultaneous CO, capture and electrolysis reported in this work.

capture efficiency of 30% and an FE, of 35%, validat-
ing the feasibility of such a concerted approach™'.
Nonetheless, carbonate-based absorbent solutions
suffer from slow CO, absorption kinetics, hindering
their practical applications"*?. In comparison, MEA
exhibits faster reaction kinetics and higher industrial
maturity for CO, capture, making it a more promis-

ing candidate for practical deployment*>**.

Herein, we report an MEA-based concerted CO, cap-
ture-conversion system by coupling a CO, absorber
with a liquid-fed electrolyzer for continuous syngas
production from simulated flue gas (containing 15%
CO,, 5% O,, and 80% N,) [Figure 1, Path IV]. A bipo-
lar membrane (BPM) is utilized to generate protons,
which react with the carbamate/bicarbonate species
formed during CO, capture in MEA, enabling in situ
CO, liberation for subsequent electrochemical reduc-
tion to CO. Meanwhile, MEA is regenerated and
recycled back to capture additional CO,, forming a
concerted system for simultaneous CO, capture and
electrochemical conversion. During electrolysis, H,

is also produced from the reduction of protonated

MEA generated during CO, capture, forming a syn-
gas with H,/CO = 3.2. In situ electrochemical

spectroscopy is performed to elucidate the reaction
processes occurring at the electrode surface.

EXPERIMENTAL
Chemicals and materials

Chemicals

Nickel chloride hexahydrate (NiCl,-6H,0),
melamine (C,H N, ), potassium hydroxide (KOH),
polytetrafluoroethylene suspension (PTFE, 60 wt%),
and MEA were purchased from Shanghai Aladdin
Bio-Chem Technology Co., Ltd. Lithium chloride
(LiCl) and potassium chloride (KCI) were obtained
from Shanghai Maclin Biochemical Technology Co.,
Ltd. Nafion solution (5 wt%) was purchased from
Sigma-Aldrich Chemical Reagent Co., Ltd.
Methanol, ethanol, and isopropanol were acquired
from Sinopharm Chemical Reagent Co., Ltd.
Polyethylene terephthalate (PET) plastic waste was
acquired from used Nongfu Spring mineral water
bottles. All reagents used in this work were obtained
from commercial suppliers and used without further
purification.
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Catalyst synthesis

The catalyst was synthesized according to a reported
procedure”. A homogeneous mixture was prepared
by grinding 1.0 g of NiCl,-6H,0, 2.0 g of melamine,
5.5 g of KCl, and 4.5 g of LiCl in a mortar. Next,
2.0 g of PET plastic (obtained from used mineral
water bottles) was cut into small pieces (~0.5 x
0.5 cm®) and added to the mixture. The resulting
mixture was transferred to a quartz boat and
pyrolyzed in a tube furnace at 800 °C for 2 h under
an Ar atmosphere. After cooling to room tempera-
ture, the product was washed with 80 mL of 1.0 M
HCl at 60 °C, then rinsed with ultrapure water and
methanol, and dried overnight at 60 °C. Finally, a
secondary carbonization step was performed under
the same pyrolysis conditions, yielding the target
atomic nickel and nitrogen-doped carbon (Ni-N-C)
material. The Ni content in the material was deter-
mined to be 2.54 wt% by inductively coupled plasma
optical emission spectroscopy, as reported previ-
ously.

Electrochemical measurements

Electrolysis of simulated flue gas

The working electrode was prepared as follows:
16 mg of catalyst, 400 uL of 5% PTFE suspension,
3.6 mL of isopropanol, and 16 pL of 5 wt% Nafion
were mixed and sonicated for 30 min to obtain a
uniform catalyst ink. The resulting dispersion was
then drop-cast onto the gas-diffusion layer (GDL)
side of a carbon paper, which was placed on a 40 °C
heating plate to facilitate solvent evaporation. After
drying, a gas diffusion electrode with an effective
area of 1 cm’® (matching the serpentine channel of
the membrane electrode assembly) was obtained,
with a catalyst loading of 1 mg-cm™. Electrolysis was
performed in a membrane electrode assembly
electrolyzer on an electrochemical workstation
(Gamry Interface 1010E, USA). The working and
counter (IrO /Ti mesh) electrodes were placed on
opposite sides of an anion exchange membrane
(AEM, Fumasep FAA-3-PE-30). 1.0 M KOH was
used as the anodic electrolyte and circulated through
the anodic compartment via a peristaltic pump. A
flow of simulated flue gas (15% CO,/85% N, or 15%
CO,/80% N,/5% O,) was directly fed into the cathod-
ic compartment at a rate of 20 sccm. The gaseous
products after 15 min of electrolysis were directly
analyzed by a gas chromatograph (Fuli GC979011,
China).

Electrolysis of the CO,-capturing MEA solution

The working electrodes were prepared as follows: a
mixture of 16 mg of the catalyst, 16 pL of Nafion
solution (5 wt%), and 3.6 mL of isopropanol was son-
icated for 30 min. The resulting suspension was
drop-cast onto a hydrophilic carbon paper
(TGP-H-060) with an effective area of 1 cm? achiev-
ing a catalyst loading of 4 mg-cm™. A titanium mesh
plated with iridium oxide (IrO_/Ti) served as the
counter electrode. Electrolysis was performed in the
same membrane electrode assembly electrolyzer
using the same electrochemical workstation (Gamry
Interface 1010E) as for the electrolysis of flue gas.
The working and counter electrodes were placed on
opposite sides of a BPM (FBM-PK). The anodic
compartment was filled with 70 mL of 1.0 M KOH,
which was continuously circulated by a peristaltic
pump at a rate of 50 mL/min. The cathodic compart-
ment contained 70 mL of a CO,-capturing MEA
solution (100% CO, gas was used for CO, capture)
and was circulated at 100 mL/min. During the experi-
ment, CO,, N,, O,, or simulated flue gas with varying
O, concentrations was continuously sparged into the
cathodic electrolyte at a constant flow rate of
20 sccm, controlled by a gas flowmeter. The dis-
solved oxygen concentration was measured using a
dissolved oxygen meter (INESA Scientific Instru-
ment Co., Ltd., JPBJ-610L, China). The gaseous prod-
ucts were analyzed after 15 min of electrolysis using
in-line gas chromatography, while the cathodic
electrolyte was characterized by nuclear magnetic res-
onance (NMR) spectroscopy.

Concerted CO, capture and electrolysis

Before initiating the concerted capture and electroly-
sis process, simulated flue gas (15% CO,/5% O,/80%
N, or 5% CO,/5% O,/90% N,) was introduced at a
flow rate of 50 sccm into an MEA solution for CO,
capture. The pH of the solution was monitored
using a pH meter (Hangzhou Meiyi, SUP-PHe.5-
5022-YK-IFS15, China). When the CO, capture was
completed, electrolysis was initiated, and CO, cap-
ture and electrolysis were carried out simultaneously
under continuous flue gas feeding at a flow rate of 5
sccm. The CO,-capturing MEA solution was trans-
ported through pipelines to the cathodic compart-
ment of the membrane electrode assembly for
electrolysis, while the regenerated MEA solution was
recycled back to the capture unit through a peri-
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staltic pump to capture CO, again. Electrolysis in the
concerted system was carried out using a membrane
electrode assembly with an effective area of 4 cm’.
Two types of working electrodes were prepared to
investigate the effect of electrode hydrophobicity on
electrolysis efficiency by incorporating the hydropho-
bic polymer PTFE. For the PTFE-free electrode
(Ni-N-C), the catalyst ink was prepared by mixing
16 mg of catalyst, 16 uL of Nafion solution (5 wt%),
and 3.6 mL of isopropanol. For the PTFE-containing
electrode (Ni-N-C-PTFE), 100 uL of 2 wt% PTFE dis-
persion was added to the same mixture. Each mix-
ture was ultrasonicated for 30 min, and the resulting
suspension was drop-cast onto a hydrophilic carbon
paper (TGP-H-060). The final electrode had an effec-
tive area of 4 cm’ and a catalyst loading of 4 mg-cm™.
The gas outlet of the cathodic chamber was connect-
ed to gas chromatography for real-time analysis of
gaseous products, while the cathodic electrolyte was
characterized by NMR spectroscopy. The data were
analyzed using Microsoft Excel (Version 2021), and
the average of two replicate measurements is report-
ed where applicable.

The Faraday efficiencies (FE) of CO and H, were
calculated using Equation 1.

FE = 2XP0XEXP 5 100% (1)

where n is the number of electrons transferred for
the formation of a specific product (2 for both CO
or H,); fis the volume concentration of CO or H, in
the gas flow; v is the gas flow rate; F is the Faraday
constant, 96,485 C-mol™; P is the atmospheric
pressure, 101,325 Pa; I is the current at the given

sampling time; R is the ideal gas constant,
8.314 J-mol"-K; T is room temperature.

The capture efficiency of CO, was calculated accord-

ing to Equation 2.

COx capture efficiency = A;‘A’ x100%  (2)

where A is the chromatographic peak area of CO,
leaving the concerted system without electrolysis; A,
is the peak area of CO, leaving the concerted system

after a certain electrolysis time (t).

During the prolonged electrolysis, the gaseous prod-

ucts were analyzed at 0.5-h intervals using gas
chromatography. The volume concentrations (f,) of
CO and H, at each time point (t) were determined
based on calibration curves. Accordingly, the vol-
umes of CO and H, produced during the first 0.5 h
of electrolysis (V,_ ) were calculated according to
Equation 3.

Vo~0.5 = fo.s X v x 0.5 (3)

Gas chromatographic analysis indicated that the vol-
ume concentrations of CO and H, changed over
time, as shown by the decrease in FE_ and a corre-
sponding increase in FEn,. Consequently, for electrol-
ysis conducted beyond 0.5 h, the average volume
concentration of CO or H, over each 0.5-hour inter-
val was employed to calculate the gas volumes

produced during that period (V, ) according to

-0.5~t

Equation 4.
Vico.sme = 200 ey x o (4)

The total volumes of CO and H, produced during
electrolysis over a specific time (¢) were determined
according to Equation 5.

Vi =Vowos +Vos~1+ ...+ Vicos~t  (5)

NMR measurement

'H and “C NMR spectra were recorded on a Bruker
AVANCE NEO spectrometer (Germany) operating
at a resonance frequency of 600 MHz. For sample
preparation, 500 uL of the solution was mixed with
140 uL of 5 mM dimethyl sulfoxide (in D,0/H,0,
Vp,0/Vu,0 = 19/1). The mixture was then transferred
to a tube for 'H and "C NMR analysis. The 'H NMR
spectra were recorded in water-suppressed mode.

In situ attenuated total reflection Fourier
transform infrared measurement

In situ attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectra were obtained using a
Bruker INVENIO infrared spectrometer (Germany)
equipped with a mercury cadmium telluride
detector. The working electrode was prepared by
depositing the Ni-N-C catalyst ink (same as used pre-
viously) onto a gold-coated silicon prism. The
Ag/AgCl and platinum wire were used as reference
and counter electrodes, respectively. The electrolyte
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was prepared by saturating a 2 M MEA solution
with a simulated flue gas composed of 15% CO,/5%
0,/80% N,. During electrolysis, 5 sccm of N, was
continuously purged into the electrolyte solution.
The IR spectra were recorded during electrolysis at
potentials ranging from -0.6 to -1.7 V vs. Ag/AgCl in
0.1 Vintervals. Each spectrum was collected over
100 scans at a resolution of 4 cm™. The background
spectrum was recorded at -0.6 V vs. Ag/AgCl for
baseline subtraction.

RESULTS AND DISCUSSION

Catalysts are essential for converting CO, into valu-
able products, such as CO, an important feedstock
for the chemical industry. Three main types of cat-
alysts have been reported for CO,-to-CO conver-
sion, including noble metal catalysts (e.g., Au and
Ag)te*l molecular metal complex catalysts (e.g.,
cobalt phthalocyanine supported on carbon black,
CoP¢/CB)P*! and metal-nitrogen-carbon (M-N-C)
catalysts**. Noble metal catalysts exhibit high activ-
ity but are costly, limiting their practical applica-
tions. Molecular catalysts such as CoPc/CB can offer
good selectivity but often suffer from limited stabil-
ity under continuous electrolysis conditions™. In
contrast, M-N-C catalysts feature abundant active
sites, high activity, and structural robustness,
making them promising candidates for CO,
electroreduction!. In particular, Ni-N-C catalysts
with well-defined active Ni-N sites have shown high
CO,-to-CO

conversion**), Therefore, a Ni-N-C single-atom cat-

activity and selectivity for
alyst is used as a model catalyst in this study because
of its established CO selectivity and well-understood
active site structure. The Ni-N-C is prepared accord-

ing to previously reported procedures.

A liquid-fed electrolyzer is first fabricated for the
electrochemical conversion of CO, captured in an
MEA solution [Supplementary Figure 1]. The
electrolyzer comprises an IrO /Ti mesh anode and a
carbon paper cathode coated with a Ni-N-C catalyst.
Both electrodes are firmly pressed between serpen-
tine flow plates on the anodic and cathodic sides.
The active area of the electrode is 1 cm*. A 1 M KOH
solution is used as the anolyte. A CO,-capturing 5 M
MEA solution, prepared by bubbling CO, into the
MEA solution until CO, capture is completed, is
used as the catholyte. NMR spectroscopy shows that

the CO,-capturing 5 M MEA solution primarily con-

tains ammonium, carbamate, and bicarbonate [Sup-
plementary Figure 2].

A BPM is inserted between the anode and cathode
to physically separate the two compartments. Under
reverse-bias operation, the BPM promotes water dis-
sociation, supplying hydroxide anions (OH) to the
anode and protons (H") to the cathode. At the
anode, OH is oxidized at the IrO_/Ti mesh surface
to produce O, and H,O. At the cathode, H' can react
with carbamate and bicarbonate species in the
CO,-capturing MEA solution to liberate in situ CO,,
which is then reduced at the Ni-N-C catalyst. Electro-
chemical performance is evaluated at constant
current densities of 50, 100, and 200 mA-cm™, with
N,, CO,, or simulated flue gas continuously sparged
into the electrolyte. Gaseous products generated
after electrolysis are analyzed using online gas
chromatography, confirming that only CO and H,
are produced. '"H NMR analysis does not show
detectable products in the electrolyte.

Following the construction of the liquid-fed
electrolyzer, we first evaluate the effect of the gas
atmosphere on the electrochemical conversion
efficiency of the CO,-capturing MEA solutions.
Under continuous pure CO, sparging, the FE_ is
34%, 32%, and 15% at 50, 100, and 200 mA-cm,
respectively, with the remaining FE attributed to the
hydrogen evolution reaction (HER) [Supplementary
Figure 3A]. When the atmosphere is switched to
15% CO,/85% N, or pure N,, comparable FE_, and
cell voltages are observed [Supplementary Figure 3].
This result indicates that even under limited or no
CO, feed, the chemically captured CO, in MEA solu-
tion can be effectively utilized for electrochemical
CO production.

The conversion efficiencies of CO,-capturing MEA
using a BPM and an AEM are also compared.
Because no H" is produced at the AEM and no CO,
is liberated, replacing the BPM with an AEM leads
to a decrease in CO production, despite the lower
cell voltage with an AEM [Supplementary Figure 4].
This result further confirms the critical role of H*
generated at the BPM in reacting with carba-
mate/bicarbonate to liberate in situ CO,, which is

essential for subsequent conversion to produce CO.
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Given that practical CO, sources often contain high
concentrations of O, ranging from 2% to 12%*”, the
effect of O, on the electrochemical conversion of
CO,-capturing MEA is investigated under simulated
flue gas conditions, with the CO, concentration
fixed at 15% and the O, adjusted using N,. For
comparison, a gas-fed electrolyzer, structurally
identical to the liquid-fed system except for the use
of an AEM and the addition of a microporous layer
on the carbon paper cathode, is also examined [Sup-
plementary Figure 5]. In the gas-fed electrolyzer, the
linear sweep voltammetry shows that the onset
potential for reduction current shifts positively upon
the introduction of 5% O, into the CO,/N, stream
(15% CO,/80% N,/5% O,), indicating substantial
activity of Ni-N-C for O, reduction [Supplementary
Figure 6]. Moreover, neither CO nor H, product is
detected during the electrolysis of 15% CO,/80%
N,/5% O, at current densities of 50 and 100 mA-cm?,
in stark contrast to the electrolysis of 15% CO,/85%
N, (FE., = 81% at 50 mA-cm™ and 63% at
100 mA-cm™), suggesting nearly all electrons are
diverted to the competing ORR when 5% O, is pre-
sent in the gas-fed electrolyzer [Figure 2A and Sup-
plementary Figure 7]. Correspondingly, the cell volt-
ages recorded in the presence of O, are lower than
those recorded under O,-free conditions. At an
increased current density of 200 mA-cm?, 45% FEx,
and 1% FE_ are detected, though ORR remains the

dominant reaction.

In contrast, the cell voltage for the reduction current
observed in CO,-capturing MEA solution under a
gas mixture of 15% CO,/80% N,/5% O, is quite simi-
lar to that under 15% CO,/85% N, [Supplementary
Figure 8]. The FE_, is 31%, 29%, and 16% at 50, 100,
and 200 mA-cm?, respectively, which are similar to
those recorded under O,-free conditions [Figure 2B
and Supplementary Figure 9]. Notably, no obvious
decrease in FE_, is observed when the O, concentra-
tion increases to 10%, 20%, or even 100% [Supple-
mentary Figure 10]. To further quantify the oxygen
effect, the dissolved oxygen concentration in the
electrolyte is measured under 15% CO,/85% N,, 15%
CO,/80% N,/5% O,, and 100% O, conditions, with
each gas continuously bubbled into the solution for
30 min [Supplementary Figure 11]. The dissolved
oxygen concentration is 0.003 mM under 15%

CO,/85% N, 0.060 mM under 15% CO,/80% N,/5%
O,, and 0.492 mM under 100% O, after 30 min.
Despite the large differences in dissolved oxygen con-
centration, the FE_ in the liquid-fed system remains
comparable across all tested conditions. This
indicates that O, in the flue gas stream has negligible
influence on the electrochemical conversion of
CO,-capturing MEA solution, making the system

oxygen-tolerant.

Figure 2C illustrates the electrolysis process in the
gas-fed and liquid-fed electrolyzers in the presence
of O,. In the gas-fed electrolyzer, the ORR dom-
inates over CO, reduction due to its more favorable
thermodynamics and comparable concentrations to
CO,, thereby suppressing CO production, which
aligns with previous studies***’). However, the
impact of O, is negligible in the liquid-fed electrolyz-
er. In aqueous media, the solubility of O, is only
0.0012 M (1 atm, 298 K), much lower than that of
CO, (0.034 M, 1 atm, 298 K)***'. The inherently low
O, solubility limits its concentration at the cathode,
allowing CO, electroreduction to proceed without
complications arising from O, reduction, regardless
of the O, concentrations in the gas phase. Addition-
ally, H* generated by the BPM reacts with carba-
mate/bicarbonate species to release CO, in situ,
ensuring a high local CO, concentration at the
electrode surface for electroreduction. These results
highlight the large potential of the concerted
pathway for capture and conversion of CO, from

flue gas.

After validating the direct conversion of CO,-captur-
ing MEA solution, we establish a concerted CO, cap-
ture and conversion system by coupling a simple
CO, absorber with an electrolyzer designed for
CO,-capturing MEA [Figure 3A]. To enhance both
CO, capture efficiency and CO production rate, the
active area of the Ni-N-C electrode is increased to
4 cm’. A 2 M MEA solution is selected as the capture
medium because it provides an optimal trade-off,
achieving a higher FE_., than 1 M MEA and a
comparable FE_, to 5 M MEA while operating at a
lower cell voltage [Supplementary Figure 12]. The
capture of CO, from simulated flue gas (15%
CO,/80% N,/5% O,) is performed by continuously
bubbling the flue gas into the MEA solution at
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Figure 2. FE., recorded for electrolysis of (A) 15% CO,/80% N,/5% O, and 15% CO,/85% N, in the gas-fed electrolyzer and (B)
CO,-capturing 5 M MEA under 15% CO,/80% N,/5% O, and 15% CO,/85% N, atmosphere in the liquid-fed electrolyzer. The error bars
represent the standard deviation of two independent measurements; (C) Schematic diagrams of reaction processes in the cathodic
chambers of the gas-fed and liquid-fed electrolyzers. FE: Faraday efficiencies; FE..: Faraday efficiency for CO; MEA: monoethanolamine;

CO,RR: CO, reduction reaction; ORR: oxygen reduction reaction.

50 sccm for 12 h. The completion of CO, capture is
confirmed when the outlet CO, concentration
approaches the inlet level (~15%), and the pH
decreases from 12.0 to 8.3 [Figure 3B]. The final pH
is slightly higher than that for capture of pure CO,
(pH 7.7), which is consistent with Henry’s Law
because of the lower partial pressure of CO, in flue
gas. The CO,-capturing MEA solution is sub-
sequently electrolyzed at a constant current density
of 50 mA-cm?, with a flue gas flow rate of 5 sccm
and a solution flow of 200 mL/min. Meanwhile, the
regenerated MEA solution is circulated throughout
the system, enabling concerted capture and electro-
chemical conversion of CO,.

The system achieves a maximum FE_ of 26% after

2 h of operation at 50 mA-cm™ [Figure 3C]. The
FE_, then gradually declines to 14% over the next
22 h of operation, with a cumulative production of
401 mL CO and 1,531 mL H,, forming a syngas with
H,/CO = 3.8 [Figure 3D]. Meanwhile, the concentra-
tion of CO, in the flue gas after CO, capture
([CO,]
and changes only slightly thereafter [Figure 3B].

wute) decreases markedly during the first 12 h
Correspondingly, the CO, capture efficiency increas-
es during the first 12 h, then becomes relatively sta-
ble over the subsequent 12 h, and ultimately reaches
a maximum of 64% [Figure 3E]. These observations
indicate that MEA is gradually regenerated as the
15% CO,-capturing MEA solution is electrochem-
ically converted, enabling the solution to capture
increasing amounts of CO, from the flue gas. After
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Figure 3. (A) Schematic illustration of a concerted CO, capture and conversion system; (B-E) Efficiency of the concerted system using 2 M
MEA to capture CO, from a flue gas containing 15% CO,/80% N,/5% O, and performing electrolysis of the CO,-capturing MEA at 50
mA-cm? for 24 h: (B) concentration of CO, leaving the concerted system ([CO,],,...); (C) FE for CO and H,; (D) cumulative volume of
gaseous products; (E) CO, capture efficiency. The shaded region in Figure 3B shows the CO, concentration change in the outlet gas stream
during 12 h CO, capture from a simulated flue gas (15% CO,/80% N,/5% O,) using 2 M MEA. MEA: Monoethanolamine; FE: Faraday

efficiencies.

approximately 12 h, the system enters a dynamic
equilibrium where the CO, capture rate matches the
electrochemical conversion rate, accomplishing con-
certed CO, capture and conversion.

To investigate the influence of reaction rate on the
concerted CO, capture and conversion system, the

electrolysis is then carried out at a higher current

density of 100 mA-cm™ [Supplementary Figure 13].
However, a lower FE_, of 20% is observed due to the
intensified HER. Nevertheless, a higher CO, capture
efficiency of 73% is achieved compared to electroly-
sis at 50 mA-cm?, which can be attributed to acceler-
ated regeneration of MEA driven by the enhanced
consumption of reactive carbon species at the higher
electrolysis current density. This result shows that


https://file.oaecenter.com/published/pdf/da288d680e9adb1ee6b2ee1b894d3afe/1782175851/gs2007-SupplementaryMaterials.pdf

Page 10 of 17

Yin et al. Greenverse Sci. 2026, 1, 10

ATV
—_ 16V
3
S A5V
§ 14V
® A3V
e I
B 1 1.2V
< i ' '
I ! 10V
_/I\v:\'_’———]:\\v
! JL__ 09V
\//' i L 0.8V
M . 07V
¥ — : e 4/_ ~—— 106V
2500 2000 1500 1000

Wavenumbers (cm™)

Figure 4. In situ ATR-FTIR spectra for electrolysis of 2 M MEA solution saturated with 15% CO,/5% O,/80% N, flue gas at varying
potentials under N, atmosphere. ATR-FTIR: Attenuated total reflection Fourier transform infrared; MEA: monoethanolamine.

increasing the current density of electrolysis can
improve CO, capture efficiency, though it may
reduce the efficiency of the subsequent conversion
step. Therefore, a trade-off exists between the
efficiencies of CO, capture and electrochemical

conversion.

To gain molecular-level insight into the electrode
environment during this concerted process, we
employed in situ ATR-FTIR spectroscopy to mon-
itor the electrolysis of a 2 M MEA solution pre-satu-
rated with the simulated flue gas (15% CO,/80%
N,/5% O,). As shown in Figure 4, during potentio-
static electrolysis, a distinct decrease in the CO, char-
acteristic peak (2,362 cm™) was observed, indicating
CO, consumption at the electrode surface”>**, Key
solution species were identified by peaks at 1,567,
1,495, 1,390, and 1,330 cm™', which were attributed
to RNHCOO . The peak at 1,222 cm™ correspond-
ed to HCO, "%, consistent with the NMR results
[Supplementary Figure 2]. The presence of MEA-H*
(1,632-1,651 cm™) was also confirmed, though this
peak may overlap with water bending vibrations in

the same range*>*. Notably, weak features associat-
ed with adsorbed CO intermediates (CO, at
~1,944 cm™ and CO, at ~1,795 cm™) were detected,
offering insight into the surface reaction pathway on
the Ni-N-C catalyst"*. This in situ analysis supports
the proposed mechanism, where H* from the BPM
facilitates MEA regeneration and the release of CO,
from carbamate/bicarbonate pools, which is then
reduced to CO at the Ni-N-C working electrode.

Building on this understanding of the electrode
microenvironment, we sought to further enhance
the CO, conversion efficiency by modifying the
electrode structure. We incorporated PTFE into the
Ni-N-C catalyst to increase the hydrophobicity of
the electrode surface, a feature that has been shown
to suppress HER"”. Using the same procedure as for
the Ni-N-C electrode, 100 uL of 2 wt% PTFE solu-
tion was added to the catalyst ink to fabricate the
Ni-N-C-PTFE electrode. CO, capture and electroly-
sis were then carried out simultaneously by applying
a constant current of 50 mA-cm” in 15% CO,-captur-

ing MEA solution [Figure 5 and Supplementary Fig-
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Figure 5. (A) FE and (B) cumulative volume of CO and H, produced in the concerted CO, capture and conversion system using 2 M MEA
as the capture medium and conducting electrolysis at 50 mA-cm=2 under 15% CO,/80% N,/5% O, with Ni-N-C and Ni-N-C-PTFE
electrodes. FE: Faraday efficiencies; MEA: monoethanolamine; PTFE: polytetrafluoroethylene.

ure 14]. As shown in Figure 5A, the Ni-N-C-PTFE
electrode exhibits a FE_, of up to 32% within the
first 2 h, surpassing the unmodified Ni-N-C
electrode (FE_, = 26%). Over the following 22 h,
however, the FE_, gradually declines, eventually
reaching the same level in both cases. The corre-
sponding CO, capture efficiency remains stable at
~63%, consistent with that observed for the unmodi-
fied Ni-N-C cathode [Supplementary Figure 14B].
Encouragingly, the higher initial CO production rate
with the PTFE-modified electrode results in a
cumulative output of 432 mL CO and 1,381 mL H,,
forming a syngas with a H,/CO = 3.2, lower than 3.8
for the unmodified electrode. The resulting syngas
composition is suitable for Fischer-Tropsch synthe-
sis to produce value-added liquid fuels, such as light
olefins®*.

We also performed electrolysis of 15% CO,-captur-
ing MEA under a N, flow to examine the role of
continuous CO, supply. At the same current density
(50 mA-cm™), the [CO,], ...
of CO, feed than with the supply of 15% CO, [Sup-

is lower in the absence

plementary Figure 15A]. Consequently, FE
remains lower under N, flow than under 15% CO,
throughout the 24 h of electrolysis. Notably, FE
declines to only 5% at the end of 24 h of electrolysis
under N, flow [Supplementary Figure 15B]. As a
result, 269 mL CO and 1,685 mL H, are produced
with a H,/CO = 6.3 [Supplementary Figure 15C].

Additionally, the solution pH rises from 8.3 to 9.3
[Supplementary Figure 15D], compared with only a
slight increase to 8.6 under 15% CO,/80% N,/5% O

supply. This is primarily because MEA regenerated
during electrolysis cannot recapture CO, and
therefore accumulates in the absence of CO, feeding.
The marked differences between electrolysis experi-
ments using flue gas and N, streams confirm that
considerable CO is produced directly through the
capture and electrochemical conversion of CO, in

flue gas.

Since the composition of flue gas varies in
real-world scenarios, we then examine the influence
of CO, concentration in simulated flue gas on the
efficiency of CO, capture and subsequent conver-
sion. To this end, the CO, concentration is varied
from 15% to 5% by diluting with N, and O,. The
resulting gas mixtures are continuously bubbled into
2 M MEA solutions at the same flow rate (50 sccm)
to perform CO, capture. Due to the lower CO, con-
centration, CO, capture requires an additional 10 h
for flue gas containing 5% CO, compared with its
15% CO, counterpart, as evidenced by measure-
ments of the CO, concentration in the outlet gas and
the pH of the MEA solution [Figure 6A and Supple-
mentary Figure 16]. Notably, a higher steady-state
pH is observed in the system supplied with 5% CO,,
suggesting that a lower CO, partial pressure reduces
CO, loading at the end of CO, capture.
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Figure 6. Efficiency of concerted CO, capture and conversion system using 2 M MEA to capture CO, from a flue gas containing 15%
C0O,/5% 0,/80% N, or 5% CO,/5% 0,/90% N, and conducting electrolysis of the CO,-capturing MEA at 50 mA-cm2 for 24 h: (A) pH
evolution during CO, capture and subsequent conversion; (B) FE for CO and H, production; (C) cumulative volume of CO and H, products;
(D) CO, capture efficiency. The shaded region in Figure 6A shows the pH change in the solution during 12 and 24 h CO, capture from
simulated flue gases (15% CO,/80% N,/5% O, and 5% CO,/90% N,/5% O,) using 2 M MEA. MEA: Monoethanolamine.

Similarly, concerted capture and electrochemical
conversion of CO, from flue gas containing 5% CO,
are performed using the Ni-N-C-PTFE electrode
under the same conditions used for flue gas contain-
ing 15% CO,. As shown in Figure 6B and C, the FE_,
recorded in 5% CO,-capturing MEA solution is con-
sistently lower than thatin a 15% CO,-capturing
MEA solution, resulting in the production of
254 mL CO and 1,495 mL H,. This decrease in FE
can be attributed to the reduced partial pressure of
CO,, which lowers the CO, loading in MEA and
thus reduces the concentration of reactive carbon
species available for electrochemical conversion.
Nonetheless, the full-cell voltages recorded in 5%
CO, and 15% CO,-capturing MEA solutions are

comparable, despite marked differences in CO, load-
ing and product distribution [Supplementary Figure
17]. This is due to the increased HER activity at low-
er CO, concentrations. Notably, the CO, capture
efficiency increases from 67% when supplied with
15% CO, flue gas to 88% when supplied with 5% CO,
flue gas [Figure 6D]. Additionally, for both CO, con-
centrations, the solution pH increases during
electrolysis as a result of MEA regeneration associat-
ed with CO, conversion and HER [Figure 6A]. The
rate of pH increase in the system with 5% CO, is
faster than that with 15% CO,, because the CO, cap-

ture rate is lower than the MEA regeneration rate
under low-concentration CO,.
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Building on the above parameter optimization, we
determined that CO, capture from 15% CO, by 2 M
MEA and electrolysis at 50 mA-cm™* with the
Ni-N-C-PTFE electrode provides a favorable bal-
ance between CO, capture efficiency and CO selectiv-
ity. To further elucidate the origin of this balance,
we analyze the dynamic relationship between CO,
capture and electrolysis by calculating CO, capture
rate and CO production rate (the latter correspond-
ing to the MEA regeneration rate), enabling a quanti-
tative evaluation of their relationship during opera-
tion.

The reactions involved in CO, capture and electroly-
sis processes are presented in Supplementary Equa-
tions 1-14 in Supplementary Figure 18. As shown in
Supplementary Figure 19, the CO, capture rate is
very low initially. This is because the starting solu-
tion is a 15% CO,-capturing MEA solution, in which
MEA predominantly exists as MEA-H", carbamate,
and HCO, [Supplementary Equations 1-3], leaving
negligible free MEA available for additional CO,
absorption. Upon electrolysis, several steps occur
simultaneously. Water splitting occurs at the BPM of
the membrane electrode assembly, generating H*
and OH' [Supplementary Equation 4]. In an ideal
case, all H* react with carbamate and bicarbonate
species to release CO, and partially regenerate MEA
[Supplementary Equations 5 and 6]. The CO, is then
reduced to CO at the cathode, generating CO and
OH' [Supplementary Equation 7]. The OH' can react
with MEA-H" [Supplementary Equation 8], regener-
ating MEA completely. At the anode, the OH" from
water splitting is oxidized to generate O, [Supple-
mentary Equation 12]. Overall, the net reaction for
CO, capture and conversion is CO, splitting [Supple-
mentary Equation 13], which simultaneously
depletes the captured CO, species and regenerates
MEA [Supplementary Equations 5-8]. However, the
electrolysis system is very complicated. Some H*
from the BPM and MEA-H" itself will be reduced
directly to generate H, [Supplementary Equations 10
and 11], competing with CO, release and reduction
steps. However, the overall reaction for H, evolution
will not regenerate MEA [Supplementary Equation
14]. In addition, some H* will react with OH' generat-
ed during CO, reduction, neutralizing the addition-
ally generated OH' in the cathodic chamber [Supple-
mentary Equation 9]. Therefore, the MEA regenera-

tion rate would in principle be the same as the CO
production rate.

As the concentration of free MEA increases, the solu-
tion progressively regains its capacity to capture
CO,, leading to a continuous increase in the CO, cap-
ture rate. Around 12 h, a dynamic balance between
MEA regeneration by electrolysis and consumption
by CO, capture is established, and the capture rate
approaches a steady state [Supplementary Figure
19].

In contrast, the CO production rate gradually
decreases over time. This decline is primarily
attributed to the increase in local pH near the cath-
ode. Continuous CO, reduction generates OH" [Sup-
plementary Equation 7], which raises the electrode
interfacial alkalinity and shifts the equilibrium away
from free CO, (toward carbonate/bicarbonate
species). This shift makes CO, release more difficult,
thereby reducing the availability of molecular CO,
for electroreduction. In addition, prolonged opera-
tion may also induce catalyst surface changes and
mass transport limitations, further contributing to
the decrease in CO production rate.

Notably, the CO, capture rate and CO production
rate intersect at approximately 4.5 h [Supplementary
Figure 19]. This crossover point represents a
transient state where CO, supply and consumption
are momentarily balanced. However, due to the
direct reduction of H' from BPM [Supplementary
Equation 10], the generated OH" from CO, reduc-
tion cannot be immediately neutralized [Supple-
mentary Equation 9], which can capture additional
CO,. This indicates that the capture capacity of the
catholyte has not yet been reached. As a result, the
capture rate continues to rise beyond this point,
while the CO production rate cannot be sustained
due to the progressively unfavorable cathodic
microenvironment. At a certain point (under the
selected CO, capture and electrolysis conditions for
~12 h), the balance for CO, capture and electrolysis
is reached.

These results demonstrate that the rate mismatch
originates from the different temporal evolution of
CO, capture in the bulk solution versus CO, conver-

sion at the electrode. Importantly, this balance can
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be tuned by adjusting both CO, supply (inlet CO,
concentration) and CO, utilization (electrolysis
current density), enabling optimal conditions under
which CO, capture efficiency and CO selectivity are

simultaneously optimized.

Finally, the MEA-mediated concerted system is com-
pared with both conventional sequential and
recently reported carbonate-based concerted sys-
tems [Supplementary Table 1]. The comparison
involves key metrics such as Faraday efficiency and
partial current density for CO production, total
current density, stability, CO, capture efficiency, and
energy consumption (Details of the energy consump-
tion calculation are provided in Supplementary Note
1). We note that the Faraday efficiency and partial
current density for CO production of our MEA-me-
diated system are currently lower than those of
conventional sequential systems, yet comparable to
recently reported carbonate-based concerted sys-
tems. Notably, our system offers an advantage in
overall energy consumption compared to the conven-
tional sequential route, as it eliminates the need for
energy-intensive upstream CO, desorption (e.g., ther-
mal regeneration). Additionally, our system also
exhibits a twofold higher CO, capture efficiency com-
pared to carbonate-based concerted systems,
because of the faster CO, absorption kinetics of
amines. These results suggest that the MEA-mediat-
ed system enables effective CO, capture and utiliza-

tion.

CONCLUSIONS

We have developed an MEA-based system for con-
certed CO, capture and electrochemical conversion
by combining a simple CO, absorber with a liq-
uid-fed electrolyzer. The CO,-capturing MEA solu-
tion is directly utilized as the liquid feedstock for
electrochemical conversion, enabling in situ CO,
release and subsequent syngas production over a Ni
single-atom catalyst. The system shows strong toler-
ance to oxygen and is feasible for concerted CO, cap-
ture and electrochemical conversion under flue gas
conditions. Through optimization of current
density, electrode hydrophobicity, and CO, concen-
tration, we achieved a high CO, capture efficiency of
63% and efficiently produce syngas with H,/CO =
3.2. This work demonstrates the feasibility of MEA-
-mediated concerted CO, capture-conversion for

flue gas upgrading, while further optimizations in
amine structure, catalyst stability, electrode design,
and system operation are warranted for long-term
applications.
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