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ort kinetics for efficient
electrochemical conversion of captured CO2 in
amine solutions

Zhihui Lv, a Kang Liu, b Chun-Qing Yin,a Lin Du, a Min Liu *bc

and Xin-Ming Hu *ad

Direct electrochemical conversion of captured CO2 in amine solutions offers a promising route to upgrade

dilute CO2 into valuable chemicals, bypassing the energy-intensive stripping step. However, this reaction is

obscured by the complex equilibrium among carbamate, bicarbonate, dissolved CO2, and protonated

ammonium in CO2-loaded amine solutions and suffers from low selectivity due to the competing

reduction of protonated ammonium. Here, we elucidate the reaction mechanism and reveal the mass

transport as the governing factor for electrochemical conversion of captured CO2 in monoethanolamine

(MEA), diethanolamine (DEA), and triethanolamine (TEA), which are the representatives of primary,

secondary, and tertiary amines with the same functionality. Bicarbonate-derived CO2, rather than

carbamate, is identified as the reactive species for CO generation across all amines. TEA is found to be

the optimal amine, offering the highest CO selectivity (80%) and stability with heterogenized cobalt

phthalocyanine as the catalyst. This is attributed to the significantly hindered mass transport of both

reactive bicarbonate and protonated ammonium in TEA than in the other two amines, with protonated

TEA exhibiting particularly sluggish diffusion. These findings pave the way for the rational design of

amine systems for efficiently converting captured CO2 through mass transport manipulation.
Introduction

Excessive CO2 emission causes global climate change, posing
severe threats to ecosystems and human health.1,2 Electro-
chemical CO2 conversion has emerged as a promising solution
to mitigate the CO2 accumulation and produce valuable fuels
and chemicals (e.g., CO, HCOO−, C2H4, and C2H5OH).3–6 This
approach offers distinct advantages, such as tuneable product
selectivity, mild operating conditions, and high compatibility
with renewable electricity.7 Among the possible products, CO
has attracted considerable attention because of its role as a key
feedstock for Fischer–Tropsch synthesis.8 Considerable prog-
ress has been made with state-of-the-art catalysts, such as Au/Ag
nanostructures,9,10 supported metal complexes,11–14 and single
atom catalysts (SACs),15–18 which have achieved high faradaic
efficiencies and industrial-level current densities for CO2-to-CO
conversion.
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Despite these advances, two major challenges limit the
practical applications of electrochemical CO2 conversion. First,
conventional electrochemical systems rely on high-purity,
pressurized CO2 gas, which comes from energy-intensive CO2

capture, desorption, purication, and compression processes
(Fig. 1a).19,20 Second, the overall CO2 utilization efficiency
remains low in the gas-fed systems, typically <20% for CO2-to-
CO conversion,21,22 due to CO2 loss through carbonate forma-
tion or incomplete reaction, which further requires costly
product separation and CO2 recycling.23

To overcome these barriers, direct electrochemical conver-
sion of captured CO2 has recently gained traction as a strategy
that integrates carbon conversion with capture (Fig. 1b). By
electrolyzing CO2-loaded capture media (e.g., bicarbonate or
CO2-amine adducts), this strategy circumvents the need for CO2

release and purication, while simultaneously improving
carbon utilization.24–30 Li et al. performed an energy comparison
between sequential and integrated CO2 capture and electro-
chemical conversion.25 They estimated that if the electrolyzer
for captured CO2 electrolysis performs comparably to the
conventional CO2-fed system, the direct conversion could save
nearly 44% in energy consumption relative to the conventional
sequential process.

Among various capture media, amine solutions dominate
industrial CO2 capture due to their high absorption capacity,
rapid kinetics, and low cost.31,32 Accordingly, direct
Chem. Sci.
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Fig. 1 (a) Conventional and (b) integrated systems for CO2 capture and electrochemical conversion.
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electrochemical conversion of captured CO2 in amines into CO
presents a compelling route to obtain value-added chemicals
and regenerate the amine absorbents. Notably, Sargent and co-
workers rst demonstrated the electrochemical conversion of
CO2-loaded monoethanolamine (MEA), achieving an optimal
faradaic efficiency of 72% for CO production at −50 mA cm−2

using Ag catalysts in a ow cell.33 However, Gallant and co-
workers reported only ∼20% CO faradaic efficiency in an H-
cell with the same catalyst and MEA medium,34 while Kim
et al. achieved a CO selectivity of 65% at a comparable current
density using a nickel single-atom catalyst in a membrane
electrode assembly.35

More recently, Li et al. identied piperazine (PZ) as an
optimal capture medium for integrated CO2 capture and
conversion, which showed superior reaction kinetics to MEA,
due to the formation of the charge-neutral H+PZCOO− inter-
mediate in CO2-loaded PZ solution.36 In their study, an optimal
selectivity of 38% for CO production was reported when elec-
trolyzing the CO2-loaded PZ solution at 10 mA cm−2 at room
temperature with a nickel single-atom catalyst, while the
selectivity could be increased to 75% at an elevated electrolysis
temperature (60 °C).

These previous studies indicate two key points. First, the
direct electrochemical conversion of captured CO2 in amine
solutions is feasible but suffers from low efficiency (i.e., poor
selectivity), due to the competing hydrogen evolution reaction
(HER) arising from the reduction of protonated ammoniums in
the solution. Second, the amine structure strongly inuences
the conversion efficiency of captured CO2, yet an in-depth
evaluation across varying amines is still lacking.

In addition, the identity of the true reactant in CO2-loaded
amine solutions remains contentious. Some researchers
proposed carbamate (CO2-amine adduct) as the active species
for CO generation,33,36 while others attributed CO production to
dissolved or liberated CO2 coming from carbamate dissocia-
tion.34,35 The poor understanding of the reaction process of
captured CO2 in amine solutions poses challenges for rational
system design to optimize the conversion efficiency. Therefore,
exploring an optimal amine and elucidating the reaction
mechanism are imperative for achieving selective conversion of
captured CO2 in amine solutions.

In this work, we show that the tertiary amine (tri-
ethanolamine, TEA) outperforms the primary (MEA) and
Chem. Sci.
secondary (diethanolamine, DEA) amines in the direct electro-
chemical conversion of captured CO2 solutions using cobalt
phthalocyanine supported on carbon black (CoPc/CB) as
a model catalyst. Across all amines, CO emerges as the domi-
nant product, with the selectivity and stability following MEA <
DEA < TEA. Comprehensive analysis combining 13C nuclear
magnetic resonance (NMR), in situ infrared spectroscopy,
density functional theory (DFT), determination of diffusion
coefficients, and deuterated water experiments reveals a new
reaction pathway for the conversion of captured CO2, that is,
dissociated CO2 from bicarbonate, rather than carbamate, is
electrochemically reduced to form CO, irrespective of amine
types. Moreover, mass transport is identied as the governing
factor in determining the conversion efficiency of captured CO2.
The smallest diffusion coefficient in TEA hinders the transport
of both reactive bicarbonate and protonated ammonium, sup-
pressing hydrogen evolution more signicantly, thereby
enhancing CO selectivity and operational stability. As a result,
a maximum selectivity of 80% for CO production can be ach-
ieved in the electrolysis of CO2-loaded TEA, superior to MEA,
DEA, and many reported amine systems. These insights estab-
lish mass transport as a critical determinant in direct conver-
sion of captured CO2 in amine solutions and provide guidelines
for rational amine selection and system optimization.

Experimental
Chemicals

All reagents used in this work were obtained from commercial
suppliers without further purication. Cobalt phthalocyanine
(CoPc) and deuterium oxide (D2O) were purchased from J&K
Scientic Co., Ltd Carbon black (CB, cabot vulcan XC-72) was
purchased from Macklin Biochemical Co., Ltd N,N-di-
methylformamide (DMF), ethanol, isopropanol, potassium
bicarbonate (KHCO3), and hydrochloric acid (HCl) were
purchased from Sinopharm Chemical Reagent Co., Ltd Naon
solution (5 wt%) and silver nanopowder were from Sigma-
Aldrich Chemical Reagent Co. Ltd Nickel chloride hexahydrate
(NiCl2$6H2O), melamine, monoethanolamine (MEA), di-
ethanolamine (DEA), triethanolamine (TEA), and hydroxy-
methylferrocene were purchased from Shanghai Aladdin Bio-
Chem Technology Co. Ltd Potassium chloride (KCl) and
lithium chloride (LiCl) were obtained from Shanghai Maclin
Biochemical Technology Co. Ltd The PET plastic waste used to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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synthesize the nickel single-atom catalyst (Ni–N–C) came from
used water bottles. Ultrapure water (18.2 MU cm) from a Milli-Q
system was used in all experiments.
Catalyst synthesis

The CoPc/CB catalyst was prepared according to reported
procedures.37 First, 6 mg of CoPc was dissolved in 300 mL DMF.
Subsequently, 600 mg of CB was added into the above solution
and sonicated for 30 min. The resulting suspension was stirred
for 24 h at room temperature and ltered. Finally, the CoPc/CB
catalyst was obtained aer washing with DMF, ultrapure water,
and ethanol, and dried in vacuo at 60 °C overnight.

The Ni–N–C catalyst was prepared according to the litera-
ture.38 First, 1.0 g NiCl2$6H2O, 2.0 g melamine, 5.5 g KCl, and
4.5 g LiCl were ground in a mortar. Next, 2.0 g PET plastic waste
was cut into small pieces (ca. 0.5 × 0.5 cm2) and added into the
mixture. Then, the resulting mixture was transferred into
a quartz boat and pyrolyzed in a tube furnace at 800 °C for 2 h
under an Ar ow. Aer cooling down to room temperature, the
product was washed with 1 M HCl at 60 °C for 4 h, followed by
washing with ultrapure water and methanol. Aerwards, the
product was dried overnight at 60 °C in vacuo. Finally, the Ni–N–
C catalyst was obtained aer a secondary carbonization under
the same pyrolysis conditions as the rst time.
Electrochemical measurements

The preparation of the working electrodes was as follows. The
catalyst ink was prepared by dispersing the CoPc/CB, Ni–N–C, or
Ag nanopowder catalyst (6 mg) in a mixture of isopropanol (90
mL), Naon solution (60 mL), and ultrapure water (450 mL) under
sonication for 30 min. Subsequently, 100 mL of the catalyst ink
was drop cast onto both sides of the hydrophobic carbon paper
(TGP-H-060, 20% PTFE) and dried in air. The effective area of
the working electrode was 2 cm2, and the catalyst loading was
0.5 mg cm−2. Controlled potential electrolysis was conducted
on an electrochemical station (CHI 760E) in a three-electrode H-
cell. The carbon paper coated with the catalyst was used as the
working electrode, and Ag/AgCl and platinum mesh were used
as the reference electrode and counter electrode, respectively.
The anolyte was 0.5 M KHCO3 (30 mL), while the catholyte was
CO2-loaded MEA, DEA, and TEA solutions (saturated with CO2

gas before use, 30 mL), respectively. The pH values of the
catholytes were measured with a Mettler Toledo pH meter and
are listed in Table S1. A Naon 117 membrane was used to
separate the cathodic and anodic chambers.

Prior to the test, the catholytes were purged with Ar (50 sccm)
for 15 min to remove dissolved CO2, and the working electrodes
were activated by applying a potential (−0.55 V vs. RHE) for
5 min. The electrolysis was carried out at controlled potentials
under an Ar (10 sccm) atmosphere with electrolyte stirring. The
potential against Ag/AgCl was converted to the potential against
the reversible hydrogen electrode (RHE) according to eqn (1):

EðRHEÞ ¼ EðAg=AgClÞ þ 0:197þ RT

F
� ln 10� pH (1)
© 2026 The Author(s). Published by the Royal Society of Chemistry
where R is the ideal gas constant, 8.314 J mol−1 K−1; T is room
temperature (K); F is the Faraday constant, 96 485 C mol−1; the
pH value is for Ar-purged CO2-loaded 2 M amine solutions.

The gas outlet in the cathodic chamber was connected to the
inlet of the gas chromatograph (Fuli GC9790II), where the
gaseous products were analysed online. The cathodic electrolyte
was analysed by using a nuclear magnetic resonance (NMR)
spectrometer. The faradaic efficiency (FE) of CO and H2 was
calculated according to eqn (2):

FE ¼ n� C � v� F � P

I � R� T
� 100% (2)

where n is the number of electrons transferred to CO or H2; C is
the concentration of CO or H2 in the outlet gas stream; n is the
rate of outlet gas ow; F is the Faraday constant, 96 485 Cmol−1;
P is the atmospheric pressure, 101 325 Pa; I is the current
recorded at the sampling time; R is the ideal gas constant, 8.314
J mol−1 K−1; T is room temperature (K).

To determine the diffusion coefficient of the CO2-loaded
amine solutions, cyclic voltammetry experiments were con-
ducted on an electrochemical station (CHI 760E) in an H-cell. A
glassy carbon disc electrode (diameter = 3 mm), Ag/AgCl elec-
trode, and platinum mesh were used as the working electrode,
reference electrode, and counter electrode, respectively. The
anolyte was 0.5 M KHCO3, while the catholyte was CO2-loaded
2 M amine solutions, 2 M ammonium chloride solutions of the
corresponding amines, or 2 M potassium bicarbonate solution.
2 mM hydroxymethylferrocene was added into the catholyte as
the redox couple. The cyclic voltammograms were recorded at
scan rates of 50, 100, 200, 500, 1000, 2000, 5000, and 100 000mV
s−1 in a random order. The diffusion coefficient was calculated
according to eqn (3):39

ip ¼ 0:446mFAC0

�
mFn0D0

RT

�1
2

(3)

where ip is the peak current for oxidation of hydroxymethyl-
ferrocene measured by cyclic voltammetry; m is the number of
electrons transferred for oxidation of hydroxymethylferrocene; F
is the Faraday constant, 96 485 C mol−1; A is the surface area of
the glassy carbon disc electrode; C0 is the concentration of
hydroxymethylferrocene; n0 is the scan rate; D0 is the diffusion
coefficient; R is the ideal gas constant, 8.314 J mol−1 K−1; T is
room temperature (K).
In situ ATR-FTIR

In situ attenuated total reection-Fourier transform infrared
(ATR-FTIR) spectra were recorded on a Bruker INVENIO spec-
trometer with a MCT detector. Ag/AgCl and a platinum wire
served as the reference electrode and counter electrode,
respectively. The working electrode was prepared by depositing
the same CoPc/CB catalyst ink onto a silicon prism plated with
a gold layer. The electrolyte was Ar-degassed CO2-loaded 2 M
MEA or TEA solution. IR spectra were recorded during elec-
trolysis at potentials from 0.05 V to −1.05 V vs. RHE in 0.1 V
intervals under continuous Ar purging. Each spectrum was
acquired over 100 scans at a resolution of 4 cm−1. The
Chem. Sci.
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background spectrum was recorded at 0.05 V vs. RHE for
baseline subtraction.
Fig. 2 (a) The structures of MEA, DEA, and TEA. (b) jjCOj, (c) jjH2
j, (d)

FECO, and (e) FEH2
recorded for the electrolysis of captured CO2 in 2 M

MEA, DEA, and TEA solutions using the CoPc/CB catalyst.
DFT calculations

The density functional theory (DFT) calculations were per-
formed by using the Vienna ab initio simulation package
(VASP).40,41 The projector augmented wave (PAW) method was
adopted to deal with the electron–ion interactions.42 The
generalized gradient approximation (GGA) of Perdew–Burke–
Ernzerhof (PBE) was used to treat the electron–electron
exchange and correlation functional.43,44 The cutoff energy was
set to 400 eV. The calculations were performed with a conver-
gence criterion of 0.02 eV Å−1 in forces and 1 × 10−4 eV atom−1

in energy. Van der Waals (VDW) forces were corrected with the
D2 method of Grimme.45 We used the implicit solvent model of
VASPsol to deal with solvent effects in our calculations.46,47 The
Debye length was set to 3 Å to simulate the experimental acid
conditions (1 M). The dielectric constant for water was set to
a relative permittivity value of 80.

We constructed a 9 × 5 graphene rectangular supercell slab
containing 180 carbon atoms. Cobalt phthalocyanine was sup-
ported on the slab (Fig. S1). In addition, we constructed
a network structure consisting of two MEA molecules, six water
molecules, and one CO2 molecule to simulate the interactions
between molecules. The total number of atoms in the system is
280 atoms. The vacuum layer was set at 18 Å to simulate
a realistic surface system and eliminate the inuence of peri-
odicity on the system. Only Gamma k-point was used for the k-
space integration. We explore the mechanism of CO2 conver-
sion by evaluating the reaction energy of the system.
Results and discussion
Electrolysis of CO2-loaded amine solutions

To investigate the effect of amine structures, we conduct elec-
trolysis of captured CO2 in three different types of amine solu-
tions, including MEA, DEA, and TEA, which are the
representatives of primary, secondary, and tertiary amines,
respectively (Fig. 2a). The selection of these three amines is
because they have the same hydroxyethyl functional group (i.e.,
–CH2CH2OH) and vary only in the number of such a group (i.e.,
one hydroxyethyl for MEA, two for DEA, and three for TEA). This
can avoid complications arising from different functional
groups.

The electrolysis of CO2-loaded amine solutions is investi-
gated in an H-cell using CoPc/CB as the catalyst, which is
prepared according to reported procedures.37 Prior to electrol-
ysis, the CO2-loaded amine solutions are purged with Ar to
remove dissolved CO2. The electrolysis under an Ar atmosphere
produces CO and H2 as the only products, and no product is
detected in the electrolyte solutions (Fig. 2, S2 and S3). This
suggests that the captured CO2 in all examined amine solutions
can be converted to the CO product by electrocatalysis, since no
external CO2 is supplied.

The results for electrolysis of captured CO2 in different
concentrations of MEA solutions (i.e., 1, 2, and 5 M) are shown
Chem. Sci.
in Fig. S3. The electrolysis in CO2-loaded 2 and 5 M MEA
exhibits similar partial current densities for CO production
(jjCOj), which are both signicantly higher than jjCOj recorded in
1 M MEA at the same potentials. Moreover, the partial current
density for H2 generation (jjH2

j) in 5 MMEA is the lowest among
the three concentrations. Accordingly, the faradaic efficiency for
CO production (FECO) recorded in the three MEA solutions
generally follows an order of 1 M < 2 M < 5 M, while the faradaic
efficiency for H2 evolution (FEH2

) follows the opposite order. It
should be noted that both jjCOj and FECO recorded in 2 M MEA
are signicantly higher than those in 1 M MEA, which is
attributed to the higher concentration of captured CO2 in the
former solution. However, the differences in jjCOj and FECO

between 2 M and 5 M MEA are very small, showing that further
increasing the amine concentration does not enhance the
conversion of captured CO2. Notably, CO2-loaded 5 M DEA and
TEA solutions are too viscous to carry out the electrolysis.
Therefore, 2 M amine solutions are optimal for electrochemical
conversion and used for subsequent experiments.

Among different amine solutions, the highest current
density (jjj), jjCOj, and jjH2

j are all observed in CO2-loaded MEA
solution across the same electrolysis potentials, following
a sequence of MEA > DEA > TEA (Fig. 2b, c and S4a). This reveals
the highest activity for both CO production and the HER in CO2-
loaded MEA solution. As for the selectivity, FEH2

recorded in
different CO2-loaded amine solutions still follows the same
order of MEA > DEA > TEA; however, FECO follows the opposite
order of MEA < DEA < TEA (Fig. 2d and e). This points to the fact
that the highest selectivity toward CO production for the
electrochemical conversion of captured CO2 is achieved in TEA
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) FECO, FEH2
, and (b) jjj recorded for the prolonged electrolysis

of captured CO2 in 2 M MEA and TEA solutions at −0.85 V vs. RHE
using the CoPc/CB catalyst. After electrolysis for 7.5 h in TEA, a new
working electrode is used to continue the electrolysis.

Fig. 4 13C NMR spectra before and after prolonged electrolysis of
captured CO2 in 2 M (a) MEA and (b) TEA solutions at −0.85 V vs. RHE
using the CoPc/CB catalyst until the FECO is lower than 50%.
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among the three types of amines. Specically, the maximum
FECO up to 80% is recorded for the electrolysis of captured CO2

in 2 M TEA, higher than that in DEA (76%), MEA (69%), and
other amine systems reported in the literature (Table S2).33–35,48

Although the current density recorded in TEA is lower than in
MEA and DEA using CoPc/CB, it is substantially higher than
those reported for other amine systems using different catalysts
under similar potentials.

Given that the conversion efficiency of captured CO2 in DEA
is intermediate between that in MEA and in TEA, additional
efforts are directed to studying the electrochemical conversion
of captured CO2 in the latter two amines. The electrolysis of
CO2-loaded 2 M MEA and TEA is conducted for a prolonged
period to study the stability of the two different systems. In 2 M
MEA, FECO declines rapidly to below 50% within 2.5 h, accom-
panied by a rapid increase in FEH2

(Fig. 3a). In comparison,
FECO in TEA remains approximately 80% for the rst 4.5 h of
electrolysis and drops below 50% at 7 h under the same elec-
trolysis conditions. Similarly, the jjj in MEA also decreases
much faster than in TEA (Fig. 3b). These results suggest that the
electrolysis stability in CO2-loaded 2M TEA is much higher than
in MEA under identical conditions, although the overall
stability in TEA necessitates further optimization.

To understand the reason for decreasing efficiency over
electrolysis time, we replace the CoPc/CB working electrode
with a fresh one aer 7.5 h of electrolysis in 2 M TEA. Encour-
agingly, both FECO and FEH2

return to their original levels, and
jjj also recovers substantially (Fig. 3). This reveals that the
decreased efficiency for the electrolysis of CO2-loaded amine
solutions is mainly due to the deactivation of the CoPc/CB
catalyst, rather than the consumption of captured CO2 in the
amine solution. The catalyst deactivation probably originates
from the HER, which can induce hydrogenation of the phtha-
locyanine structure.49 Notably, the HER is greatly inhibited in
TEA solution, which results in enhanced selectivity and stability
for CO production.
Identication of reactive species

To uncover the underlying reason of divergent conversion effi-
ciencies, we rst investigate the chemical speciation of captured
CO2 in different amine solutions. MEA, as a primary amine,
captures CO2 through the formation of carbamate (RNHCOO−,
© 2026 The Author(s). Published by the Royal Society of Chemistry
R]HOCH2CH2) together with protonated ammonium (MEA-
H+) as the primary products (eqn (4)). This is conrmed by the
13C NMR spectrum of CO2-loadedMEA solution, where a peak at
a chemical shi of 163.86 ppm assigned to RNHCOO− is clearly
observed (Fig. 4a).50,51 The formation of MEA-H+ is shown by the
presence of two peaks at chemical shis of 57.45 and
40.70 ppm, corresponding to the carbon atoms (C1 and C2)
adjacent to the ammonium group. A distinct peak at
159.79 ppm is also observed, which is attributed to bicarbonate
(HCO3

−).50,51 Notably, the peak for HCO3
− is more intense than

RNHCOO−, which shows that a substantial portion of
RNHCOO− undergoes hydrolysis to form HCO3

− (eqn (5)).

2RNH2 + CO2 # RNHCOO− + RNH3
+ (4)

RNHCOO− + H2O # HCO3
− + RNH2 (5)

R3N + CO2 + H2O # R3NH+ + HCO3
− (6)

TEA, as a tertiary amine, captures CO2 through the formation
of HCO3

− and also a protonated ammonium (TEA-H+, eqn (6)).51

This is conrmed by the 13C NMR spectrum of CO2-loaded TEA
solution, where a peak with a chemical shi of 159.42 ppm
assigned to HCO3

− is clearly observed (Fig. 4b). The formation
of TEA-H+ is shown by the presence of two peaks at chemical
shis of 56.19 and 54.66 ppm, corresponding to the carbon
atoms (C1 and C2) adjacent to the ammonium group.

In addition, we observe comparable concentrations of CO2 in
the headspace (CCO2

) of the electrolysis system across the three
CO2-loaded amine solutions by gas chromatography (Fig. S4b).
This observation suggests the in situ generation of CO2 from the
dissociation of carbamate and/or bicarbonate ions. It also
reveals that the amount of CO2 consumed during the short-term
electrolysis (15 min) is negligible compared to the amount of
captured CO2 in various amine solutions.

The analysis shows that the CO2-loaded amine solutions
contain a complex mixture of chemical species. The carbon
source for CO production could be carbamate, bicarbonate, or
free CO2, while the proton source for hydrogen evolution could
Chem. Sci.
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Fig. 5 In situ ATR-FTIR spectra recorded for electrolysis of captured
CO2 in 2 M (a) MEA and (b) TEA solutions at different applied potentials
using the CoPc/CB catalyst. (c) The energy diagram for the conversion
process of captured CO2 in MEA on the CoPc/CB catalyst. The green,
blue, red, and white balls denote C, N, O, and H atoms, respectively.
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be water, bicarbonate, or ammonium. Therefore, identifying the
actual reactants involved in the electrolysis is crucial to under-
stand the divergent conversion efficiencies of captured CO2 in
different amine solutions. To unveil the reactant for CO
production, we recorded the 13C NMR spectra of the electro-
lyzed CO2-loaded amine solutions and compared it with those
before electrolysis (Fig. 4). In the CO2-loaded 2 MMEA solution,
the intensity for the chemical shi of RNHCOO− is almost
unchanged, while the intensity for HCO3

− decreases aer
electrolysis at −0.85 V vs. RHE. This suggests that HCO3

−,
instead of RNHCOO−, is consumed and converted to the CO
product. In the CO2-loaded 2 M TEA solution, HCO3

− is also
consumed aer electrolysis at −0.85 V vs. RHE. These results
demonstrate that the CO product originates from HCO3

− in
both CO2-loaded MEA and TEA solutions, while RNHCOO−

cannot be directly reduced to CO.
In situ attenuated total reection-Fourier transform infrared

(ATR-FTIR) spectroscopy is employed to get more insights into
the reaction species for the conversion of captured CO2 in MEA
and TEA solutions. We rst record the in situ ATR-FTIR spectra
during the process of CO2 capture in 2 M MEA and TEA solu-
tions. When CO2 is continuously introduced into the MEA
solution, a series of positive peaks appear in the spectra and
progressively intensify with time evolution (Fig. S5a). The peak
at 1650 cm−1 is assigned to MEA-H+, while the peaks at 1564
and 1492 cm−1 are ascribed to RNHCOO−.52 The peaks at 1435,
1382, and 1329 cm−1 are the signals of –CH2 in MEA-H+

RNHCOO−,52 while the peak of HCO3
− is located at 1217 cm−1.53

This conrms the presence of HCO3
− in CO2-loaded 2 M MEA

solution, in line with the 13C NMR analysis. During CO2 capture
by TEA, similar signals for TEA-H+ (1650 cm−1), –CH2 (1452,
1407, 1358, and 1300 cm−1), and HCO3

− (1217 cm−1), except
those for carbamate, are also observed (Fig. S5b).52,53

During the electrolysis of CO2-loaded amine solutions, the in
situ ATR-FTIR spectra are recorded at potentials from 0.05 to
−1.05 V vs. RHE under an Ar atmosphere. The background
spectrum was recorded at 0.05 V vs. RHE for baseline subtrac-
tion. However, the same peaks observed for CO2-loaded amines
appear again even aer background deduction when applying
a small potential, and the peaks progressively intensify when
the electrolysis potential shis negatively. Such a phenomenon
is attributed to the surface plasmonic enhancement effect
(Fig. 5a and b).54 Notably, the characteristic peak for CO starts to
show at 1857 and 1919 cm−1 for MEA and TEA, respectively,
when the potential reaches −0.65 V vs. RHE. This conrms the
generation of CO adsorbed on the active sites of the CoPc/CB
catalyst in different manners. In MEA, the CO is bridge-bound
(COB), while linearly bound CO (COL) is formed in TEA, which
highlights the impact of the amine structure on CO
generation.55

Considering that both carbamate and bicarbonate are
present in CO2-loaded MEA solution, we further investigate the
evolution of CO2 capture and conversion over the CoPc/CB
catalyst by density functional theory (DFT) calculations
(Fig. 5c). CO2 capture by MEA solution leads to RNHCOO− and
MEA-H+ easily, which is an exothermal step (DE = −0.52 eV).
This indicates that CO2 is readily converted to RNHCOO− aer
Chem. Sci.
it is captured by the MEA solution. To explore the reaction
process, we examine the pathways of CO2 transfer: MEA
captures CO2 for direct transfer to the Co active site and CO2

undergoes HCO3
− relaying before transferring to the Co site.

The direct transfer of CO2 captured by MEA solution to the Co
active site requires an energy of 0.45 eV, while the energy
required to convert CO2 captured by MEA to HCO3

− is only
0.16 eV. Thus, it is highly favourable for the formation of HCO3

−

in CO2-loaded MEA solution, which is conrmed by 13C NMR
and in situ IR spectra. Aerwards, HCO3

− can dissociate into
CO2 which is adsorbed onto the Co site of the catalyst (*CO2),
requiring an energy of 0.29 eV. Previous studies on direct elec-
trolysis of bicarbonate solutions also show that CO2 originating
from HCO3

− dissociation is the reactant for CO genera-
tion.34,35,56,57 On the other hand, the direct transformation of
RNHCOO− into *CO2 has a much higher energy change of
0.97 V. This explains why the consumption of HCO3

−, instead of
RNHCOO−, is observed in 13C NMR aer electrolysis. As long as
*CO2 is formed, it is readily activated and converted to *COOH
and *CO intermediates on the Co site with an energy require-
ment of −0.34 and 0.12 eV, respectively.

The distinctions of the HER in MEA and TEA solutions can
be attributed to the different properties of the hydrogen source.
There are several hydrogen sources that can be reduced to
generate H2 in the two solutions, including H2O, HCO3

−, and
protonated ammoniums (MEA-H+/TEA-H+). The pKa values for
H2O, HCO3

−, MEA-H+, and TEA-H+ are 14.0, 10.3, 9.4, and 7.8,
respectively.58,59 Thus, MEA-H+ and TEA-H+ are more likely the
reactants for hydrogen evolution in MEA and TEA solutions,
respectively, as they both have lower pKa values than H2O and
HCO3

−. This also explains why the HER is more pronounced in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the amine solutions than in the bicarbonate electrolyte.35,56,59

However, jjH2
j and FEH2

in CO2-loaded TEA are both lower than
in MEA, despite the lower pKa of TEA-H

+. This suggests that the
pKa is not the primary factor determining the efficiency of
hydrogen evolution in these amine solutions.

Furthermore, we calculate the adsorption energy (Eads) of
MEA-H+ and TEA-H+ on the Co site (Fig. S6). The results show
that the Eads of TEA-H

+ is −3.56 eV, which is lower than that of
MEA-H+ (−3.15 eV). In this sense, TEA-H+ should be more
readily adsorbed onto the Co site and thus more favourable for
the HER. The energy required for H transferred fromMEA-H+ or
TEA-H+ to the Co active site is also calculated, which shows
a low energy barrier of 0.38 eV for H+ transfer from TEA-H+,
while it is 0.66 eV in the case of MEA-H+ (Fig. S7). When the H is
transferred onto Co sites, it follows the same pathway for H2

generation. The calculation results indicate that the HER is
more likely to occur for TEA-H+, which is contrary to the elec-
trolysis results. Therefore, neither the Eads nor the energy
barrier for H transfer is the key factor determining HER effi-
ciency. There must be another parameter governing the HER
process.
Effect of mass transport

The viscosity test shows that CO2-loaded 2 M TEA solution is
more viscous than its MEA and DEA counterparts, which would
hinder the mass transport of reactive species in CO2-loaded TEA
solution to a larger extent (Table S3). To verify this hypothesis,
we employ ferrocenemethanol as the redox couple to determine
the diffusion coefficients of CO2-loaded 2MMEA, DEA, and TEA
solutions through cyclic voltammetry, which are 3.94, 3.06, and
1.91 × 10−10 m2 s−1, respectively (Fig. 6a and S8). Notably, CO2-
Fig. 6 Plot of the peak currents for ferrocenemethanol oxidation (ip) ve
CO2-loaded 2 M amine solutions, 2 M KHCO3, and (b) ammonium chlor
and (d) FEH2

for electrolysis of CO2-loaded 2 M amine solutions at −0.8

© 2026 The Author(s). Published by the Royal Society of Chemistry
loaded TEA exhibits the smallest diffusion coefficient, indi-
cating the most hindered mass transport of both HCO3

− for CO
production and TEA-H+ for the HER. This explains the lower
jjCOj and jjH2

j observed in TEA than in MEA (Fig. 2b and c).
Given that CO2-loaded amine solutions contain carbamate/

bicarbonate anions along with protonated ammonium cations,
it is not clear which ion predominantly determines the diffusion
coefficients of these solutions. To disentangle and understand
the individual effect of these ions, we conduct additional cyclic
voltammetry tests in ammonium chloride solutions of the cor-
responding amines. These solutions share the same anions (Cl−)
but differ only in the ammonium cations. Their diffusion coef-
cients follow the same sequence of MEA-H+Cl− (4.36 × 10−10

m2 s−1) > DEA-H+Cl− (3.44 × 10−10 m2 s−1) > TEA-H+Cl− (2.29 ×

10−10 m2 s−1) (Fig. 6b and S8). Notably, the diffusion coefficient
of MEA-H+Cl− is nearly twice that of TEA-H+Cl−. Additionally, we
measure the diffusion coefficient of 2 M KHCO3, which shares
the same bicarbonate anion with CO2-loaded 2 M TEA but differs
in the cations. The diffusion coefficient of 2 M KHCO3 is 6.02 ×

10−10 m2 s−1, which is more than three times larger than that of
CO2-loaded 2 M TEA. This demonstrates that the ammonium
cations signicantly inuence themass transport, with the larger
TEA-H+ cation imposing a greater hindrance to the diffusion of
solution components.

We further compared the diffusion coefficients of CO2-
loaded amine solutions with those of their corresponding
ammonium chloride solutions, which share the same ammo-
nium cations but differ in anions (carbamate/bicarbonate vs.
Cl−). In all cases, the CO2-loaded amine solutions exhibit
slightly smaller diffusion coefficients, suggesting that the
change of carbamate/bicarbonate to Cl− has only a minor effect
on the mass transport.
rsus the square root of scan rates from cyclic voltammetry tests of (a)
ide solutions of the corresponding amines. The correlation of (c) FECO
5 V vs. RHE with the diffusion coefficients of the solutions.

Chem. Sci.
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Fig. 7 Proposed reaction mechanism for electrochemical conversion
of captured CO2 in various amine solutions.
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The comparison of diffusion coefficients clearly reveals that
the mass transport of TEA-H+ is more signicantly hindered in
CO2-loaded TEA solution, whereas the HCO3

− transport is less
affected. This restriction severely suppresses the competing
HER, resulting in the highest CO selectivity in TEA. Indeed,
there is a negative correlation between FECO for the electrolysis
of captured CO2 and the diffusion coefficients of CO2-loaded
amine solutions, while a positive correlation between FEH2

and
the diffusion coefficients is observed (Fig. 6c and d).

Therefore, while there is a shi in the RNHCOO− # HCO3
−

equilibrium (eqn (5)) in CO2-loaded MEA solution during elec-
trolysis, such a shi is expected to have little effect on the mass
transport limitation caused by the large ammonium cations.
This is because such a shi only alters the relative distribution
of anionic species (RNHCOO− vs. HCO3

−) without changing
cations in MEA solution. In contrast, TEA solution does not
exhibit this equilibrium shi, containing only HCO3

− anions
and THE-H+ cations (eqn (6)). Over extended operation for
electrolysis, both HCO3

− and TEA-H+ will be consumed for CO
production, while TEA will be regenerated. Since TEA is also
a large molecule, the mass transport limitation persists in TEA
solution.

The effect of mass transport is further veried by conducting
the electrolysis of captured CO2 in 2 M MEA solution using D2O
as the solvent (Fig. S9). It is known that the self-diffusion
coefficient of D2O is 1.87 × 10−9 m2 s−1, lower than that of H2O
(2.35 × 10−9 m2 s−1).60 Thus, using D2O as the solvent can
reduce the transport rate of MEA-H+ in MEA solution. As ex-
pected, the FECO is enhanced while the HER is remarkably
inhibited when using D2O as the solvent. More importantly, the
decrease in FECO and the increase in FEH2

also slow down aer
replacing H2O with D2O, showing better stability in D2O. These
results unequivocally conrm that the mass transport of MEA-
H+ and TEA-H+ in the electrolyte plays a crucial role in the HER,
and affects the selectivity for CO production and the stability of
the catalyst.

To investigate whether this mass transport mechanism
applies to other common catalysts, we performed electrolysis of
captured CO2 in 2 M MEA and TEA solutions using Ni–N–C or
Ag nanopowder as the catalyst. Ni–N–C achieved high FECO

(>90%) for electrochemical CO2 conversion at low current
densities in an H-cell and high current densities in a ow cell,38

and showed much better stability than CoPc/CB for electro-
chemical conversion of bicarbonate solution, which is
a common captured CO2 coming from hydroxide and carbonate
solutions.56 It can be seen from Fig. S10 that Ni–N–C consis-
tently exhibits higher FECO and lower FEH2

in TEA than in MEA
across all electrolysis potentials, revealing the same trend as
that using CoPc/CB. This suggests that the mass transport effect
also applies to the Ni–N–C catalyst for electrochemical conver-
sion of CO2-loaded amine solutions. To our surprise, Ni–N–C
exhibits lower CO selectivity and poorer stability than CoPc/CB
in TEA (Fig. S10 and S11). Since Ni–N–C exhibits higher stability
for the conversion of both CO2 and bicarbonate solution, we
propose that the poorer performance for Ni–N–C originates
from the effect of the CO2-loaded amine environment rather
than from the catalyst itself, which warrants a systematic study.
Chem. Sci.
In contrast to CoPc/CB and Ni–N–C, the Ag catalyst exhibits
higher FECO in MEA than in TEA across all electrolysis poten-
tials, though FECO is usually lower than FEH2

for both solutions
(Fig. S12). This difference likely stems from the distinct struc-
ture of the Ag catalyst (nanopowder) compared to CoPc/CB and
Ni–N–C catalysts with highly dispersed metal sites. This struc-
ture difference leads to different adsorption behaviours of
reactive species (e.g., protonated ammonium, carbamate, and
bicarbonate) on nanostructured Ag sites versus isolated Co sites
in CoPc/CB or isolated Ni sites dispersed in Ni–N–C. These
results demonstrate that themass transport mechanism applies
to isolated metal sites, including supported metal complexes
and single atom catalysts, two common types of CO2 conversion
catalysts, but does not hold for nanostructured Ag catalysts.

Based on all the experimental results, we propose the reac-
tion mechanism for electrochemical conversion of captured
CO2 in various amine solutions (Fig. 7). For primary and
secondary amines such as MEA and DEA, the carbamate species
is rst formed aer CO2 capture and then transformed into the
bicarbonate species partially. For tertiary amines such as TEA, it
captures CO2 to form bicarbonate directly. When a reduction
potential is applied, the bicarbonate dissociates into CO2,
which is adsorbed onto the active site of the CoPc/CB catalyst
and gets reduced to form the CO product. Concurrently,
hydrogen evolution occurs through the reduction of protonated
amines, which compete with CO production. Due to the
restrained mass transport of TEA-H+, the HER is signicantly
suppressed in CO2-loaded TEA solution, resulting in higher CO
selectivity and stability for electrolysis.

It has to be pointed out that the direct electrochemical
conversion of captured CO2 in amine solutions becomes more
complicated when it goes to application-relevant congura-
tions, such as membrane electrode assemblies. Our previous
study on the direct electrolysis of KHCO3 solution reveals that
the real reactant for CO production is CO2 in both an H-cell and
membrane electrode assembly, but the sources of CO2 are
different.57 In the H-cell, the CO2 for CO formation primarily
comes from the dissociation equilibrium of HCO3

−, while in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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membrane electrode assembly a large quantity of CO2 can be in
situ generated near the catalyst layer from the reaction between
HCO3

− and H+ (generated from water splitting on the bipolar
membrane), enabling CO production at large current densities.
Meanwhile, the H+ generated near the catalyst layer may also be
reduced to yield H2, competing with CO2 reduction (CO
formation). Such a difference leads to a signicant discrepancy
of the reactant and reaction process in membrane electrode
assembly.
Conclusions

In summary, we have conducted a comprehensive investigation
of direct electrochemical conversion of captured CO2 in
primary, secondary, and tertiary amine solutions (MEA, DEA,
and TEA) using a CoPc/CB catalyst. Among all amine solutions,
the tertiary amine (TEA) exhibits the highest selectivity and
stability for the electrochemical conversion of captured CO2 to
CO. Experimental evidence and DFT calculations collectively
identify bicarbonate-derived CO2, rather than carbamate, as the
real reactive species for CO production regardless of amine
types. More crucially, we demonstrate that mass transport
governs both the electrochemical conversion of captured CO2

and the competing reduction of protonated ammonium. In
TEA, the transport of both bicarbonate and TEA-H+ is hindered,
with the greater hindrance to TEA-H+ diffusion suppressing
hydrogen evolution more signicantly. This accounts for the
high selectivity and stability for CO production observed in TEA.
These ndings provide fundamental insights into the reaction
pathway of electrochemical conversion of captured CO2 and
establish mass transport manipulation as a key strategy for
accomplishing high conversion efficiency.

Direct electrochemical conversion of captured CO2 in amine
solutions shows great promise, as it bypasses conventional
steps such as CO2 release, purication, and compression,
resulting in signicant energy savings. However, the long-term
electrolysis stability of CO2-loaded amine solutions remains
insufficient, primarily due to intensied competing hydrogen
evolution. Therefore, future efforts should focus on suppressing
the hydrogen evolution reaction—for example, by modifying the
working electrode with positive charges to repel the approach-
ing of protonated ammonium ions—thereby improving the
selectivity and long-term stability of electrolysis at industrially
relevant current densities. Meanwhile, the design and engi-
neering of electrolyzers (e.g., membrane electrode assemblies)
tailored for industrial applications at reduced cell voltages is
also crucial to further lower energy consumption, thereby con-
structing an energy-efficient and durable system for direct
electrolysis of captured CO2 in amine solutions.
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