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Text 1
Absorption and desorption test

CO: absorption was conducted at room temperature by continuously bubbling CO: gas into
the working chamber of an H-type electrochemical cell. At the beginning of the process, the
gas bubbles appeared uniformly fine and dense. As the amine solution approached saturation,
the bubble size increased and bubbling became more vigorous. This is attributed to the
conversion of free amine to its protonated form, which decreases the viscosity of the solution.
The absorption was terminated once saturation was reached, and the CO: loading of the solution

was determined via acid-base titration using the following equation:

(V4 - Vo) - (V3 - Vl) y 273.15
a =
224 %xC %4 27315+ T (S1)

amine” amine

Where:

V, is the initial reading of the measuring cylinder,

V| is the initial volume of hydrochloric acid in the burette,

V; is the final volume of hydrochloric acid at the end of titration,
V, is the final reading of the measuring cylinder,

T is the ambient temperature (used for gas correction),

a is the calculated CO: loading (mol CO: / mol amine).

Electrochemical CO: desorption was also carried out at room temperature by applying a
controlled voltage across the H-type cell to drive the proton-coupled electron transfer process.

Upon completion, the CO: loading was again determined by titration.

The desorption efficiency is calculated based on the difference in CO- loading before and

after desorption, using the following equation:

@y — aq

y =
% (S2)

Where %0 represents the CO, loading before desorption, and %1 represents the CO, loading

after desorption.

The energy consumption of electrochemical CO: desorption was evaluated via
chronoamperometry. The specific energy consumption per mole of desorbed CO: was

calculated by integrating the current—voltage profile over time, according to the following



equation:

fUIt

Q =
(aO - al)caminevamineMCOZ X1000

(83)

Here, U represents the real-time voltage measured by the electrochemical workstation, I
is the preset current for the experiment, t denotes the electrolysis time, C,,;,. is the concentration
of amine in the solution, V. refers to the volume of the solution in the cell, and Mcq,

represents the molar mass of CO,.
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Text 2

Detailed proton transfer and redox reactions

When the reagents are mixed, the solution undergoes the following reaction:

R3N + H20 = 1131\11_1+ + OH-
QH2 +OH = QH_ + HzO

Upon CO, introduction, absorption occurs:

R3N + H,0 + CO, = RyNH* + HEO3
The desorption reaction (oxidation) process as follow:
QH -2e=Q+H"

QH, - 2e =Q + 2H*

1+ +H05 = 1,0 + Co,

The solvent regeneration (reduction) process as follow:
Q+2e=0Q*
Q*+H,0=QH + OH"
QH-+ H,O = QH,+ OH-
Q% + R3NH" = QH + R;N
QH-+ R3NH" = QH, + R3N

R}NH++ OH-= R}N + Hzo

(S4)

(S5)

(S6)

(87)

(S8)

(S9)

(S10)
(S11)
(S12)
(S13)
(S14)
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Text 3
Calculation of double-layer capacitance

To evaluate the electrochemical surface area of modified electrodes and their interfacial
ion transport behavior with the solvent, the double-layer capacitance (Cdl) was determined
using cyclic voltammetry (CV) in the non-Faradaic potential region. Cdl serves as an
indicator of the interfacial structure between the electrode and electrolyte, and its magnitude
correlates with the density of surface area, interfacial wettability, and the uniformity of local

ion distribution.

In this study, CV was performed at five scan rates (10, 20, 50, 80, and 100 mV/s) within
the non-Faradaic potential windows specific to each electrode. Due to slight differences in the
redox potential ranges among electrodes, the selected non-Faradaic regions were accordingly
adjusted. The capacitive current at the maximum potential was extracted and plotted as a
function of scan rate. The slope of the resulting linear fit corresponds to the Cdl, according to

the relationship:
i=Cdl xv (S16)

where i is the capacitive current (typically taken at open-circuit voltage), and v is the
scan rate. A higher Cdl indicates a larger electrochemically active surface area or improved

wettability at the electrode—electrolyte interface.



Text 4
Molecular Dynamics (MD) Simulations

Molecular dynamics simulations were performed to investigate the structural and
dynamic behavior of MDEA and DEEA aqueous systems. The molecular geometries of both
amines were first optimized using the Gaussian 16 software package ' at the M06-2X/6-
31G(d,p) level of theory. The electrostatic potential (ESP) was subsequently calculated at the
TPSSh/def2-TZVP level, and atomic partial charges were derived using the restrained
electrostatic potential (RESP) fitting method 2.

The General AMBER Force Field (GAFF) was applied for all simulations, as it is well-
suited for modeling organic molecules. All MD simulations were carried out using
GROMACS version 2021.3 3. Simulation boxes were constructed by placing eight solute
molecules (MDEA or DEEA) in a cubic water box of 5 nm edge length under periodic
boundary conditions, corresponding to a solute concentration of approximately 0.1 mol/L,

consistent with experimental conditions.

Each system underwent a 20 ns equilibrium MD simulation in the NPT ensemble at 300
K. Prior to production runs, energy minimization was performed using the steepest descent
algorithm. This was followed by pre-equilibration in the NVT and NPT ensembles for 10 ps
and 100 ps, respectively, using the Berendsen thermostat and barostat 4. During the
production stage, temperature and pressure were maintained using the velocity-rescaling
thermostat ° and Parrinello-Rahman barostat ¢, respectively. The classical Newtonian
equations of motion were integrated using the leap-frog algorithm with a time step of 2 fs.
Long-range electrostatic interactions were treated using the Particle Mesh Ewald (PME)

method 73,



DFT calculation.

Density functional theory (DFT) ® computations were performed using the Vienna Ab
Initio Simulation Package (VASP) %11, The projector-augmented wave (PAW) method !?
characterized the interaction between valence electrons and ions. Exchange-correlation effects
within the Kohn-Sham equation '3 were described via the Perdew-Burke-Ernzerhof (PBE)
functional under the generalized gradient approximation (GGA) 4. A plane-wave basis set
with a 400 eV kinetic energy cutoff expanded the wavefunctions. For slab calculations,
Brillouin zone sampling utilized a 2x2x1 Mokhorst-Pack k-point grid !°. Geometry
optimization convergence criteria were set at 0.02 eV/A for atomic forces and 10 eV for

total energies, with a stricter limit of 10-® eV adopted for SCF iteration energy convergence.

The reaction model for practical experiments involved placing CH,OH and P(OH),0O
onto a monolayer graphene surface. Adsorbed molecules were represented as C4H,05S,% with
two pseudo-hydrogen atoms added to neutralize charge. To minimize image interference, a
minimum 20 A vacuum spacing was applied normal to the surface for all slab models and in
all directions for nanoclusters. The Gibbs free energy of adsorption (AG) was calculated using

the following formula:

AG =E_, + AZPE - TAS (S17)
where E,q is the adsorption energy defined by:
E,=E

surface + adsorbate ~ Esurface - Eadsorbate (S18)

AZPE and AS are the changes in zero-point energy and entropy during adsorption '617.



PCET Proton-coupled electron transfers
QH2 Trion

MDEA N-Methyldiethanolamine

DEEA N,N-Diethylethanolamine

U-GF Untreated graphite felt

H-GF Heat treatment graphite felt
A-GF Acid treatment graphite felt
P-GF Phosphorus doped graphite felt
cv Cyclic voltammetry

Cdl Double-layer capacitance

Table S1. List of Abbreviations in the Text




Table S2. Comparison of energy consumption for CO, desorption among

different regeneration technologies.

Energy
Technol Drivi ti
ecanology Mediator / Method rving Consumption Reference
Strategy Energy 1
(GJ ton CO»)
lid Aci

Solid Acld 1 A1 0, /H-ZSM-5  Thermal ~ 3.2-3.9 [18]
Catalyst
Inhibited MEA + Inhibitor Thermal  3.12 [19]
Amine
Sterically
Hindered KS-2 Thermal 3.0 [20]
Amine
Phase-change

MDEA-TETA /PZ  Thermal  2.52-2.55 [21, 22]
Solvent

+
EMAR cu’ Thermal = 0> 1 82 [23, 24]
Electric

Redox-carriers quinones Electric 1.1~4.5 [25,26]
Bipolar
Membrane Electrodialysis Electric 1.18-4.5 [27, 28]
(BPM)
pH-swing o0 iy Mi ' _
Electrodialysis 2»/H, MiIx Electric 2.0-2.27 [29, 30]
Redox Carrier :
(PCET) DSPZ Electric 1.4 [31]
Redox Carrier

H,/AQDS Electri 1.12 2
(PCET) ,/AQ ectric [32]
Redox Carrier :
(PCET) 1,8-ESP Electric 0.82 -1.25 [33]
This Work This

H, / P-GF Electri .62

(PCET) QH, ectric 0.6 Work*
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Figure S1. Potential response under different stirring speeds during constant current

electrochemical oxidation.
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Figure S2. Non-Faradaic CV curves under untreated electrode. (a) MDEA. (b) DEEA.
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Figure S3. pH-dependent electrochemical characteristics of MDEA solutions. (a) Cyclic
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Solution.
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Figure S4. Non-Faradaic CV curves of MDEA systems under different electrode

modifications.



(@ s (b) 10

10mv 10mv
64 20mv oy 81 20mv e
50mv _ =T 64 50my Pt
—~ 44--- 8omv T 4 — - -~ gomv -
X — —100mV . 4 L 4{- —1o00mv g
o 2 Pt £ =Y - -
~— - I ~— i Ve
= o ¥ Z = o i Ve
= 5 2 b= ¥ s
0] o < #° o -2 - -~
= —24 ?, 74 e = .7 /,/
= ’ e S -4 o7 -
O-4] -7 - -® O e
7 s -6 AP
-84 © = g ",’9,/
-8 T T T T -10+= T T ™ T
-0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2
Potential/(V vs.Ag/AgCI) Potential/(V vs.Ag/AgCl)
(c) 124 10mv (d) 9 - m -U-GF _e
20mv ~f -® -H-GF P
81 50mV. o gk g4 ~A-AGF 5P e
= --- 8OmV Feah Ty = AT~
,,If( 4] — —100mv - 4 57, Mg ol
= 7 = o AE
~ o P ~ 64 o
fosry I I - 7
= 04 o i = g
o 2 - D 5- | 0%
g -4 7 /’1 g ;Il' i
O ’:/' 7 O 4 7
-8 ,f L 7 =’1
{,'/ 3+ A
=124 5
-0.40 -0.32 -0.24 -0.16 0 20 40 60 80 100
Potential/(V vs.Ag/AgCI) Scan rate(mV/S)

Figure S5. Non-Faradaic CV curves of DEEA systems under different electrode
modifications. (a) Heat-treated electrode; (b) Acid-treated electrode; (¢) P-doped

electrode; (d) Corresponding current response versus scan rate used for double-layer
capacitance (Cdl) calculation.



Figure S6. SEM images of untreated, acid-treated, and heat-treated graphite felt

electrodes at different magnifications. Heat treatment does not effectively modify the

internal carbon felt
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Figure S7. DFT-calculated surface models used for PDOS and adsorption energy
analysis. (a) Untreated carbon felt surface model. (b) P-doped carbon felt surface model.
(¢) U-GF surface model with Q molecule adsorption site indicated. (d) P-doped surface

model with Q molecule adsorption site indicated.
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Figure S8. Projected density of states (PDOS) analysis of CH.—OH and P—OH functional
groups. (a) Total PDOS of all atoms in CH>—OH as a function of energy. (b) s-orbital
PDOS of P atoms in P-OH functional groups. (c) Atom-resolved total PDOS of
individual C and O atoms in CH>—OH. (d) Total PDOS of C, O, and P atoms in P-OH.
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Figure S9. Original potential profiles recorded over multiple desorption cycles in MDEA
solution using a heat-treated electrode. (a) First cycle. (b) Second cycle. (¢) Third cycle.
Electrostatic technique was used in the experiments to obtain the power consumption by
keeping the current constant and recording the potential changes. The electrode used for
electrochemical desorption was a 2x2 cm? electrode with a current of 40 mA (10 mA/cm? ).
The energy consumption for electrochemical CO, desorption was calculated using Equation
S3. Due to significant differences in the reduction times of various electrodes, a uniform
sampling duration of 4000 s was selected. The amount of CO,esorbed during this period,

determined by titration, was used for the energy consumption calculation.
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Figure S10. Original potential profiles recorded over multiple desorption cycles in
MDEA solution using a acid-treated electrode. (a) First cycle. (b) Second cycle. (¢) Third
cycle. (d) Fourth cycle.
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Figure S11. Original potential profiles recorded over multiple desorption cycles in
MDEA solution using a P-doping electrode. electrodes. (a) First cycle. (b) Second cycle.
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