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Developing efficient energy storage systems that capture and convert CO; is critical for mitigating carbon
emissions. Here, we report a Na—CO, battery with ruthenium dioxide (RuO,) cathode catalysts and
propane-1,3-diamine (PDA) as an electrolyte additive to enhance CO, capture and conversion efficiency.
The integration of CO, adsorption and electrochemical reduction facilitates activation of the inert CO,
molecule and circumvents gas—solid—liquid ternary-phase reactions at the interface. We employed
density functional theory (DFT) calculations to systematically unravel the reaction mechanisms and
energetics governing CO, reduction, both with and without PDA. Our results reveal an energetically
favorable pathway toward the formation of Na,COsz and C as final discharge products, rather than
sodium oxalate (Na,C,04). The CO,—amine adduct facilitates charge transfer from PDA to CO,, which
results in activation of CO,. The kinetics of CO, conversion and regeneration of PDA were found to be

significantly enhanced on the RuO, surface compared to the bulk electrolyte. More importantly, pre-
Received 26th November 2025 tivation of CO, via the amine—CO, adduct lowers the total tential to 2.44 V dt
Accepted 12th January 2026 activation o > via the amine > adduct lowers the total overpotential to 2. , compared to
3.13 V without PDA. This study provides fundamental insights into CO, electroreduction in Na-CO,

DOI: 10.1039/d5ta09674j batteries and underscores the promise of electrolyte engineering for sustainable CO, utilization and

rsc.li/materials-a high-performance energy storage.

1. Introduction

The industrial revolution and globalization have resulted in
massive emissions of CO, gas due to the extensive consumption
of fossil fuels.' One approach focuses on minimizing fossil fuel
dependence by improving energy efficiency and transitioning to
renewable energy sources, such as wind, solar, hydropower, and
biomass, alongside the use of green hydrogen generated from
renewable electricity. Additionally, capturing and storing CO,
emissions from industrial processes and power generation
through methods such as geological storage in depleted oil and
gas fields or beneath the ocean floor presents a possible solu-
tion. However, the complete mitigation of CO, emissions
remains an elusive goal because of the ongoing reliance on
fossil fuels and the associated technological and economic
barriers. As such, carbon capture and storage technologies have
emerged as essential tools for mitigating CO, emissions
through the capture and sequestration of carbon from indus-
trial sources, thus preventing its release into the atmosphere.
Extensive efforts have been dedicated to advancing post-
combustion carbon capture technologies, with aqueous amine
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solutions such as monoethanolamine (MEA) representing the
most industrially developed systems.»® The main challenge
limiting carbon capture technologies is the high energy needed
for CO, regeneration, where heat is used to release CO, from the
capture medium. This process can consume up to 30% of
a power plant's energy output, which significantly reduces the
efficiency and makes large-scale adoption less practical.*®
Despite the advantages of amine-based CO, capture, such as
industrial maturity and adaptability, the challenges associated
with geological storage and its low efficiency necessitate alter-
native approaches. In this context, electrochemical CO, reduc-
tion has emerged as the most promising approach due to its
energy efficiency, scalability, and direct integration with
renewable energy sources. Additionally, electrochemical
conversion processes operate under mild conditions and offer
an attractive solution for mitigating carbon emissions in
a sustainable and practical manner.*® This approach efficiently
transmutes sequestered CO, into valuable products such as
fuels (e.g., methane) and chemicals (e.g., formic acid),® thereby
eliminating the need for prolonged CO, storage by converting
captured CO, into usable materials. Overall, electrochemical
CO, reduction offers a sustainable, energy-efficient, and scal-
able alternative for addressing CO, emissions.>’

Within the realm of electrochemical CO, reduction, metal-
CO, batteries such as Li-, Na-, Zn-, and K-CO, systems offer
high energy density and the dual benefit of energy storage and
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CO, fixation and conversion.'" In such systems, CO, is elec-
trochemically reduced in a gas cathode coupled with alkali/
alkaline metal anodes and organic electrolytes.>> Among
these, Na-CO, batteries have garnered significant attention due
to the abundance, low cost, and lithium-like physicochemical
properties of sodium, which make it a sustainable and
economically attractive alternative for energy storage."*** These
batteries offer superior overall performance, such as a high
energy density of 1.13 kWh kg™~ " and a relatively high operating
voltage of 2.35 V.'>'¢ Besides, the lower Gibbs free energy (AG® =
—905.6 k] mol ') for the reaction between Na and CO, results in
a reduced charge potential compared to Li (AG® =
—1081 kJ mol ')."*"” This lower charge potential minimizes the
risk of electrolyte decomposition, thereby enhancing round-trip
energy efficiency and extending the operational lifespan of Na-
CO, batteries. Additionally, Na' ions offer distinct benefits over
Li" ions. Due to their larger ionic radius, Na* ions exhibit lower
polarization and higher coordination numbers, which facilitate
improved charge transport. Furthermore, their reduced solva-
tion energy results in lower charge transfer resistance and
accelerated electrode kinetics, positioning Na-CO, batteries as
a promising alternative for efficient and sustainable energy
storage solutions.””*

Recent studies have explored various cathode-electrolyte
configurations to improve the electrochemical performance of
Na-CO, batteries. For example, Na-CO, batteries utilizing
multi-walled carbon nanotubes with ether-based electrolytes
have demonstrated a reversible capacity of 60 000 mAh g™ at
1 A g " and retained a capacity of 2000 mAh g~ ' at a charge
voltage of <3.7 V for 200 cycles.'” Thoka et al. reported that a Na-
CO, battery employing a ZnCo,0,@CNT air cathode with 1 M
NaClO,/tetraethylene glycol dimethyl ether (TEGDME) electro-
lyte showed a charge overpotential of 3.8 V with a limited
capacity of 500 mAh g~ " at 100 mA g~ over 150 cycles.?® Despite
the use of viable solvents such as dimethyl ether (DME) and
dimethyl sulfoxide (DMSO), direct CO, reduction faces signifi-
cant challenges due to its slow kinetics. This process demands
the activation of the thermodynamically stable CO, molecule to
form a highly reactive CO,” anion radical intermediate.**">*
Scientists have been working intensively to find an alternative
approach to resolve the CO, activation issue. Gallant et al.
proposed a methodology that integrates electrochemical tech-
niques into carbon capture and storage systems to address the
performance and efficiency challenges.* It involves introducing
CO, gas to react with an amine solution, forming an adduct in
which the CO, molecule bonds with the amine’s nitrogen atom.
This reaction transforms CO, from a stable, linear structure to
a reactive, negatively charged bent configuration, primed for
further reactions. Gallant et al.'s innovative method uses elec-
trochemistry to cleave the CO, amine adduct at the carbon-
nitrogen bond. This process results in the amine being reg-
enerated to its original, unreacted state, and ready to capture
additional CO,. Simultaneously, the bent, chemically reactive
CO, is released near the electrode for electroreduction. During
battery discharge, this reactive CO, interacts with electrons and
lithium cations. This reaction ultimately leads to the formation
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of lithium carbonate (Li,COj3), which then deposits on the
carbon electrode.”

In this study, we aimed to understand the capture of CO,
using amines such as propane-1,3-diamine (PDA) and its
subsequent reduction on a catalytic cathode. To the best of our
knowledge, no detailed computational studies, such as those
based on density functional theory (DFT), have been conducted
on the use of PDA for CO, capture and utilization in Na-CO,
batteries. The goal of our work is to systematically investigate
and compare the kinetics of CO, activation with and without
using PDA amine on the RuO, catalyst, as well as the detailed
mechanism of PDA regeneration through post-CO, release near
the cathode (i.e., RuO, catalyst) in the Na-CO, system. RuO, has
demonstrated remarkable catalytic activity in various systems,
including Li-CO, batteries, the nitrogen reduction reaction
(NRR), oxygen evolution/reduction reactions (OER/ORR), CO,
reduction, and the hydrogen evolution reaction (HER).2™' Its
high electronic conductivity, significant CO, affinity, and cata-
Iytic stability for multi-electron reactions make it a suitable
cathode catalyst for Na-CO, batteries. Building on our previous
work on the Mg-CO, battery, where RuO, served as an efficient
cathode catalyst, providing abundant adsorption sites and
enhanced accessibility for reaction processes with an observ-
able overpotential of 2.65 V,*> we were motivated to further
investigate its catalytic performance in the Na-CO, system.
Furthermore, we analyze the Gibbs free energies of various
intermediate pathways for Na,C,0, and Na,CO; + CO nucle-
ations to investigate the mechanisms leading to the formation
of the final discharge products in Na-CO, batteries. Addition-
ally, we elucidate the electrochemical free energies for the most
preferred reaction pathway to examine how the RuO, catalyst
with and without PDA amine contributes to enhancing the
electrochemical performance of nonaqueous Na-CO, batteries.

2. Computational methodology

The Vienna Ab initio Simulation Package (VASP) was used for all
first-principles DFT computations.*® The generalized gradient
approximation (GGA) in the form of the Perdew-Burke-Ern-
zerhof (PBE) functional was employed to describe exchange-
correlation effects.** The projector augmented wave (PAW)
approach was used to treat the interaction between core and
valence electrons. The surface model was based on a five-layer
slab of RuO, (211), constructed using bulk-optimized DFT
lattice parameters. The (211) surface of rutile RuO, was found to
be stable with the lowest surface formation energy, as per
previous HRTEM and XRD investigations.*>* A 20 A vacuum
layer was included perpendicular to the slab to prevent artificial
periodic interactions. To approximate surface atomic dynamics,
the top three layers of the slab were fully relaxed during struc-
tural optimization, while the bottom two layers were fixed. The
plane-wave energy cutoff was set at 500 eV. Brillouin zone
sampling was performed using a Monkhorst-Pack k-point mesh
of 3 x 3 x 1 for surface calculations. Structural optimizations
were continued until the residual forces on each atom were less
than 0.025 eV A™*, and electronic self-consistency was achieved
with an energy convergence criterion of 10> eV. Bader analysis

This journal is © The Royal Society of Chemistry 2026
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was conducted to quantify the amount of charge transfer
between the RuO, substrate and adsorbed intermediates (Na,
CO,, Na,C,0,, and Na,CO; + CO), with the difference in charge
density calculated using the specified equation:

Pb = P{adsorbed state} — (p{adsorbate} + p{AM}) (1)

where Padsorbed state, Pabsorbate, and pam represent the Chal‘ge
density of the adsorbed intermediates on RuO,, the isolated
intermediates, and the substrate (RuO,), respectively.

Implicit solvation calculations were performed using the
VASPsol** module within the framework of DFT, as imple-
mented in the VASP package, to investigate the thermody-
namics of amine regeneration via N-C bond cleavage in the
presence of an organic solvent, di-methoxy ethane (DME). The
solvent environment was modeled using a dielectric continuum
with a dielectric constant of 7.2,°” where the solute was treated
quantum mechanically and the solvent as a polarizable
continuum. Ionic screening effects were excluded, and cavita-
tion energy contributions were neglected. For isolated molec-
ular species, including RNH,, RNHCOOH, RNHCOO ™, RNH;",
NaCO,, and RNHCOONZa, large simulation cells were employed
to avoid interactions between periodic images, and Brillouin
zone sampling was restricted to the I'-point. For electrode-
electrolyte interface models involving the RuO, substrate,
a denser k-point mesh of 5 x 5 x 1 was used to ensure accurate
Brillouin zone sampling. We used VASPKIT*® to calculate the
Gibbs free energy (AG) for each reaction intermediate step in
the Na-CO, discharge process, by using the equation AG = AE +
AZPE-TAS at 298.15 K. In this equation, AE represents the
adsorption energy, and AZPE and TAS represent the differences
in zero-point energy and entropy between the gas and adsorbed
phases. The atomic visualization and charge density differences
were carried out with the VESTA code.** Besides, geometry
optimization was performed for isolated CO,, PDA, and the
CO,-PDA adduct using Gaussian 16 (G-16) software’ by
employing the B3LYP exchange-correlation functional in
combination with the 6-311++G(d,p) basis set. After geometry
optimization, the Natural Bonding Orbital (NBO) analysis was
carried out to evaluate the electronic interaction between CO,
and PDA.

3. Results and discussion

3.1. Mechanisms of Na,C,0, and Na,CO; + CO nucleation

The nonaqueous Na-CO, battery consists of a sodium metal
anode, a separator, organic electrolytes, a porous cathode, and
suitable catalysts, such as RuO,. During discharge, Na
undergoes oxidation at the anode, releasing Na“ ions and
electrons. The Na' ions then diffuse through the electrolyte to
the CO, cathode, driven by the potential difference between the
electrodes. Concurrently, CO, molecules dissolved in the elec-
trolyte adsorb onto the cathode, where they receive electrons
from the external circuit and react with Na' ions to form solid
discharge products, such as Na,CO; + CO or Na,C,0,, at the
cathode/electrolyte interface. Several experimental studies re-
ported different end discharge products depending upon the

This journal is © The Royal Society of Chemistry 2026
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choice of cathode catalyst. For instance, X-ray photoelectron
spectroscopy (XPS) analysis on a nitrogen-doped nanocarbon
(NC900) cathode revealed a CO;>~ signal after discharge, which
disappeared upon charging, confirming the reversible forma-
tion and decomposition of Na,CO;.** Furthermore, Xu et al.'s
work on Co-encapsulated N-doped carbon frameworks (Co-
NCFs) demonstrated enhanced formation of highly reversible
Na,C,0, as a discharge product.** Ex situ XPS characterization
revealed the emergence of a new peak corresponding to the C-C
bond of C,0,>" at 893 em™*, which increased in intensity with
extended discharge time, indicating the formation of
Na,C,0,.”” This peak disappeared during the subsequent
charging cycle, confirming the reversible nature of Na,C,0,.
Among that, Na,CO; is generally considered to be the thermo-
dynamically stable and final discharge product on the majority
of catalytic surfaces in Na-CO, batteries.** According to earlier
experimental research, Na,CO; can be formed directly from CO,
reduction or indirectly via an oxalate-mediated route. In the
indirect process, Na,C,0, originates as an intermediate and
then breaks down into Na,CO; and CO, while in the direct
approach, electrochemical reduction of CO, results in the
formation of direct Na,CO; together with CO evolution, as
shown in the following equations.
(a) Direct pathway

2Na (s) + 2CO; (g) = Na,COs (s) + CO (g) )
(b) Indirect pathway via oxalate formation
2Na (s) +2CO; (g) = Na,C,04 (s) = Na,CO; (s) + CO (g) (3)

In this section, the free energy profiles for reaction pathways
including direct and indirect Na,CO; formation at open circuit
(U = 0 V) and equilibrium (U = U,) potentials are explored to
determine the most energetically favored pathway resulting in
carbonate production. The schematic representations of these
pathways are illustrated in Fig. 1. More importantly, the
electrochemical discharge stage primarily produces Na,CO; +
CO, and the subsequent conversion of CO into elemental
carbon is considered as a secondary chemical process that
occurs after electrochemical discharge. So, this work majorly
focuses on the energetics and surface interactions that drive
CO, electroreduction leading to the formation of Na,CO; + CO.

Our calculations reveal that both Na and CO, spontaneously
adsorb onto the RuO, substrate, with binding energies of
—1.08 eV and —0.23 eV, respectively. Na prefers to adsorb at the
hollow site coordinated by Ru and O atoms, while CO,
predominantly adsorbs on the top of the Ru atom, consistent
with previous studies on Mg and CO, adsorption on RuO,.** The
strong adsorption of both Na and CO, is crucial for overcoming
the thermodynamic stability of CO, and initiating the electro-
chemical reduction process. Interestingly, our analysis reveals
that initial CO, adsorption on RuO, does not induce its acti-
vation. The CO, molecule retains its linear structure with
minimal changes in bond angle (178.8°), suggesting that direct
adsorption alone does not activate CO,. The first step in the
catalytic cycle, therefore, involves Na adsorption, which is
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Fig. 1 Schematic illustration of the free energy pathway for CO, reduction, leading to the formation of the final discharge product.

pivotal for facilitating CO, activation. Upon Na adsorption, the
CO, molecule undergoes a pronounced structural rearrange-
ment, with the bond angle reduced to 141°, signaling its acti-
vation. This activation mechanism, induced by alkali metal
adsorption, is consistent with previous observations in Mg-CO,
systems on RuO,, which explain the role of Na in promoting
CO, activation.”® This step is essential for overcoming the
inherent stability of CO, and initiating the subsequent reduc-
tion steps on RuO, catalysts.

The Gibbs free energy profiles presented in Fig. 2(a and b)
depict the various reaction pathways leading to the formation of

9622 | J Mater. Chem. A, 2026, 14, 9619-9628

Na,CO; + CO as discharge products on a RuO, (211) catalyst at U
= 0 V. Notably, in the Gibbs free energy profiles for both the
direct Na,CO; + CO pathway (Paths I', III, IV/, and VIII) and the
Na,CO; + CO formation pathway via the Na,C,0, intermediate
(Paths I, II, IV, and VI), all steps involving Na' coupled with
electron transfer are downhill on the catalyst surface. Interest-
ingly, both possible sequences such as Na adsorption followed
by CO, adsorption and CO, adsorption followed by Na
adsorption exhibit exothermic behavior. The free energy value
for Na adsorption is —1.16 eV, whereas for CO, adsorption, the
value is —0.08 eV. Finally, our findings reveal that Gibbs free

This journal is © The Royal Society of Chemistry 2026
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Fig.2 Calculated energetic profiles of (a) Na,COsz + CO formation via Na,C,0O4 intermediate and (b) direct Na,CO3 + CO nucleation on RuO, at

U=0V.

energy changes for Na,C,0, and Na,CO; + CO are —2.74 and
—3.65 €V, respectively.

At the equilibrium potentials of Na,C,0, (Uy (NayC,0,) =
2.12 V) and Na,CO; + CO (U, (Na,CO; + CO) = 2.37 V), the
exothermic nature of intermediate steps involving Na adsorp-
tion and electron transfer at U = 0 V transitions to endothermic
behavior, as illustrated by the Gibbs free energy profiles in
Fig. 3a and b. This transition indicates that, at equilibrium
potentials, the adsorption of Na and the associated electron
transfer processes become energetically unfavorable, shifting
toward endothermic behavior. Overall, the Gibbs free energy
changes for final Na,C,0, and Na,CO; + CO are 1.50 eV and
1.10 eV, respectively. The nucleation mechanisms of Na,C,0,
and Na,CO; + CO in Na-CO, batteries both involve critical
initial and subsequent CO, adsorption steps on the RuO,
substrate. In the case of Na,C,0, formation, the first CO,
adsorption is slightly exothermic (AG = —0.08 eV), yet the CO,
molecule remains linear with negligible bond elongation,
indicating that it is not activated. The second CO, adsorption,
required for oxalate (C,0,°>) formation corresponding to
Path V, is thermodynamically unfavorable, with a positive free
energy of +0.79 eV (as shown in Fig. S3). Furthermore, the Gibbs
free energy to produce CO; + CO via Path VII is near thermo-
neutral (AG = —0.06 eV)*> when compared to the free energies of
Na adsorption intermediates, as evidenced by the free energy
profile in Fig. S4. Following the formation of C,0,> and CO3>~
species, subsequent Na' adsorption leads to the formation of
NaC,0, and Na,C,0,, and NaCO; + CO and Na,CO; + CO,

respectively. These sodiation steps are thermodynamically
favorable under standard conditions (U = 0 V), exhibiting
negative free energies. However, at the equilibrium potential,
the electrochemical steps become endothermic, with free
energies of 0.07 eV and 0.72 eV for NaC,0, and Na,C,0,4, and
0.28 eV and 0.96 eV for NaCO; + CO and Na,CO; + CO,
respectively. C,0,>~ or CO; + CO is formed by the chemical
coupling of two CO, species, without the need for additional
electron transfer. The catalyst must adequately absorb and
activate CO, for the reaction to be successful. In our cases, the
unfavorable nature of CO, adsorption indicates the limitation
of CO, activation on RuO,. Hence, Pathways V and VII are not
thermodynamically preferred, and we didn't consider them
further. Based on the overall free energy pathway analysis by
considering both direct and indirect (via oxalate path forma-
tion) carbonate formation at equilibrium potential, Paths I, T’
and II are initially competing with Path III. However, in Paths I
and I’ the third step involving the electrochemical formation of
Na,CO, becomes uphill. In contrast, for Paths II and III, the
third step is a chemical step involving the formation of NaC,0,
and NaCO; + CO, respectively, which are downhill in nature.
Among these two pathways, Path III is more energetically fav-
oured. The remaining pathways (IV, IV', V, VI, VII, and VIII)
involve initial and subsequent CO, adsorption, which is not
favored. Although the initial CO, adsorption is marginally
exothermic, the CO, molecule is not activated, rendering these
routes non-competitive. Consequently, Path III is identified as
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Fig. 3 Calculated energetic profiles of (a) Na,COz + CO formation via Na,C,0, intermediate and (b) direct Na,COz + CO nucleation on the
RuO, surface at Ug (Na,C,04) = 2.12 V and Ug (Na,COz + CO) = 2.37 V.

This journal is © The Royal Society of Chemistry 2026

J. Mater. Chem. A, 2026, 14, 9619-9628 | 9623


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta09674j

Open Access Article. Published on 02 February 2026. Downloaded on 4/4/2026 3:41:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

an overall energetically preferred and therefore exclusively
considered for electrochemical free energy calculations.

Wang et al. conducted a modeling study on Li-CO, batteries
and found Li,COj; as the final discharge product after analyzing
the formation and decomposition paths.** Besides, the experi-
mental work performed by Hu et al. found that Na,CO; is the
primary discharge product in Na—CO, batteries by employing in
situ Raman and CO, evolution studies by using a Ru-CNT
(ruthenium on carbon nanotube) composite cathode, validating
the reversible reaction of 3CO, + 4Na < 2Na,CO; + C.** Overall
in our work, we found that Na,CO; + CO further react with CO
on the RuO, substrate leading to Na,CO; + C + CO, with a free
energy change of —2.32 eV. Hence, Na,CO; + C is identified as
the final discharge product in our work when using RuO, (211)
as a catalyst. Detailed calculations of the equilibrium potentials
for Na,C,0, and Na,CO; + CO are provided in the (SI).

3.1.1 Charge transfer analysis. To gain a deeper under-
standing of the chemical interactions and binding mechanisms
between the reaction intermediate species and the RuO, (211)
substrate, we conducted charge transfer analysis using the
Bader charge method, as illustrated in Fig. 4. A positive charge
transfer value indicates electron donation from the interme-
diate species (Na, CO,, Na,C,0, and Na,CO; + CO) to the RuO,
catalyst, while a negative value signifies electron flow from the
RuO, substrate to the intermediate species. For the adsorption
of a Na atom on RuO, (211), a significant positive charge
transfer of 0.891 |e| was observed from Na to the catalytic
surface. This substantial charge transfer indicates strong elec-
trostatic and favorable electronic interactions between Na and
RuO,. In contrast, adsorption of a CO, molecule resulted in
a minimal charge transfer of —0.05 |e|, indicating weak phys-
isorption, where electrons are transferred from the RuO,
surface to an inert CO, molecule. For the intermediate species
such as Na,C,0, and Na,CO; + CO a positive charge transfer of
0.362le| and 0.154 |e|, respectively, was noted. Besides, the
charge density difference (DCD) analysis was performed for Na

1.0

0.8 1

0.6 -

0.4 4

0.2 -

0.0 4

Charge transfer (q)

-0.2 4

-0.4 4

Na co, Na,C,0, Na,CO,+CO

Fig. 4 Computed charge transfer g(e) for various reactants adsorbed
on the RuO, surface.
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and CO, on RuO,, with the results shown in Fig. S6. The DCD
analysis further supports our Bader charge transfer analysis,
providing additional evidence for the significant charge transfer
observed in our RuO, system. The PDOS analysis (Fig. S7) for
adsorbed Na, Na,C,0,, and Na,CO; + CO on the RuO, substrate
revealed that the substrate retains its intrinsic electronic
conductivity upon adsorption, indicating its suitability for
electrochemical applications. The minimal charge transfer for
CO, on the RuO, catalyst is primarily due to the inert nature of
the CO, molecule. CO, has a linear geometry and strong cova-
lent bonds, making it chemically stable and resistant to inter-
action with a catalytic surface. The negligible charge transfer
correlates with the inactivation of the adsorbed CO, molecule,
contributing to a higher energy barrier for the formation of
Na,C,0,, and Na,CO; + CO intermediate species.

3.2 Electrochemical free energy profile for CO, reduction

To comprehensively assess the electrochemical performance,
we probed the cathode reactions employing the two-electron
reaction mechanisms throughout the discharging (CO,RR)/
charging (CO,ER) processes in Na-CO, batteries. Based on the
thermodynamic screening outlined in Section 3.1, we focus only
on Path III for the electrochemical free energy analysis, as it
represents the most energetically favorable CO, reduction
pathway at equilibrium potential. The electrochemical free
energy plot, as depicted in Fig. 5, intricately illustrates the
spontaneous and downhill nature of the electrochemical free
energies at U = 0 V, showcasing that all reaction steps exhibit
AG <0 V. During the discharge process, the electrochemical free
energy profile remains downhill until the electrode potential
reaches 1.43 V. As a result, the RuO, substrate exhibits
a discharge overpotential of 1.56 V. Furthermore, it was found
that the potential determining step in the overall discharge
process is the third step, where the electrochemical electron
transfer for the conversion of NaCO; to Na,CO; becomes
energetically uphill.

8
— 2Na* +2¢ +2CO, Discharging
> =V 5
> U=0vV
A %, 3
22 4 {u,=1.43v .. *NaCO,+ (Na*+ e + CO,)
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5 Charging

R
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Reaction Coordinate
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Fig. 5 Electrochemical free energy change during discharging/
charging for the most favorable pathway using the RuO, (211) catalyst.
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The RuO, substrate's electrochemical free energy profile
remains downward during the charging process until the
charging potential decreases to 4.56 V. Thus, 1.57 V is found to
be the charging overpotential. The potential-controlling step
during charging corresponds to the decomposition of Na,CO; +
CO, accompanied by electron transfer. The catalytic activity of
the bifunctional catalyst for the CO,RR/CO,ER is evaluated
using the total overpotential, with smaller values indicating
superior activity. The total overpotential for the electrochemical
reaction in Na-CO, batteries with the RuO, substrate is calcu-
lated to be 3.13 V.

3.3 CO, capture and regeneration using PDA

The high charge and discharge overpotentials calculated for the
RuO, catalyst primarily stem from the limited activation of CO,,
which motivates us to further investigate potential mechanisms
for its pre-activation prior to electrocatalytic reduction on the
electrode surface. To address this issue, PDA was introduced
into the electrolyte as a molecular co-adsorbent. The primary
role of PDA in the electrolyte is to capture and activate CO,
molecules by donating electrons. This interaction involves the
donation of electrons from the nitrogen's (N) lone pairs to the
CO, molecule, resulting in a significant change in the CO, bond
angles and bond lengths, indicative of a more reactive config-
uration. In this study, we focus on the impact of PDA amine on
CO, reaction kinetics, particularly in the context of Na-CO,
batteries. To the best of our knowledge, this work represents the
first systematic investigation of PDA's role in Na-CO, batteries.
Analysis of the binding energy of CO, on PDA amine reveals the
spontaneous binding of CO, (—0.35 eV), facilitated by the lone
pair donation from the nitrogen atom of the amino group to the
electrophilic carbon (C,") of CO,. This binding results in the
activation of CO, molecule, evidenced by the elongation of the
C=O0 bond from 1.16 A to 1.26 A and a bending of the O-C-O
bond angle to 124°. The configurations are shown in Fig. 6. The
activation of CO, by PDA (C3;H;,N,), represented by its reactive
primary amine site (denoted as RNH,), facilitates the formation
of neutral carbamic acid (RNHCOOH) with an exothermic Gibbs
free energy change of —0.43 eV, demonstrating the effectiveness
of PDA in CO, capture.

To further elucidate how PDA interacts with CO,, we carried
out Natural Bond Orbital (NBO) analysis using Gaussian 16

(b)

Fig.6 Comparison of CO, molecular geometry in two environments:
(a) linear geometry of a gaseous CO, molecule adsorbed on the RuO,
substrate; (b) bent geometry of CO, in the presence of PDA.
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(G-16) to evaluate the charge distribution in CO, before and
after its binding with PDA. In the gas phase, the carbon atom in
CO, exhibited a partial positive charge of +1.02|e|, indicating its
electrophilic nature. Upon interaction with PDA, the charge on
the carbon center decreased to +0.886|e|, suggesting electron
donation from PDA to CO,. Similarly, the N atom in pristine
PDA showed a partial negative charge of —0.90|e|. After
complexation with CO,, this value shifted to —0.67|e|, indi-
cating a loss of electron density due to charge transfer from N to
the CO, molecule. Corresponding results are presented in
Fig. S5. In addition to NBO analysis, the electronic structure of
gaseous CO, and the CO,-PDA complex was investigated. The
energy band gap, defined as the difference between the LUMO
and HOMO energies, was calculated to be 9.89 eV for isolated
CO, and 6.26 eV for the CO,-PDA complex. This significant
reduction in the band gap upon complex formation indicates
strong electronic interaction and orbital hybridization between
CO, and PDA.

In the context of amine-based CO, capture and conversion,
our findings build upon previous work in dimethyl sulfoxide
(DMSO), where CO, absorption by 2-ethyoxyethylamine (EEA)
led to the stabilization of carbamic acid.® The introduction of
LiClO, salt then facilitated the conversion of carbamic acid to
lithium carbamate. Our study expands this understanding by
predicting the Gibbs free energy for the formation of carbamate
(RNHCOO") in the presence and absence of Na' cations. We
found that the deprotonation of carbamic acid to form ammo-
nium carbamate (RNHCOO~ and RNH;") results in a substan-
tial endothermic free energy change of 1.15 eV. However, the
introduction of Na' cations markedly alters the thermody-
namics, lowering the free energy for sodium carbamate
(RNHCOONa) formation to 0.12 eV. This underscores the
importance of ion association in facilitating the carbamic acid-
to-carbamate conversion process. Notably, experimental results
showed that the alkali-metal cations have a significant impact
on amine-CO, adduct speciation, stabilizing carbamate species
more effectively due to stronger cation-carbamate interac-
tions.”* Moreover, our study delves into the N-C bond cleavage
energy in amine-based CO, capture, a critical step for the
regeneration of amines and overcoming the energy-intensive
challenges of thermal cleavage. The N-C bond cleavage, which
produces RNH, and NaCO,, is slightly exothermic in the elec-
trolyte bulk (—0.6 eV); however, at the RuO, catalytic cathode
interface, the reaction becomes significantly more exothermic
(—6.38 eV). This high exothermicity is attributed to the altered
electronic environment, enhanced local coordination effects,
and catalytic sites on the electrode surface, all of which
contribute to the cleavage of the N-C bond and the subsequent
regeneration of amines near the electrode surface (Fig. 7).

3.4 Electrochemical free energy profile with PDA

To evaluate the electrochemical performance, we examined the
two-electron reaction mechanisms at the cathode interface
during the discharging (CO,RR) and charging (CO,ER)
processes in Na-CO, batteries using RuO, as the cathode
catalyst and PDA-based electrolyte as a reaction medium. At U =
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Fig. 7 Free energy profile illustrating CO, capture by PDA and
subsequent regeneration of RNH,.

0 V, where all reaction steps exhibit AG <0 V, the electro-
chemical free energy profile (Fig. 8) shows exothermic reaction
steps. Throughout the discharge process, the free energy profile
remains downhill until the electrode potential attains 1.64 V,
resulting in a calculated discharge overpotential of 1.21 V.
Importantly, the third step, which entails the electrochemical
electron transfer for transitioning NaCO; to Na,CO; + CO, turns
energetically uphill as the electrode potential rises, suggesting
that this step controls the discharge process.

During the charging process, the electrochemical free energy
profile continues to decline until the charging potential drops
to 4.08 V, which relates to a charge overpotential of 1.23 V. The
decomposition of Na,COj; + CO is determined to be a potential
determining step in the entire charging process. Overall, the
inclusion of PDA greatly reduced both discharge and charge
overpotentials in comparison to pristine RuO,, thereby
improving bifunctional catalytic performance (Table 1). The
PDA-assisted system lowers the total overpotential to 2.44 V
compared to 3.13 V for the pristine RuO, value. This demon-
strates that PDA improves the electrochemical conversion of
CO, in Na-CO, batteries. Consistent with our findings, previous
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Fig. 8 Electrochemical free energy changes associated with the most
favorable discharge and charge pathway on the RuO, (211) catalyst in
the presence of PDA.
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Table 1 Calculated overpotential for the most favorable electro-
chemical free energy pathway for Na,COs3 nucleation with and without
PDA

Without PDA With PDA
Equilibrium potential (V) 2.99 2.85
Charge overpotential (V) 1.57 1.23
Discharge overpotential (V) 1.56 1.21
Total overpotential (V) 3.13 2.44

experimental studies have demonstrated that amine-mediated
CO, chemistry efficiently reduces overpotential and enhances
reversibility in M-CO, batteries. For example, research by Wang
et al. showed that the introduction of tetraethylenepentamine
(TEPA) significantly reduced the charge overpotential with
improved electrochemical reversibility in the Li-CO, system.*
The TEPA-containing Li-CO, battery had a lower overpotential
(4.50 V) compared to a battery without TEPA (4.91 V). Besides,
the introduction of PDA as an electrolyte additive in the Mg—CO,
system showed high-rate performance and better cycling
stability with an observed overpotential of 1.50 V.*® The sche-
matic illustration of the most favorable reaction pathway
involving amine adducts that leads to the formation of Na,CO;
+ CO is presented in Fig. S8, and the detailed methodology for
calculating the electrochemical free energy change is also
provided in the SI.

4. Conclusions

In summary, we used DFT calculations to systematically inves-
tigate the mechanisms of CO, reduction in the Na-CO, system.
The computed free energy profiles confirm that Na,CO; is the
final discharge product on the RuO, substrate. CO, was found
not to be activated on the RuO, catalyst, as evidenced by the
negligible charge transfer RuO, to CO,, revealed through Bader
charge analysis. To address this limitation, we introduced PDA
as an electrolyte additive, which significantly enhanced CO,
activation. This was evidenced by a reduction in the CO, bond
angle from 180° to 124°, an elongation of the C=0 bond length
from 1.16 to 1.26 A, and substantial charge transfer from the
nitrogen atoms in PDA to the carbon atom of CO,. Gibbs free
energy calculations using an implicit solvation model showed
that amine regeneration via N-C cleavage is more favored at the
RuO, substrate than in the bulk electrolyte, which illustrates
accelerated CO, conversion kinetics at the electrode-electrolyte
interface. Additionally, PDA exhibited spontaneous binding
with CO, (—0.35 eV), which further facilitates its adsorption and
activation at the electrode surface. The PDA-assisted systems
also achieved a significant reduction in both charge and
discharge overpotentials, from 1.57 to 1.23 V and from 1.56 to
1.21V, respectively. Overall, our findings establish PDA-assisted
RuO, as an effective substrate-additive combination that
enhances CO, activation, promotes amine regeneration, and
improves electrochemical performance in Na-CO, batteries.
This work provides a fundamental understanding of CO,
capture and conversion mechanisms and demonstrates the

This journal is © The Royal Society of Chemistry 2026
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promise of molecularly engineered additives for next-

generation energy storage systems.
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