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Nitrogen-doped coal-based carbon materials have attracted significant attention in the field of CO, capture
due to their low cost, high specific surface area, and tunable surface chemistry. However, the mechanism by
which alkali metal activation (e.g., K/Na) influences CO, adsorption performance remains unclear,

particularly regarding the synergistic effects between alkali metals and nitrogen species, as well as their

impact on the electronic structure. In this study, density functional theory (DFT) was employed to
systematically investigate the synergistic mechanisms between alkali metal activation (K, Na) and typical
nitrogen doping configurations—pyridinic-N, pyrrolic-N, graphitic-N, and amine-N—on CO, adsorption
performance in coal-based carbon materials. By constructing and optimizing C-O-M (M = K, Na)

structures co-doped with nitrogen, we calculated the CO, adsorption energies and analyzed the

corresponding electronic characteristics. The results show that the formation of C-O-M structures

significantly enhances

CO, adsorption capacity: Na-doped

(—35.88 kJ mol™) and K-doped

(=31.72 kJ mol™) systems exhibit much higher adsorption strengths than nitrogen-only doped

counterparts (—17 to —13 kJ mol™). Further analysis of weak interactions revealed that alkali metals

generate regions of high electrostatic potential on the carbon surface (at K/Na sites), while pyridinic-N

introduces low-potential zones, thereby forming a strong electrostatic gradient field. This study uncovers
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the electronic role of alkali metals beyond their traditional function as pore-forming agents and

highlights the dominant contribution of electrostatic interactions in CO, adsorption. These findings
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1. Introduction

The excessive emission of greenhouse gases has significantly
altered the composition of the Earth's atmosphere, leading to
the intensification of the greenhouse effect. This phenomenon
has triggered a cascade of environmental issues, including
global temperature rise, climate change, and a variety of asso-
ciated ecological impacts." Among the major greenhouse gases,
carbon dioxide (CO,) exhibits a particularly strong correlation
with the increase in global surface temperatures.>® Since the
onset of the industrial era, atmospheric CO, concentrations
have risen dramatically—from approximately 280 parts per
million (ppm) to over 400 ppm.** To mitigate this trend, two
primary strategies can be employed: controlling emissions at
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provide theoretical guidance for the synergistic optimization of pore structure and surface chemistry,
promoting the rational design of high-performance coal-based CO, adsorbents.

the source (preventing CO, generation) and capturing CO, at
the end-of-pipe stage (post-combustion capture). Notably, fossil
fuel combustion accounts for approximately 88% of anthropo-
genic greenhouse gas emissions. However, given current global
energy demands, the complete elimination of fossil fuels
remains unfeasible in the short term. Therefore, effective
capture and sequestration of CO, emissions at the tail end of
industrial processes is essential for mitigating climate change
and easing its environmental consequences.®

Numerous materials and technologies have been developed
for carbon dioxide (CO,) capture, including solid adsorbents
such as metal-organic frameworks (MOFs),” zeolites,® and
carbon-based materials.”*® Among them, coal-derived carbon
materials have garnered increasing attention due to their low
cost, tunable structure, and ease of processing.'® For coal-based
carbon materials, heteroatom doping—particularly nitrogen—
can effectively modulate the electronic structure and enhance
the adsorption capacity of active sites for CO,.""*> Additionally,
activation with alkali metals significantly increases the pore
volume and specific surface area of the carbon matrix, thereby
improving the density and accessibility of active sites and
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further enhancing CO, uptake.’*** These strategies have
demonstrated strong practical applicability. For example, Sun
et al. prepared nitrogen-doped carbons with gradient N content
and uniform pore structures, and through density functional
theory (DFT) calculations, revealed that the introduction of
nitrogen atoms onto the carbon surface strengthens CO,
adsorption via enhanced dispersion and electrostatic interac-
tions." Wang et al. activated coal using trace amounts of alkali
metal salt (K,COj3) and found that the resulting carbon exhibi-
ted short-range ordered microcrystalline structures and well-
developed porosity, leading to superior CO, adsorption
performance.*

However, understanding the roles of alkali metals and
nitrogen during the actual preparation of carbon materials
remains a significant challenge. Current consensus suggests
that alkali metals primarily function as pore-forming agents,**
while nitrogen dopants are responsible for modulating the
electronic distribution of the carbon framework."” Residual
alkali metal species (e.g,, -C-O-M moieties) are invariably
retained within carbonaceous materials. These persistent
components not only serve as pore-forming agents but also
function as active sites that demonstrate the capacity to
modulate electronic configurations. A pivotal yet underexplored
aspect involves the synergistic electronic interactions between
these alkali metal entities and strategically incorporated
nitrogen dopants, which constitute the primary operational
mechanism for enhanced CO, affinity. Notably, this paradigm
remains incompletely understood at the atomic resolution level.
Prevailing mechanistic models propose that KOH activation
induces deconstruction of polymeric precursors into nanoscale
carbon units, thereby generating amorphous microstructures
while simultaneously facilitating oxygen functionalities elimi-
nation. This dual-phase transformation process establishes the
structural prerequisites for optimized gas adsorption charac-
teristics. During this process, potassium atoms spontaneously
react with active oxygen radicals (O*) to form K-O species,
which are anchored to the fragment edges in the form of C-O-K
groups. This can be described by the reaction: K+ O* + C — C-
O-K.*** Furthermore, studies have shown that the incorpora-
tion of alkali metal cations can alter the distribution and
density of chemisorption sites.'>'®'” Nevertheless, the mecha-
nisms by which alkali metals influence CO, adsorption, and
how their interactions with nitrogen dopants affect CO, capture
performance, remain poorly understood. This is partly due to
the inherent difficulties in precise experimental characteriza-
tion, and partly attributable to the intrinsic structural
complexity of coal-derived carbon materials.

To address these challenges, this study employs density
functional theory (DFT) to systematically investigate the effects
of alkali metals and nitrogen dopants on CO, adsorption in
carbon-based materials. First, a series of carbon models were
constructed and optimized, including typical nitrogen doping
configurations (pyridinic, pyrrolic, graphitic, and amino types),
alkali metal-doped carbons (K and Na), and co-doped systems
combining both nitrogen and alkali metals. The CO, adsorption
energies of these structures were subsequently calculated to
quantitatively evaluate their adsorption capacities. The results
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indicate that CO, is physically adsorbed onto the material
surfaces, with adsorption performance varying depending on
the nitrogen doping type. Notably, alkali metal-doped systems
exhibit significantly higher CO, adsorption capacities
compared to nitrogen-doped counterparts, and the specific type
of nitrogen dopant can further modulate the adsorption
strength of CO, in the presence of alkali metals. To elucidate the
underlying adsorption mechanisms, electrostatic potential
mapping, energy decomposition analysis, and the Independent
Gradient Model based on Hirshfeld partition (IGMH) were
employed. These analyses revealed that, upon the introduction
of alkali metals, electrostatic interactions become the dominant
component of the weak interaction energy in the CO, adsorp-
tion process. In summary, this work uncovers the electronic
effects of alkali metal activation in coal-derived carbon mate-
rials, demonstrating their role beyond mere pore-forming
agents. It highlights the pivotal contribution of electrostatic
interactions in CO, capture and provides mechanistic insight
and theoretical guidance for the rational design of high-
performance coal-based carbon adsorbents.

2. Computational methods

All calculations, including structural optimizations and elec-
tronic energy computations, were performed using the
Gaussian 09 software package.”® Geometry relaxations and
frequency analyses of stationary points were conducted at the
wB97Xd/def2-SVP level,"** while electronic energies were
calculated at the wB97Xd/def2-QZVP level.*° For energy
decomposition analysis, the SAPT0O method combined with the
def2-TZVP basis set was employed using the PSI4 software.*
This method ensures accuracy while defining elements up to
the fourth period, thus reducing computational cost.”* Electro-
static potential distribution on molecular surfaces, Mulliken
population analysis and Independent Gradient Model based on
Hirshfeld partition (IGMH) analyses were carried out with the
Multiwfn program.>*>*

The adsorption ability of catalysts toward CO, was quanti-
tatively evaluated by the CO, adsorption energy (E,qs), calcu-
lated as follows:

Eads = E*Co2 —_ E* — ECOZ (1)

where E«co,, Ex and Eco, denote the electronic energies of CO,
adsorbed on the carbon material, the bare carbon material, and
isolated CO, molecule, respectively.

Intermolecular interaction energies were decomposed via
symmetry-adapted perturbation theory (SAPT) calculations in
PSI4. The interaction energy between molecular fragments can
be expressed as:*

AESAPT - AEexc + AEele + AEind + AEdis (2)

where AE,,. is the exchange interaction term, representing
exchange repulsion due to close proximity between fragments. A
positive value indicates destabilization. AE,. is the electrostatic
interaction term, describing classical Coulomb interactions

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06428g

Open Access Article. Published on 18 November 2025. Downloaded on 12/30/2025 8:50:56 PM.

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

(cc)

View Article Online

Paper RSC Advances
9 o9 J o
(a) , e, (b) , be
, 9 90 , 99 29
S ] v 2 ] - - 9 99
'@ PO 20 90,4 e 290 9
29 290 99 29 29 29
'@ P29 29 90,3 2@ 90 9
29 9@ 29 29 909 99 s H
S e e ° S 29 o9 °
S >a S e @ c
9 J J 9 . o
(c) ?, (d) . o9 @ N
. & s 9 @ Na
2 99 09 . 29 20 @ K
>34 D@ o0 e 99 99
P 2P D@ Do 09 29 29 9
> 9@ 29 29 29 29
2D D9 D@ P9 P A 9O 9
dId I I 2P 29 99
‘S >4 @ S 29 e °
9 >-d 9 Jd >-d 9
9 9 9 9

Fig. 1 Constructed carbon models with different doping configurations. (a) Pristine carbon model; (b) pyridinic nitrogen-doped carbon model;
(c) potassium-doped carbon model; (d) co-doped carbon model with potassium and nitrogen.

between fragments; its value can be positive or negative. AEj, 4 is
the induction (polarization) interaction term, which is negative
and contributes attractively. AEq;s is the dispersion interaction
term, reflecting charge polarization and charge transfer effects
between fragments, also negative.

3. Results and discussion
3.1 Model construction

To investigate the interaction between alkali metal atoms and
nitrogen atoms, a 14-carbon-ring armchair carbon -cluster
model was constructed to represent the pristine coal-based
activated carbon, with hydrogen atoms terminating the cluster
edges, as shown in Fig. 1a. This model features a relatively small
dihedral angle (dias) value* and has been previously employed
to study the effects of heteroatom doping on carbon mate-
rials."»***” It should be noted that coal and similar complex
carbon materials possess intricate compositions; however,
a simplified model is adopted here to focus primarily on the
influence of heteroatoms. Regarding nitrogen atoms, their
atomic size is nearly identical to that of carbon atoms, facili-
tating substitution and the formation of various doping
configurations. In this study, pyridinic, pyrrolic, graphitic, and
amine types were selected as representative nitrogen doping
forms (Fig. 1b and S1). For alkali metal salts, during the co-
pyrolysis process with carbon materials, a uniform molten
environment is generated that promotes coal structure
decomposition, cross-linking, and aromatization. The release of
gaseous components from coal results in the formation of
a porous activated carbon matrix with metal atoms loaded onto
it. Among commonly used catalysts, alkali metals potassium (K)

© 2025 The Author(s). Published by the Royal Society of Chemistry

and sodium (Na) are the most active and exhibit superior
catalytic performance, primarily existing in the material as -O-
M (M =K, Na) structures formed via reactions. Accordingly, -O-
K and -O-Na doped models were constructed, as illustrated in
Fig. 1c and S2. Furthermore, based on these structures, co-
doped models containing both nitrogen and alkali metals
were established (Fig. 1d and S3).

3.2 Evaluation of adsorption performance

To evaluate the CO, adsorption capacity of the above structures,
we further calculated the CO, adsorption energy (calculation
method detailed in eqn (1)), which quantitatively assesses the
catalyst's ability to adsorb CO,. Fig. 2a shows a stable snapshot
of CO, adsorbed on the pristine, undoped carbon model. It can
be observed that the CO, molecule lies parallel to the carbon
surface, indicating a physical adsorption mode. The adsorption
energy is —3.17 k] mol ', which is negative, suggesting that CO,
adsorption is thermodynamically favorable. The shortest
distance between the CO, molecule and the carbon structure is
2.66 A, demonstrating structural stability of the physical
adsorption at the edge of the carbon model. This is consistent
with Qu et al.'s findings on SO, adsorption® and aligns with the
CO, adsorption behavior reported by Sun et al,* that is, the
adsorption of SO, and CO, at the carbon edge is thermody-
namically heat-resistant.

Furthermore, we calculated the CO, adsorption energies for
nitrogen-doped carbon materials (with doping types including
pyridinic N, amino N, graphitic N, and pyrrolic N, denoted as
Pd_N, A N, G_N, and Pr_N respectively, shown in Fig. 2b),
potassium/sodium-doped carbon (denoted as K and Na), as well
as their co-doped systems with nitrogen (Fig. 2¢ and d). Fig. 2b

RSC Adv, 2025, 15, 44883-44892 | 44885
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Fig.2 Summary of CO, adsorption energies for various doped carbon models. (a) Optimized structure of CO, adsorbed on undoped carbon; (b)
CO, adsorption energies of different types of N-doped carbons compared to undoped carbon; (c) CO, adsorption energies of N and K co-doped
carbons compared to K-doped carbon; (d) CO, adsorption energies of N and Na co-doped carbons compared to Na-doped carbon.

first presents a comparison of CO, adsorption energies between
various nitrogen-doped carbons and the pristine undoped
carbon. It is evident that doping nitrogen significantly enhances
the CO, adsorption capacity compared to the undoped carbon,
with adsorption energies ranging from —17 to —13 kJ mol™".
The strength of adsorption decreases in the order: pyrrolic N
(Eags = —17.00 k] mol ") > graphitic N (E,qs = —14.41 k] mol )
> pyridinic N (E,qs = —13.76 k] mol ') = amino N (Eqs =
—13.32 kJ mol ') > pristine graphite carbon (E.qs =
—3.17 kJ mol ™). These results are consistent with Qu et al.'s
findings on SO, adsorption (N can enhance SO, physisorption
at the carbon edge)*® and aligns with the CO, adsorption
behavior reported by Sun et al. (the introduction of N atoms into
carbon surfaces could greatly enhance the CO, adsorption).**
Fig. 3 illustrates the detailed configurations and adsorption
behavior of CO, on various nitrogen-doped carbon models. It
was observed that CO, tends to adsorb on the side of
pyridinic N, nearly coplanar with the carbon basal plane; on
amino-doped carbon, CO, adsorbs predominantly above the
amino group, almost parallel to the carbon plane. For
graphitic N and pyrrolic N doped structures, CO, preferentially
adsorbs parallel to the carbon basal plane surrounding the
nitrogen atom. Different functional groups influence CO,

44886 | RSC Adv, 2025, 15, 44883-44892

adsorption differently, reflected also in varying distances
between the CO, molecule and the adsorbent. Specifically, the
distance between the C atom in CO, and the N atom in the
carbon structure follows the trend: amino N (2.884 A) <
pyridinic N (3.083 A) < pyrrolic N (3.826 A) < graphitic N (3.946
A).

The effect of alkali metal doping on carbon materials is a key
focus of our study. We investigated both alkali metal single
doping and co-doping with nitrogen. First, the impact of K/Na
single doping on carbon materials was analyzed. Fig. S5 illus-
trates the specific behavior of CO, adsorption on K/Na-doped
carbon models. Compared to the original graphite carbon
surface (—3.17 k] mol ), the adsorption capacity is significantly
increased, with Na doping (—35.88 kJ mol ') showing a lower
adsorption energy than K doping (—31.72 k] mol ). Both values
greatly exceed those of nitrogen-doped carbons (—17 to
—13 kJ mol '), indicating a marked enhancement in adsorption
capability. When nitrogen atoms are further introduced based
on alkali metal doping (Fig. 2c and d), the adsorption behavior
varies with the types of alkali metals and nitrogen dopants.
Regardless, the CO, adsorption capacity remains substantially
stronger than that of carbons doped solely with non-metal
elements. Fig. S6 details the adsorption energies and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CO, adsorption configuration and adsorption energy on nitrogen-doped carbon surface (a) pyridine nitrogen; (b) amino group; (c)

graphite nitrogen; (d) pyrrole nitrogen.

configurations of CO, on activated carbon surfaces bearing -C-
O-K structures combined with nitrogen functional groups. CO,
is adsorbed parallel to the carbon plane in pyridinic N and -C-
O-K synergistic configurations as well as amine and -C-O-K
combinations. In contrast, CO, adsorbs at certain angles rela-
tive to the carbon plane in graphite N-K and pyrrolic N-K co-
doped structures.

Different functional groups exert distinct effects on CO,
adsorption, mainly due to interactions between the oxygen
atoms in CO, and the potassium atoms in the -C-O-K groups.
The O-K distances vary slightly among configurations:
pyridinic N (2.822 A) > pyrrolic N (2.742 A) > amine (2.735 A) >
graphite N (2.732 A). Overall, nitrogen functional groups show
both inhibitory and promotional effects on the graphite carbon
models containing -C-O-K groups. Pyridinic N slightly
enhances adsorption performance, decreasing adsorption
energy by 0.53 k] mol™'. Conversely, graphite N and amine
groups weaken adsorption, with the amine group causing the
largest reduction of 3.14 kJ mol . Similarly, Fig. S7 presents
CO, adsorption energies and configurations on activated
carbon surfaces with -C-O-Na groups combined with nitrogen
functional groups. The synergy between graphite N, pyridinic N
and Na shows minimal influence on adsorption. However,
amine and pyrrolic N groups weaken adsorption, with pyrrolic N
causing the greatest reduction of 3.41 kJ mol ™.

Based on the above analysis, we can gain a clearer under-
standing of the interaction between alkali metal atoms and
nitrogen atoms on the performance of carbon materials. Alkali
metals can significantly enhance the CO, adsorption capacity of

© 2025 The Author(s). Published by the Royal Society of Chemistry

carbon materials, broadening our understanding of their role
beyond merely creating pores to increase surface area—they
also improve the CO, adsorption activity. To gain deeper insight
into the underlying mechanism, we further analyzed the elec-
trostatic potential (ESP) distribution of the aforementioned
carbon structures. It should be noted that our calculations
assume ideal dry conditions. In practical applications, the
hydrophilic nature of alkali metal sites may lead to competitive
adsorption by water molecules, potentially reducing CO,
capture efficiency. Future work will explore surface modifica-
tions or hydrophobic coatings to mitigate this issue.*

3.3 Electrostatic potential analysis

Fig. 4a shows the ESP distribution on the surface of the pristine,
undoped activated carbon. The potential is relatively uniform,
with the highest values located at the edge hydrogen atoms,
while the carbon basal plane exhibits a smooth and moderate
ESP. For nitrogen-doped carbon surfaces (e.g., Fig. 4b and S8),
significant changes in ESP occur near the doping sites. On the
pyridinic N-doped carbon surface (Fig. 4b), the maximum ESP
appears at the edge hydrogen atoms of the carbon structure,
whereas the minimum ESP is localized at the doped nitrogen
atom, with a relatively smooth ESP across the basal plane. In the
pyrrolic N-doped carbon surface (Fig. S9b), the maximum ESP is
found at the edge adjacent to the pyrrolic nitrogen. The intro-
duction of the nitrogen atom enhances local electronegativity,
resulting in a reduced ESP near the doping site, with the
minimum ESP located on the basal plane, which remains

RSC Adv, 2025, 15, 44883-44892 | 44887
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Fig. 4 Electrostatic potential (ESP) distributions of differently doped
carbon models. (a) Pristine (undoped) carbon; (b) pyridinic nitrogen-
doped carbon; (c) potassium-doped carbon; (d) co-doped carbon
with pyridinic nitrogen and potassium.

relatively smooth overall. For amine-doped carbon (Fig. S9c),
the maximum ESP appears at the hydrogen atom of the amine
group, and the minimum is at the nitrogen atom. This is
attributed to electron transfer from the hydrogen atoms to the
nitrogen atom within the amine group, causing elevated ESP at
the H sites and lowered ESP at the N site, while the basal plane
ESP remains smooth. On the graphite N-doped carbon surface
(Fig. S9d), the maximum ESP occurs at the doped nitrogen atom
and also at the edge hydrogen atoms. The basal plane shows
a generally smooth ESP distribution, with increased ESP near
the doped graphite nitrogen and decreased ESP in adjacent
regions. This detailed ESP mapping reveals how nitrogen
doping modifies the local electronic environment of carbon
materials, which plays a crucial role in modulating their inter-
action with CO, molecules.

Fig. 4c presents the electrostatic potential (ESP) distribution
on the surface of potassium-doped carbon. Due to the stronger
electron-donating ability of alkali metals, the ESP extrema on
the potassium-doped surface are significantly higher than those
on the pristine carbon surface. The introduction of potassium
creates a pronounced ESP maximum at the dopant site (K
atom), while simultaneously lowering the ESP across the carbon
basal plane. The sodium-doped surface shows a similar ESP
distribution pattern to that of potassium doping, with an ESP
maximum appearing at the Na atom and a reduced ESP on the
carbon basal plane. The interaction between doped potassium
or sodium on the activated carbon surface and CO, is charac-
terized by the positively charged metal atoms acting as basic
sites, which enhance CO, adsorption by accepting electron

44888 | RSC Adv, 2025, 15, 44883-44892
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density from the oxygen atoms of CO, molecules. Additionally,
the carbon atom in CO, is attracted by negatively charged atoms
on the carbon surface, further strengthening CO, adsorption.
Overall, the incorporation of Na and K into the activated carbon
surface results in the strongest affinity for CO, capture.

A further analysis was conducted on the electrostatic
potential (ESP) distribution of co-doped systems with alkali
metals and nitrogen atoms (Fig. 4d, S9 and S10). On the surface
with the synergistic effect of pyridinic nitrogen and the carbon-
oxygen-potassium (C-O-K) structure (Fig. 4d), the ESP on the
carbon basal plane is reduced. A minimum ESP value appears at
the nitrogen atom of the doped pyridinic nitrogen, while
a maximum ESP is found at the potassium atom. Due to
potassium'’s tendency to lose electrons and become positively
charged, it exhibits a high electrostatic potential. The locations
of these ESP extrema closely correspond to the CO, adsorption
sites, indicating that electrostatic interactions significantly
influence CO, adsorption on the K and pyridinic nitrogen co-
doped activated carbon surface. Similarly, on the surface with
pyrrolic nitrogen and C-O-K synergy (Fig. S9b), the carbon basal
plane shows a decreased ESP, with a maximum at the K atom
and a minimum at the O atom. Comparable patterns are also
observed on other co-doped surfaces (Fig. S9 and S10).

Furthermore, to gain in-depth theoretical insight into the
contributions of individual atoms—particularly alkali metal
atoms—to the charge distribution in our models, we performed
Mulliken population analysis, as summarized in Fig. S11-S15.
Fig. S11 illustrates the Mulliken analysis for carbon models with
single alkali metal (K, Na) doping. It reveals that alkali metal
atoms carry highly positive charges (0.781 atomic units (a.u.) for
K, 0.761 a.u. for Na), while oxygen atoms adjacent to the alkali
metals host strongly negative charges (—0.530 a.u. for O in K-O,
—0.554 a.u. for O in Na-O). The charge difference between K
and O is 1.311 a.u.—smaller than that in the Na-O structure
(1.315 a.u.). This discrepancy may induce a stronger electro-
static potential field near Na-O sites, thereby enhancing CO,
adsorption energy. Fig. S12-S15 present Mulliken analysis
results for carbon models doped with amino, graphitic, pyr-
idinic, or pyrrolic nitrogen—both individually and in synergy
with alkali metals. Collectively, these data demonstrate the
profound impact of alkali metal incorporation on atomic charge
distribution in the materials. Purely nitrogen-doped models
exhibit faint surface coloring, indicating small, uniformly
distributed surface atomic charges. Upon introducing alkali
metals (K, Na), however, the charge distribution becomes
extremely polarized at C-O-K/Na interfaces: oxygen atoms
acquire negative charges, while alkali metals bear positive
charges with magnitudes far exceeding those of other non-
metallic elements. Meanwhile, consistent with the pure alkali
metal-doped models, charge differences in Na-O structures are
generally larger than those in K-O structures. This suggests
stronger electrostatic forces near Na-O sites, which are likely
more favorable for CO, adsorption.

In summary, the above analysis indicates that co-doping
with alkali metals and nitrogen functional groups induces
significant changes in the electronic structure of the carbon
surface. Generally, nitrogen functional group doping lowers the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Energy decomposition analysis of CO, adsorption on pristine activated carbon and nitrogen-doped surfaces (kJ mol™?)

Model AEele AEexc AEind AEdis AEtotal

Pristine (undoped) carbon —2.093 6.754 —0.832 —8.000 —-4.171
Pyridinic nitrogen-doped surface —31.188 31.631 —4.908 —16.049 —20.514
Pyrrolic nitrogen-doped surface —10.139 22.985 —2.970 —30.579 —20.703
Graphitic nitrogen-doped surface —7.765 23.194 —3.569 —28.306 —16.445
Amine-doped surface —22.361 27.283 —3.824 —18.240 —17.141

electrostatic potential of the carbon basal plane, while the
maximum electrostatic potential appears at the potassium atom
and the minimum near the nitrogen functional groups. The
location of the maximum electrostatic potential closely corre-
sponds to the final CO, adsorption sites, suggesting that elec-
trostatic interactions play a crucial role in CO, adsorption on
activated carbon surfaces co-doped with potassium and
nitrogen. Mulliken population analysis reveals that the intro-
duction of alkali metals (K, Na) into carbon models leads to
increased charge distribution heterogeneity. Notably, the
atomic charge disparity in Na-O structures exceeds that in K-O
configurations, thereby generating stronger electrostatic inter-
actions around these sites. This enhanced electrostatic envi-
ronment promotes more efficient CO, adsorption performance.

3.4 Energy decomposition analysis

Based on the electrostatic potential distribution, it is evident
that electrostatic interactions significantly influence the CO,
adsorption process on nitrogen-functionalized surfaces as well
as in synergy with alkali metals. To further elucidate this, we
performed energy decomposition analysis (method details are
provided in the SI) to compare the specific physical components
of weak interactions across different configurations. According
to perturbation theory, the interaction energy is divided into
four components: electrostatic, exchange, dispersion, and
induction (Tables 1-3). Table 1 presents the energy decompo-
sition of CO, adsorption on pristine activated carbon and
nitrogen-doped surfaces. It can be seen that for the pristine
undoped carbon surface, dispersion interactions (AEg;s)
constitute the major part of the adsorption energy. For pyrrolic
and graphitic nitrogen-doped surfaces, AE4;; dominate over
electrostatic interactions (AEe.), whereas for pyridinic and
amine nitrogen-doped surfaces, AEg; are weaker than AFE.
These results indicate that the type of nitrogen dopant can

modulate the nature of the interaction forces, thereby affecting
the CO, adsorption capacity. Meanwhile, it is evident that
regardless of the nitrogen species, the AEy;s and AE, values for
N-doped carbons are both higher than those of pristine carbon.
This indicates that nitrogen enhances CO, adsorption by
leveraging these two types of interaction forces.

Tables 2 and 3 present the energy decomposition analysis of
CO, adsorption on alkali metal-doped surfaces and those co-
doped with nitrogen. It is evident that in doping systems con-
taining alkali metals, the electrostatic interaction (AEc)
accounts for the largest proportion. For instance, in the pyr-
idinic nitrogen and potassium co-doped surface (Table 2), the
electrostatic interaction is the dominant component of the
interaction energy, and the synergistic electrostatic interaction
is stronger than that of nitrogen doping alone. Moreover, the
energy decomposition results indicate that the synergistic effect
between pyridinic nitrogen and the potassium group leads to
higher electrostatic and total interaction energies compared to
potassium doping alone. These findings are consistent with the
electrostatic potential distribution analysis of various doped
models shown in Fig. 3, demonstrating that the enhanced CO,
adsorption performance upon alkali metal introduction is
primarily attributed to the increased electrostatic component of
the weak interactions.

3.5 Independent gradient model based on Hirshfeld
partition (IGMH) analysis

Furthermore, we employed the Independent Gradient Model
based on Hirshfeld partition (IGMH) to visually represent both
inter-fragment and intra-fragment interactions, as shown in
Fig. 4 and S16-S20. IGMH utilizes the three-dimensional func-
tion ¢ to intuitively display the interaction regions between
atoms. Peaks in 6 occur in regions where the electron densities
of two atoms overlap, indicating the presence of atomic

Table 2 Energy decomposition analysis of CO, adsorption on potassium-doped and nitrogen—potassium co-doped surfaces (kJ mol ™)

Model AEele AEexc AEincl AEdis AEtotal
Potassium-doped surface —71.526 63.663 —19.764 —22.780 —50.408
Pyridinic nitrogen and potassium co- —77.802 66.345 —20.652 —22.842 —54.951
doped surface

Pyrrolic nitrogen and potassium co- —63.618 53.962 —15.609 —22.449 —47.715
doped surface

Graphitic nitrogen and potassium co- —48.669 42.443 —11.296 —20.587 —38.119
doped surface

Amine and potassium co-doped surface —62.723 56.953 —15.845 —27.545 —49.161

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Energy decomposition of CO, adsorption on sodium-doped and nitrogen—sodium co-doped surfaces (kJ mol ™)

Model AEe[e AEexc AEind AEdis AEtotal
Sodium-doped surface —73.104 60.424 —20.573 —17.667 —50.920
Pyridinic nitrogen and sodium co-doped —60.530 51.801 —16.014 —15.642 —40.385
surface

Pyrrolic nitrogen and sodium co-doped —67.546 56.798 —18.755 —18.889 —48.391
surface

Graphitic nitrogen and sodium co-doped —55.210 43.975 —14.011 —16.634 —41.880
surface

Amino group and sodium co-doped —70.286 58.443 —19.261 —17.704 —48.808
surface

interactions. Under the equilibrium molecular structure, larger
density overlap between atoms corresponds to higher é peaks,
which implies stronger atomic interactions and consequently
shorter interatomic distances.

Fig. 5a presents the IGMH analysis of CO, adsorbed on the
pristine, undoped carbon surface. The 6, isosurface is mainly
concentrated between the CO, molecule and the original acti-
vated carbon surface. The isosurface predominantly appears
green, indicating that the intermolecular interaction at this
stage is mainly dispersive (van der Waals) interaction. In the left
panel, the molecular coloring evaluates each atom's contribu-
tion to the interaction between the two fragments: atoms with
greater contributions are colored redder, while those with
smaller contributions appear bluer. From the atomic colors, it
can be seen that the carbon atom in CO, contributes the most,
while the two edge hydrogen atoms and adjacent carbon atoms
in the carbon structure also contribute. In the right panel, two
peaks appear at sign(1*)p values of approximately —0.005 a.u.
and +0.005 a.u., characteristic of van der Waals interactions,
which occur in regions of low electron density where the sign of
A% fluctuates between positive and negative. Fig. 5b shows the

isosurface primarily concentrated between CO, and the pyr-
idinic nitrogen-doped carbon plane, with a shape closely
matching the CO, molecule. The isosurface is mainly green and
predominantly contributed by the pyridinic nitrogen atom and
its five connected chain-like carbon atoms. For the pyridinic
nitrogen-doped configuration, a main peak is observed around
—0.01 a.u., indicating that hydrogen bonding dominates the
electrostatic interaction. Another peak at +0.005 a.u. reflects the
influence of van der Waals forces.

In Fig. 5c, there is a strong electrostatic interaction between
the carbon atoms of CO, and the potassium (K) atom on the K-
doped activated carbon surface. From the color-coded image on
the left, the main contributors are the oxygen atoms and the K
atom, as well as the carbon atom in the CO, molecule. The
scatter plot on the right shows a peak near sign(A*)p = —0.02
a.u., corresponding to the blue-green region on the isosurface
map, while a sharp peak around sign(4*)p = +0.01 a.u. indicates
the presence of exchange repulsion that prevents CO, from
approaching the adsorbent too closely. In the pyridinic nitrogen
and K co-doped configuration (Fig. 5d), a peak appears at about
—0.02 a.u., corresponding to the symmetric blue-green

(a) -

0.03 0.050 (b) 1 0.040

0040 \ 0.030

4 00% xP 02 080

0 0020 5 { 0010

= 0010 - 0,000

= 00 : 0.01 -0.010

2 -0.010 0.020

001 020 0.030

-0.030 -0.0%

| 0.00 0050

-0060 Pd_Ndoped 2 38838388238
0.00 -0.050 © © 06 © © © © © © © ©
Undoped 2 288583588238 s
¢ 9 ¢ ¢ ¢ 6 6 © © & © (il (au
sign(i)p (a.u)
(c) “w
>’J

\Q_ 0.05 0.050 Ce¢ 0.05 0.050
0.040 (d) — 0040

004 0.030 e ® 0030

0.020 0.020

5 003 3 0.010 5 0010

s 0.000 s 0.000
2 0010 o -0.010
0.020 0.020
0.030 0.030
0.040 -0 040
T e W -0050 Pd_N+K doped 000

» 8 388358382823 8
K doped s 8 383833835838
sign(Z)p (a.u)
Fig. 5 IGMH analysis of CO, adsorption on surfaces of different doped carbon models. (a) Undoped carbon; (b) pyridinic nitrogen-doped
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isosurface between the pyridinic nitrogen and CO, in the scatter
plot. This interaction is mainly contributed by the -C-O-K
group and the carbon atom in CO,, indicating that electrostatic
interaction dominates the interaction energy. The area of the
isosurface and the peak is significantly larger than that of pyr-
idinic nitrogen doping alone, demonstrating that the synergy
between the -C-O-K group and pyridinic nitrogen greatly
enhances CO, adsorption. Through these analyses, we further
confirm that the electrostatic interaction plays a particularly
critical role in the synergistic effect between alkali metals and
nitrogen.

The above theoretical studies which systematically investi-
gates the influence of alkali metals on CO, adsorption have
revealed the indispensable role of alkali metals in enhancing
CO,, adsorption performance. However, practical applications
require addressing critical factors such as material humidity
(microscopic water molecule presence) and structural evolution
under operational conditions. Future research should employ
realistic simulations and atomic-level characterization tech-
niques to further decouple these complex interactions.

4. Conclusions

In summary, this study systematically elucidates the synergistic
mechanism of alkali metal (K/Na) activation and nitrogen
doping on CO, adsorption in coal-based carbon materials using
density functional theory (DFT). We found that alkali metal
doping, primarily in the form of -C-O-M (M = K, Na) struc-
tures, is the key factor for enhancing CO, adsorption perfor-
mance. The introduction of K/Na significantly strengthens
adsorption, increasing the adsorption energy from
—3.17 k] mol " for pristine carbon to —35.88 k] mol " (Na) and
—31.72 k] mol ™" (K), far exceeding that of single nitrogen
doping systems (—17 to —13 kJ mol™*). The type of nitrogen
doping regulates the adsorption behavior: pyrrolic and
graphitic nitrogen-doped carbons are dominated by dispersion
interactions, favoring parallel adsorption of CO, on the carbon
basal plane; whereas pyridinic nitrogen and amino groups
attract CO, to edge sites via electrostatic interactions. In
synergistic systems, compared to single K doping, pyridinic
nitrogen and K co-doping further decreases adsorption energy
by 0.53 k] mol™'. In contrast, amino and pyrrolic nitrogen
weaken the alkali metal's enhancement effect, increasing
adsorption capacity by 3.14-3.41 kJ mol .

Further mechanistic analysis revealed that alkali metal
doping creates localized high electrostatic potential regions at
K/Na sites on the carbon surface, while nitrogen atoms—espe-
cially pyridinic nitrogen—induce low electrostatic potential
zones. Together, they generate a strong electrostatic potential
gradient field. This gradient facilitates a pronounced electro-
static attraction between the positively charged metal sites (K'/
Na') and the electron-rich oxygen atoms of CO,, substantially
enhancing adsorption. Mulliken population analysis further
demonstrates that the introduction of alkali metals induces
a more heterogeneous atomic charge distribution on the carbon
model surface, leading to enhanced electrostatic potential
fields. Energy decomposition analysis (EDA) confirmed that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrostatic interaction energy (AE.;.) dominates over 60% of
the total interaction energy in alkali metal doped systems (e.g.,
for K doping, AE. = —71.526 k] mol ", accounting for 70% of
total interaction energy); in the pyridinic nitrogen + K co-doped
system, AE. further decreases to —77.802 kJ mol %, high-
lighting that electrostatic synergy underpins the cooperative
enhancement effect. Independent Gradient Model based on
Hirshfeld partition (IGMH) analysis visually demonstrated that
co-doping of pyridinic nitrogen and K significantly enlarges the
electrostatic interaction region between CO, and the adsorbent,
with a notable increase in isosurface peak area, corroborating
the strengthening of electrostatic interactions. It is noteworthy
that this work focuses on theoretical insights into the influence
of alkali metals on CO, adsorption. For future investigations, it
will be essential to consider additional factors such as
competitive water adsorption and achieve atomic-level experi-
mental understanding through advanced in situ characteriza-
tion techniques.

This work reveals at the atomic scale the electronic effects of
alkali metals beyond their conventional role as “pore formers,”
clarifies the central role of electrostatic interactions in CO,
adsorption, and provides a theoretical foundation for the
design of high-performance coal-based carbon adsorbents.
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