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First-principles study of solvation effects on
propylene carbonate reduction on defective hard
carbon, for advanced sodium-ion battery anodes
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Hard carbon (HC) is an attractive anode material for grid-scale sodium-ion batteries (SIBs), but its structural
design must be improved through understanding the reaction mechanism. In this work, we investigate the
adsorption characteristics of Na atoms with a propylene carbonate (PC) molecule, and the decomposition
reaction mechanism of the Na—PC complex on a HC sheet, under PC solvent conditions using first-
principles calculations. Using perfect and defective graphene cluster models, which include point defects
such as mono-vacancy (MV), di-vacancy (DV) and Stone—Wales (SW), we calculate the binding energies
of one or two Na atoms, revealing that the binding strength of the Na atom is in the order of SW <
perfect < DV < MV and adding another Na atom lowers the binding energy due to the Na-Na
interaction. For adsorption of the Na—PC complex, our calculations demonstrate that binding energies of
Na,PC are lower than those of NaPC, where the PC solvent molecules enhance the binding strength of
the adsorbate complex on the HC surface. Furthermore, we investigate the decomposition reaction
mechanism of the PC molecule by calculating reaction heats and activation barriers, finding that one-
electron reduction reactions are endothermic while two-electron ones are exothermic without reaction
barriers at room temperature. These findings contribute to our atomistic understanding of the initial
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1 Introduction

With increasing concerns about global warming and climate
change, there is a growing need to switch over to renewable
clean energy sources and electric vehicles (EVs). For this, the
development of advanced rechargeable batteries with high
performance and low cost has been attracting significant
attention over the past decade.”? At present, lithium-ion
batteries (LIBs) dominate the portable electronics market and
show great potential for electrochemical energy storage (EES)
and EVs, owing to their high energy density and long lifetime,
but they face challenges such as the increasing cost and
possible safety concerns such as bursting.* Due to the high
abundance and low cost of Na resources and their superior
safety, sodium ion batteries (SIBs) have attracted renewed
interest as the most promising alternative to LIBs.>® Over the
past few years, SIB technologies have rapidly evolved with
advanced cathode and anode materials, towards industrial
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charge process of the HC anode and thus aid improvement of the first cycle efficiency of SIBs.

production and commercial application for large-scale EES and
EVs.?

Among the developed anode materials, hard carbon (HC) has
been most widely used for commercialized SIBs due to its
advantages of relatively high specific capacity (200-500 mAh
g~ "), low potential plateau below 0.1V, long cycling life, low cost
and environmental friendliness.'*"** In fact, HC has been mostly
produced by high-temperature (600-1900 °C) pyrolysis of
biomass-derived precursors, such as wood waste, straw, pine
cone, fruit peel and so on,”” under Ar or N, flow. In spite of
such merits, the initial coulombic efficiency (ICE) of HC anodes
in SIBs (30-80%)'**® is much lower than that of the graphite
anode in LIBs, which is a major hurdle to industrial application.
The low ICE of the HC anode is generally ascribed to large
irreversible Na loss caused by electrolyte decomposition during
the formation of a solid electrolyte interphase (SEI),**">* which
originates from a defective structure and large specific area of
HC.>* The SEI layer comprises small domains of inorganic
sodium salts, organic solvents and additives, which are formed
on the anode surface upon organic electrolyte decomposition
during the first cycle, allowing the transport of Na* ions and
protection of the anode surface.*** Together with control of the
HC structure, proper selection of sodium salt (NaClO, or NaPFy)
and organic solvent - among ethylene carbonate (EC),
propylene carbonate (PC, C,;H¢O3), diethyl carbonate (DEC), etc.
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- is crucial in the improvement of ICE and the rate capability of
SIBs.>*# This can be achieved by performing a deep analysis of
the HC structure and SEI formation reaction, thereby revealing
the underlying mechanism.*

For the HC anode, the sodium storage and SEI formation
mechanisms are still in debate, severely hindering further
improvement of rate capability and specific capacity.**>* As Ste-
vens and Dahn proposed, the HC structure is explained as
a “house of cards”, which is composed of disordered graphitic
domains with randomly oriented defective graphene nanosheets
and interstitial nanoporous regions.**** In this model, the
sodium storage is explained by three processes: Na adsorption on
the surface, intercalation into graphitic domains and pore
filling.** In these processes, defects on the graphene sheets, such
as mono-vacancy (MV), di-vacancy (DV) and Stone-Wales (SW),
play a decisive part in Na adsorption, intercalation and
diffusion.***® Therefore, somewhat in-depth understanding of
the defect influence on the performance improvement has been
obtained by a number of theoretical studies.**** For instance,
Youn et al.** demonstrated the stable formation of Na clusters
with nanometer-size and 3-6 layers between two graphene sheets
and suitable micropores with defective graphitic domains in HC,
using density functional theory (DFT) calculations. Soto et al.*®
performed ab initio molecular dynamics (AIMD) simulations of
the sodiated HC to show the SEI formation through decompo-
sition of EC and PF, anions on the edge of graphite layers. The
migration pathways of Na cations through the SEI were identi-
fied by performing DFT calculations.*>*®

To the best of our knowledge, however, theoretical works on
the influence of organic solvent on the SEI formation on HC are
rare. In our previous works, we investigated the initial process
of SEI formation on HC considering the solvation effect*' and
sodiation mechanism of HC considering point defects and PC
solvent effects.”” In this work, we continue exploring this effect
by identifying the reaction of PC decomposition on the gra-
phene sheet that contains a point defect such as MV, DV and SW
and discussing the reaction barriers at finite temperature.

2 Computational method

All first-principle calculations were performed using the all-
electron atomic orbital method within the DFT framework as
implemented in the NWChem (Version 7.2) package.” The
Gaussian-type basis functions of 6-31G** were used as a basis
set and the B3LYP functional*®**® was used for the exchange-
correlation (XC) interaction. To account for the PC solvent
effect, we used the solvation model based on density (SMD),*
which is a universal continuum model with applicability to any
charged and uncharged solute in any solvent as a dielectric
medium. For the SMD input parameters of PC solvent, the
dielectric constant (dielec) was set to 64.92,%*> the macroscopic
surface tension (solg) was set to 41.28 cal (mol™*-A7?) and the
index of refraction (soln) was 1.419, and the hydrogen bond
acidity (sola) and hydrogen bond basicity (solb) were set to 0.0
and 0.4, respectively.* The aromaticity (solc) and electronega-
tive halogenicity (solh) were considered to be 0 from the struc-
tural characteristics of PC. The quasi-Newton optimization
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method was applied for geometry optimizations of the molec-
ular complexes using the DRIVER module with the default
convergence criteria; the maximum and root mean square
gradient in the coordinates are 0.00045 and 0.00030, and the
maximum and root mean square of the Cartesian step are
0.0018 and 0.0012 (see input files in SI). We conducted a search
for a transition state (or saddle point) using the Driver module,
which allows to calculate the eigenvalues of the Hessian matrix
to search for a saddle point structure with only one negative
eigenvalue, i.e., imaginary frequency. For connectivity via the
intrinsic reaction coordinate (IRC), we used the MEPGS module
in the NWChem package, which performs a search for the two
critical points on the potential energy surface connected to
a saddle point of the molecule (Gonzalez & Schlegel IRC opti-
mization). The frequency/thermal corrections and solvent were
applied consistently to IRC optimizations.

Since HC is known to have a hybrid structure of stacked and
randomly arranged graphene sheets, the HC model can be
a graphene sheet with a few layers in the atomic scale.***"*
Fig. 1 shows the mechanism of Na storage within the porous
structure (A) and Na adsorption with the PC solvent molecule at
the surface (B), solvated in the PC electrolyte, which can be
ascribed to the adsorption model on the graphene sheet. As the
number of stacking layers was known to barely affect the Na
absorption in previous work,* the interaction model of elec-
trolyte with HC is considered with a mono-layer graphene sheet.
Considering that there are two modelling methods of the
supercell model for graphene - with periodic boundary condi-
tion***** and cluster model***” — we chose the cluster model
with edges passivated with hydrogen, that is, C4sH;g, as shown
in Fig. 1. The C,gH; cluster model can be considered as having

Micropore

Surface

Fig. 1 Schematic view for Na storage within the porous structure (A)
and Na adsorption with a PC solvent molecule at the surface (B), and
cluster models for Na adsorption on hard carbon at the micropore
region and surface region for DFT calculation. Carbon, sodium, oxygen
and hydrogen atoms are denoted by brown-, yellow-, red- and white-
coloured balls, respectively.

© 2026 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/d5ra07677c

Open Access Article. Published on 26 January 2026. Downloaded on 6/29/2026 2:45:18 AM.

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

(cc)

Paper

the minimum planar size that can incorporate the PC solvent
molecule. Visualization of molecular structures was performed
using the VESTA.®

3 Results and discussion
3.1 Na binding characteristics

First, we investigated the binding characteristics of Na atoms on
the HC surface modelled by the C,3H;5 cluster. The total charge
of the whole molecular complex, that is, Na atom on C4gH;g
cluster, is zero under vacuum conditions, due to one Na" cation
adsorption on the graphene sheet within the micropore region or
on the HC outer surface, which are negatively charged. Among
numerous Na adsorption sites on the graphene sheet without
and with a point defect such as MV, DV and SW, the lowest energy
site was selected for each graphene sheet after geometry opti-
mizations (see Fig. S1). For the geometry optimizations, we
adopted two methods: (1) the constrained optimization method
with freezing the terminating hydrogen atoms and (2) the full
geometry optimization. During the full geometry optimization,
unlike the supercell model using the periodic boundary condi-
tions, the cluster model exhibited in general undesirable gra-
phene sheet distortion due to the finite size of graphene cluster
when considering adsorption on the graphene sheet, which can
be addressed by immobilizing the terminating H atoms.*

Fig. 2 shows the optimized structures of Na-adsorbed C4sH; 5
clusters without and with a vacancy defect such as MV, DV and
SW on the graphene sheet. In the cases of perfect and SW-
defective models, the planar structures of graphene sheet
were observed for both H-fixed and full optimization methods,
whereas the swollen and hollow structures at the centre of the
graphene cluster, where the Na atom was absorbed, were
observed by the full geometry optimization in the cases of MV-
and DV-defective graphene sheets, respectively. Similar struc-
tural features were observed in the two Na atoms-absorbed HC
models, as shown in Fig. 3. During the geometry optimizations,
the PC solvation effects were also considered through the SMD
solvation model, resulting in a slight increase of Na-graphene
and Na-Na distances as shown in Fig. 2 and 3, with the blue-
coloured values in parentheses.

To evaluate the binding strength of Na atoms with HC, we
calculated the binding energy per Na atom as follows,

1
E, = - (Exa—G — Eg — nEna), (1)

where En, g, Eg and Ex, are the total energies of the whole system
(Na-adsorbed graphene sheet), graphene sheet and an isolated
Na atom, respectively, and 7 is the number of adsorbed Na atoms.
Table 1 summarizes the calculated binding energies in the
optimized structures under vacuum conditions and PC solvent
conditions. For the perfect HC model, both the full and H-fixed
optimization methods yielded identical E;, values of 0.76 and
1.33 eV under vacuum and PC solvent conditions, as the opti-
mized structures are almost identical. The E}, value of 0.76 eV
under the vacuum condition agrees well with the previous DFT
calculations of 0.62 eV ** and 0.75 eV * obtained using the 4 x 4
and 6 x 6 supercell periodic models, respectively. Under the PC

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimized structures of Na-adsorbed HCs modelled with
CagH1g cluster with (a) perfect, (b) MV-, (c) DV- and (d) SW-defective
graphene. Top and middle panels show the top and side views of the
H-fixed optimized structure, and the bottom panel presents the side
view of the fully optimized structure. The Na—graphene distances are
presented in A units. The blue-coloured values in parentheses are
those obtained by considering the solvation effects.

solvent conditions, the E}, value of 1.33 eV is also in reasonable
agreement with our previous DFT calculation of 1.23 eV obtained
using the 6 x 6 supercell periodic model.* For justification of the
cluster size, we considered different cluster sizes by systemati-
cally increasing the number of carbon atoms from 24 to 54 with
an interval of 6, confirming that the present size of cluster model
is sufficiently reliable for absorption properties and electronic
structure (see Table S1 and Fig. S2 and S3, SI). For the SW HC
model, meanwhile, the E}, values obtained by the H-fixed opti-
mization method (0.82 and 1.30 eV) were slightly larger than
those (0.74 and 1.23 eV) by the full geometry optimization
method (under the vacuum and solvent conditions) due to the
slight difference between the optimized structures, although they
looked similar each other. For the MV and DV HC models, which
have quite different structures according to the optimization
method, the binding energies of the Na atom (2.30 and 1.10 eV)
on the bended graphene sheet resulting from the full optimiza-
tion under the vacuum conditions, were found to be lower than
those (2.39 and 1.35 eV) on the planar graphene sheet resulting
from the H-fixed optimization.

We tested different XC functionals for the choosing the
B3LYP functional, which is known to sometimes underestimate

RSC Adv, 2026, 16, 5427-5436 | 5429
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Fig. 3 Optimized structures of Na,-adsorbed HCs with (a) perfect, (b)
MV, (c) DV and (d) SW graphene. Top and middle panels show the top
and side views of the H-fixed optimized structure, and the bottom
panel presents the side view of the fully optimized structure. The Na—
graphene and Na—Na distances are presented in A units. The blue-
coloured values in parentheses are those obtained by considering the
solvation effects.

dispersion interactions. Malyi et al.* found that the inclusion of
dispersion correction (DFT-D) increased the binding energy as
shown with the values in parentheses in Table 1. We calculated
the binding energies of the Na atom to four different HC sheets
using B3LYP+D3/6-31G** and PBE0+D3/def2-TZVP methods,
revealing that the inclusion of Grimme’s dispersion (D3)

View Article Online

Paper

correction slightly increased Ey, by 0.07-0.17 eV except for the
DV model (—0.1 eV), while the later method clearly increased E,
by 0.19-0.49 eV (Table S2, SI).

The same tendencies were found for the cases under solvent
conditions. These indicate that the binding strength of the Na
atom with defective HC is weakened by bending of the graphene
sheet. By considering the PC solvent effect, the binding energy
of Na atoms with HC was found to be enhanced for the perfect
and defective graphene sheets compared with those under
vacuum conditions. From the view point of the continuum
solvation model (also called implicit solvation model), this
indicates that the binding strength of the Na atom with HC is
enhanced by the electrostatic interaction between the charge
distribution of solute and the electric polarization field of the
solvent. It is worth noting that the binding strength of the Na
atom is in the order of SW < perfect < DV < MV, among which
the MV system showed a unique swollen structure by the H-
fixed optimization.

For the cases of two Na atoms adsorbed on the graphene
sheet, on the other hand, the binding energies per Na atom were
found to be lowered compared to those of one Na atom
adsorption, as listed in Table 1. This can be attributed to the
reduction of Na—-graphene binding due to the additional Na-Na
interaction, as has been already mentioned in previous
works.**** To estimate the decreasing effect in binding energy
due to the Na-Na interaction, we evaluated the binding energy
change as follows,

1
AE, = By — 2 (B + B7), 2)
where Egaz is the binding energy per Na atom in the two Na

atoms adsorbed graphene sheet, corresponding to eqn (1) with
n=2,and EN*' and E}*" are the binding energies of Na* and Na”
in the one Na atom adsorbed graphene sheets, respectively. For
the perfect and SW-defective graphene sheets, two Na atoms
were found to be adsorbed on the centre of two hexagonal and
two heptagonal rings with Na-Na distances of 3.75 and 3.51 A as
shown in Fig. 3(a) and (d), respectively. For the fully optimized
perfect model under vacuum conditions, the Ej* value was
calculated to be 0.51 eV in agreement with the previous calcu-
lation (0.60 eV),* with the AE, value of 0.14 eV. The E;* and

Table1 Binding energies (E,) of Na and Na, atoms on graphene sheet without (perfect) and with a point defect such as mono-vacancy (MV), di-
vacancy (DV) and Stone—-Wales (SW), obtained by full geometry optimization and H-fixed constrained optimization under vacuum (Vac.) and PC
solvent (Sol.) conditions. Values in parentheses are those calculated using the dispersion correction of DFT-D

Ey, for Na atom (eV)

E, for Na, atoms (eV)

Model Structure Vac. Sol. Prev. Vac. Sol. Prev.
Perfect Fully optimized 0.76 1.33 0.62% 0.75 (1.14)° 0.51 1.05 0.60 (0.93)°
H-fixed optimized 0.76 1.33 0.54 1.16
MV Fully optimized 2.30 2.62 2.00%, 1.96 (2.15)° 1.85 2.24
H-fixed optimized 2.39 2.92 1.56 2.03
DV Fully optimized 1.10 1.73 1.73 (2.00)” 1.07 1.41 1.22 (1.60)°
H-fixed optimized 1.35 1.88 0.87 1.27
SwW Fully optimized 0.74 1.23 0.73 1.11
H-fixed optimized 0.82 1.30 0.78 1.20

@ Ref. 44. ® Ref. 60. ¢ Ref. 42.
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AE,, values were calculated to be 0.73 and 0.10 eV for the fully
optimized structure under vacuum conditions. On the other
hand, the adsorption of two Na atoms on the MV and DV
defective graphene sheets occurred on the hexagonal ring and
defect-containing large ring as shown in Fig. 3(b) and (c),
respectively. For the fully optimized MV and DV cases under
vacuum conditions, the E,I;az values were found to be 1.85 and
1.07 eV with the AE, values of 0.09 and 0.23 eV, respectively. The
decreasing tendency of Na, binding with graphene due to the
Na-Na interaction compared to Na binding is in the order of MV
< SW < perfect < DV, indicating that the Na-graphene binding
near the DV defect is most affected by the Na-Na interaction. In
contrast with one Na atom adsorption, the binding strength of
Na atoms by the full optimization was found to be stronger than
that by the H-fixed optimization for MV and DV systems,
implying that the strong Na-Na interaction seriously affects the
Na-graphene binding.

3.2 Adsorption of Na atoms and PC molecule

To investigate the SEI formation on HC, we then considered the
decomposition reaction of the PC solvent molecule on the Na-
adsorbed graphene cluster models and thus the initial reac-
tion structures of Na-PC (NaPC) and Na,-PC (Na,PC) complexes
on the C4sH;3 models. Note that the NaPC complex model
corresponds to the one electron reaction of Na* + e~ + PC —
NaPC, while the Na,PC complex model is responsible for the
two electrons reaction of 2Na* + 2e~ + PC — Na,PC. The H-fixed
constrained geometry optimizations were performed to get the
optimized structures for NaPC and Na,PC complexes.

Fig. 4 shows the optimized structures of the NaPC complex
on the C,gH;s clusters with perfect and defective graphene
sheets. To discuss the bonding characteristics between the Na
atom and PC molecule as well as the graphene sheet, we
measured the Na-PC bond length (dna,-pc O dna-o) and the Na-
graphene distance (dna-g)- For the cases of perfect, MV and SW
graphene sheets, the distances of dy,-pc and dy,-g were found
to be somewhat similar with small Ad = dna-pc — dna-g below
0.16 A, indicating that the Na atom is well balanced in binding
distances between PC solvent and graphene sheet. For the DV-
defective graphene sheet, however, the Na atom is more
attracted by the defective graphene sheet than by the PC solvent
molecule with the clearly larger Ad value of 0.26 A. The

(@) (b)

dyapc = 2.181
'd

Fig. 4 Optimized structures of the NaPC complex formed on the HC
modelled with the C4gH1g cluster with (a) perfect, (b) MV-, (c) DV-, and
(d) SW-defective graphene sheets. The Na—PC bond length dy,-pc and
Na—graphene distance dna_c are presented in A units.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Optimized structures of the Na,PC complex formed on the HC
modelled with C4gH;g cluster with (a) perfect, (b) MV-, (c) DV-, and (d)
SW-defective graphene. The Na—PC bond length and Na—graphene
distance are presented in A units.

adsorption height of the NaPC complex above the HC sheet
dna-g decreases in the order perfect > SW > MV > DV, a similar
trend to that of the isolated Na atom.

Fig. 5 shows the optimized structures of the Na,PC complex
on the HC models. For the adsorption of the Na,PC complex,
the spatial arrangement of two Na atoms and a PC molecule
mainly depends on the adsorption sites of the two Na atoms on
the graphene sheet. As mentioned above, the two Na atoms were
adsorbed above the centres of two hexagonal and heptagonal
rings for the perfect and SW-defective graphene sheets, and
therefore, the Na-Na axis of the Na,PC complex is parallel to the
graphene sheet with almost the same dy,_g value. For the cases
of MV- and DV-defective graphene sheets, however, the Na-Na
axis of the Na,PC complex is inclined with different dy,_g values
between Na above the defect site (MV or DV) and Na above the
hexagonal ring. In fact, the adsorption heights of the Na atom
were found to be 2.27 and 2.29 A above the hexagonal ring,
while 2.41 and 2.07 A above the defective ring for the MV and DV
defects, respectively. For the case of the MV HC model, a few C
atoms around the defect on the graphene sheet were found to
apparently rise upward, resulting in the higher adsorption
height of the Na atom than that above the hexagonal ring, but
the nearest C-Na distance was found to be the shortest at 2.38 A,
among the four different HC models. On the contrary, the
planar feature of the DV-defective graphene sheet was found to
be retained, resulting in the lower adsorption height of the Na
atom on the DV defect site. When the adsorption height of the
Na,PC complex is estimated as the average of Na;- and Na,—

1
graphene distances by dna_g = E(dNal,G—l—dNaz,G), the

adsorption height dy,_g was decreased in the order of MV (2.347
A) > perfect (2.271 A) > SW (2.236 A) > DV (2.173 A).

The binding energy of the NaPC complex with the HC model
was calculated as follows,

Ey, = —(Enarc_G — £G — Enarc)s (3)

where Enxapc-g and Enapc are the total energies of the NaPC-
adsorbed HC model and NaPC complex, respectively. For the
Na,PC complex, a similar equation is applied by replacing NaPC
with Na,PC. Fig. 6 shows the calculated binding energies along
the different HC models including perfect and MV-, DV-, and
SW-defective graphene sheets under the PC solvent conditions.
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Fig. 6 Binding energy of NaPC and Na,PC adsorbate complex on the
perfect and defective graphene sheets with a point defect such as MV,
DV and SW.

For both the NaPC and Na,PC complexes, the binding energies
increased in the order SW < perfect < DV < MV, consistent with
the trends in binding energies of Na and Na, atoms including
the PC solvent effect. It should be noted that the binding
energies were increased under the solvent conditions compared
with those under vacuum conditions like the cases of Na and
Na, atom adsorptions, indicating again that the PC solvent
molecules could enhance the binding strength of the adsorbate
complex on the HC surface. Furthermore, the binding energies
of Na,PC were found to be lower than those of NaPC on all the
different HC models, which is consistent with the cases of only
Na atoms adsorption, implying that the binding strength
between the Na atom and HC is decreased as the number of Na
atoms is increased. Therefore, it can be stressed that the Na
binding strength in the initial reaction structure at the solvent-
exposed HC surface is stronger than that in the porous region of
HC, thereby being favourable for the formation of robust SEI. It
is also demonstrated that the increase of Na atoms in the
adsorbate complex or cluster, by filling of Na atoms in the
porous region is beneficial to the intercalation/deintercalation
of Na atoms, owing to the weakening of Na binding with the
HC surface.

To get a meaningful understanding of Na binding, we
calculated the charge density differences with a Mulliken
charge population analysis. Upon adsorption of a NaPC or
Na,PC complex on different graphene sheets, the charge density
difference is calculated as follows,

Ap(r) = pnapc-G(r) — pnapc(r) — pG(r), (4)

where pnapc-g(1), pPrnarc(t) and pg(r) are the charge densities of
the NaPC-graphene, NaPC complex and graphene, respectively.
Fig. 7 shows the calculated charge density differences in iso-
surface view. For all the different graphene models, the gra-
phene sheets have a totally positive Ap value (red colour),
whereas the Na atom and PC molecule have negative Ap value
(blue colour). This means that upon adsorption of the NaPC or
Na,PC complex on HC, the HC surface accepts electrons, while
the adsorbate complex NaPC donates electrons. This is similar
to alkali atom adsorption on graphene.**** It was found that the
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Fig. 7 Isosurface plot of charge density difference in the value of
+0.002 |e| A3 upon adsorption of NaPC (left panel) and Na,PC (right
panel) on (a) perfect, (b) MV, (c) DV, and (d) SW graphene sheets. Red
(blue) colour represents the positive (negative) value for charge
accumulation (depletion).

transferred electrons are dense near the vicinity of defects such
as MV, DV and SW.

For the case of NaPC adsorption, the Mulliken charge anal-
ysis shows that the charge populations of different graphene
models are in the order of perfect (0.77¢) > SW (0.72¢) > MV
(0.68¢) > DV (0.62¢) (Fig. S4, SI). Note that the Hirshfeld charge
analysis gives the same order (Fig. S5, SI). Therefore, it can be
said that the presence of defects on the graphene sheet
decreases the electron-accepting ability (reduction ability) of the
HC surface and thus the electron-donating ability (oxidation
ability) of the adsorbate complex NaPC. From the viewpoint of
reduction ability, it is expected that at the perfect HC surface
more electron accumulation is achieved by adding the PC
solvent molecule, resulting in enhanced ionic binding between
the neutral NaPC and neutral HC surface. However, considering
the initial charging process, which is the Na" cation adsorption
on the negatively charged HC anode resulting in the reaction
Na'+e~ — Na, the lower reduction ability of HC is desirable. In
fact, the negatively charged HC anode should donate an elec-
tron to the Na" cation of the NaPC cluster during the initial
charging process, and thus the HC should be oxidized. There-
fore, it is concluded that the DV-defective graphene is the most
desirable anode among the four different models due to its
lowest reduction ability with the shortest absorption distance of
NaPC, which is favourable for donating electrons. This agrees
well with the experimental observation when Na atoms are
stored in defective or disordered carbon materials.*

Upon adsorption of Na,PC, a larger amount of electrons were
transferred from the Na,PC complex to the graphene sheet.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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From the Mulliken charge analysis, it was found that the charge
populations of the graphene sheet are in the order of perfect
(1.26e) > DV (1.15e) > SW (1.12¢) > MV (1.09e). Therefore, the
MvV-defective graphene has the lowest reduction ability, as the
distortion of a few carbon atoms near the MV defect leads to the
shortest C-Na distance. The order of charge populations along
the different HC models is different from that upon NaPC
adsorption, which is attributed to the overall charge trans-
ferring effect depending on the adsorption sites of two Na
atoms. For the perfect and SW-defective graphene sheets, the
two Na atoms were adsorbed on the two hexagonal rings and
two heptagonal rings, for which the Mulliken charge pop-
ulations were found to be 0.63e and 0.56¢, respectively. For the
cases of MV- and DV-defective graphene sheets, where one Na
atom was adsorbed on the vacancy defect and another Na atom
was adsorbed on the hexagonal ring, the overall reduction
ability was affected by the Na-Na bond, resulting in the reverse
order of Mulliken charge populations compared with those
upon NaPC adsorption. The oxidation ability of the PC solvent
molecule was found to also be enhanced upon Na,PC adsorp-
tion, as the Mulliken charge of the PC molecule became larger:
e.g., —0.15e for NaPC versus —0.18e for Na,PC on the MV-
defective graphene sheet. The frontier molecular orbitals
including the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) are shown in
Fig. S5 and S6 (SI).

3.3 Decomposition reaction mechanism of PC solvent

Based on the initial reaction structures, we investigated the
decomposition reaction of the PC solvent molecule on HC
under the PC solvation conditions to get an insight into SEI
formation. The decomposition reaction of the PC molecule is
considered as the reduction reaction of PC by receiving an
electron (one-electron reaction) or two electrons (two-electron
reaction) from the HC anode, producing a propylene (CsHsg)
and NaCO; or sodium carbonate (Na,COj3),*> as depicted in
Fig. 8. Through the one-electron reaction pathway, the ring-
cleavage reaction is expected to occur, followed by formation
of the linear NaPC complex, which is then decomposed into
a NaCOj; radical and propylene (CH;—~CH=CH3;). The NaCOj;
radical subsequently binds with an additional Na* cation to
form sodium carbonate (Na,COj3), which is one of the major SEI
components. The one-electron reaction can be described as
follows,

PC + Na* + e” —>NaPC (ring-cleavage) —
NaCO3 + C3H6, NaCO3 + Na+ +e — N32C03 (5)

In the two-electron reaction pathway, meanwhile, the two
C-0 bonds of the PC molecule are simultaneously broken, and
then Na,CO; and C;Hg are produced as follows,

PC + 2Na* + 2¢~ — Na,CO; + C;H, (6)

Although there exist several mechanisms for reactions of
producing different SEI components, we considered only the
production of Na,COj; in the present work.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Reaction pathways for PC decomposition on HC by receiving
(a) one electron or (b) two electrons from the graphene sheet.

The geometries of the final products of Na,CO; and C3;Hg
were optimized on the different graphene models under the PC
solvation conditions. Then we conducted searches for transi-
tion states (or saddle points) with only one imaginary frequency
for the one-electron reaction [eqn (5)], which correspond to the
ring-opening NaPC complexes, using the three starting struc-
tures as shown in Fig. 9. By identifying the optimized molecular
structures for initial, transition and final states of the reactions,
we could determine the activation barriers with the reaction
heats, which were calculated by the Gibbs free energy difference
between reactants and products by considering the zero-point
correction (ZPC) and thermal correction (TC) to the total
energy. The solvation effects were also considered through the
SMD solvation model.

Table 2 summarizes the calculation results (see Fig. 10). In
the case of the one-electron reaction, the transition states were
found in the PC reduction decomposition reaction on the
perfect and SW-defective graphene sheet, corresponding to the
TS3 state with two C-O bonds breaking in Fig. 9 (see Fig. S7, SI).
In the TS structure on the perfect graphene sheet, the nearest
C-0 bond length of the PC molecule was shifted from 1.45 A to
3.94 A. Meanwhile, in the TS structure on the SW graphene
sheet, the molecular orientation of C;Hg was directed towards
the oxygen atom of NaCOj3, which was bound with the hydrogen
atom of C3;H, through hydrogen bonding with a bond distance
of do_ir = 2.44 A. With these states, the activation barriers were
determined to be 28.25 and 13.47 kcal mol " at 0 K while 6.25
and 12.32 kecal mol™" at 298.15 K for the perfect and SW-
defective graphene, respectively. It was found that the adsorp-
tion site of the NaCO; product at final state was different from
that of the NaPC reactant at the initial state. In fact, the
adsorption site of NaCO; was found to move to the adjacent

TS1 TS2 TS3
Q o \r@ (@] i\r
g

Fig. 9 Starting structures of the NaPC complex for conducting
a search for a transition state with only one imaginary frequency.
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Table 2 Reaction heats and activation barriers for one-electron
reaction (PC + Na* + e~ — NaCOsz + CzHg) and two-electron reaction
(PC + 2Na™ + 2e~ — NayCOs + CzHg), provided by the relative total
energy at absolute zero [AE (0 K)] or Gibbs free energy at room
temperature [AG (293.15 K)] of final state (FS) and transition state (TS),
respectively. For the two-electron reactions, the energy of the inter-
mediate state (IM) is provided

PC +Na'+ e~ — NaCO; +
C;3H, (keal mol ™)

PC + 2Na* + 2e” — Na,CO; +
C3H; (kcal mol ™)

AE AG AE AG
(0 K) (298.15K) (0 K) (298.15 K)
Model TS FS TS FS M FS M FS
Perfect 28.25 22.64 6.25 4.05 —34.93 —35.48 —42.21 —40.31
SW 13.47 8.03 12.32 9.95 —39.80 —42.00 —47.33 —44.29
MV 0.0 34.08 0.0 23.90 —18.25 —37.18 —20.99 —39.58
DV 0.0 13.63 0.0 5.82 2.78 0.48 —-1.36 —0.36
40 r
e 20 B =@ Perf
S sw
% O - / —— MV
2 DV
N
> -20 F
o
—
2
w -40 | et °
-60 1 !
IS TS FS

Fig. 10 Schematic view for summarizing the proposed PC decom-
position on different defect types. Solid (dotted) lines show the one-
(two-)electron reactions.

hexagonal carbon ring in the case of perfect graphene, while to
the middle point between the two neighboring hexagonal rings
from the two heptagonal rings in the SW graphene.

For the cases of MV- and DV-defective graphene sheets,
meanwhile, no transition states were found and no moving in
the absorption sites of Na atom occurred. This indicates that
the PC decomposition on the MV- and DV-defective graphene
through one-electron reaction, which is accompanied by simple
C-0 bond breakage, occurs more easily than on the perfect and
SW-defective graphene, where diffusion as well as bond
breaking occurs. Therefore, the MV and DV defects are favour-
able for the formation of a thin and steady SEI layer which could
endure the sodiation/desodiation process. The experimental
findings well agree with this.*” The facile reactions on the MV-
and DV-defective graphene can be associated with the stronger
adhesion of the NaPC complex to the graphene with the higher
binding energies near the MV and DV defects. Moreover, the
second lowest endothermic reaction heat of 5.82 kcal mol ™" at
room temperature was found for the DV-defective model, while
the lowest endothermic reaction heat of 4.05 kcal mol™* with
the relatively low activation barrier was found for the perfect
graphene. For the case of MV-defective graphene, however, the
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endothermic reaction heat was found to be highest,
23.90 kcal mol™", at room temperature. Therefore, the one-
electron reaction pathway can be said to be favourable on the
perfect and DV-defective HC surfaces.

In the two-electron cases, the reactions on all the different
HC models were found to be exothermic without transition
states, ie., barrierless reactions, except on the DV-defective
graphene at 0 K with an activation barrier. As shown in Table
2 and Fig. 10, the reaction heats at room temperature were
calculated to be negative for the perfect, MV- and SW-defective
graphene models, but positive for the DV-defective graphene
model. On the perfect, MV and SW HC models, the two C-O
bonds of the Na,PC complex were firstly broken, resulting in the
formation of Na,CO; and C;H, (intermediate states: IM), and
then Na,CO; was transferred to the energetically stable
adsorption site (see Fig. S8, SI). On the perfect and SW models
in particular, the exothermic reaction heat from the breaking of
the two C-O bonds of the Na,PC complex was found to account
for most of the total reaction heat, and then the endothermic
reaction heat for transport of Na,CO; at room temperature was
found to be only 1.90 and 3.04 kcal mol ™, respectively. For the
case of the MV model, both the two C-O bonds breaking and the
Na,CO; transfer were found to be exothermic with reaction
heats of —20.99 and —18.59 kcal mol " at room temperature. In
the molecular structure of Na,CO; on the MV-defective gra-
phene sheet, we observed a bond between the O atom (inter-
vening between two Na atoms) and the C atom near the MV
defect with a bond length of 1.37 A, indicating that robuster SEI
can be formed on the MV-defective HC surface.

On the DV-defective graphene sheet, meanwhile, only the
two C-O bonds breaking occurred without transfer of Na,COj;.
The binding distance between Na,CO; and DV-defective gra-
phene was found to be very short (1.46 A), resulting in the
formation of robust SEI similarly with MV-defective graphene.
For the energetics, the reaction was found to be endothermic at
0 K with a reaction heat of 0.48 kcal mol ' and activation barrier
of 2.78 keal mol %, while exothermic at room temperature with
reaction heat of —0.36 kcal mol ™. As such, the reaction heat is
considerably lower compared with other graphene models,
which might be attributed to the deformation of DV defect
involved in the PC decomposition reaction. On the DV-defective
HC surface, the energy released during the PC reduction
decomposition reaction is almost compensated by the energy
required for the deformation of carbon atoms near the DV
defect, resulting in considerably low reaction heat. On the
contrary, the surface deformation (relaxation of C atom posi-
tions of graphene) occurs with requirement of little energy on
the perfect and SW-defective graphene sheets.

It was known that the strong binding energy between the Na
ions and defects lead to low irreversible capacity, because
certain Na ions are trapped by the defects and then become
irreversible.” Hence, the HC materials with high concentration
of defects are generally associated with insufficient reversible
capacity and ICE. With this regard, our work demonstrated that
the MV or DV defects induce robust SEI formation with no or
low activation barriers, indicating that the concentration tuning
of such defects is the key factor for increasing the reversible

© 2026 The Author(s). Published by the Royal Society of Chemistry
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capacity and ICE. It is worth noting that the low concentration
of defects and higher ICE in HC materials can be achieved by
slow heating rate during hard carbon synthesis.

4 Conclusions

In this work, we have investigated the binding characteristics of
Na atoms in combination with PC molecule and decomposition
reactions of the Na-PC complex on different types of HC sheet
using perfect and defective graphene cluster models under PC
solvent conditions, by performing first-principles calculations.
We firstly calculated the binding energies of one or two Na
atoms with the perfect and defective graphene sheets, which
include a point defect such as MV, DV and SW, revealing that
the binding strength of the Na atom was increased in the order
SW < perfect < DV < MV and lowered by adding a Na atom due to
the Na-Na interaction. Our calculations for adsorption of NaPC
and Na,PC complexes demonstrated that the increasing
tendency of binding strength was the same as Na atom
adsorption, binding energies of Na,PC were lower than those of
NaPC, and PC solvent molecules enhanced the binding strength
of the adsorbate complex on the HC surface. Moreover, we
studied the decomposition reaction mechanism of the PC
molecule by calculating the reaction heats and activation
barriers for the one-electron reduction reactions, which were
found to be endothermic with activation barriers only for the
perfect and SW graphene sheets, and the two-electron reduction
reactions, which were exothermic without reaction barriers at
room temperature. This work highlights the importance of
tailoring graphene structure for improving the initial coulombic
efficiency and forming the solid-electrolyte interphase of SIBs.
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