
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/1
/2

02
6 

5:
37

:0
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal
Mechanistic map
aSchool of Energy Science & Engineering, In

Kharagpur-721302, West Bengal, India. E

iitkgp.ac.in
bDepartment of Sustainable Energy Engin

Kanpur, Kanpur-208016, Uttar Pradesh, Ind
cDepartment of Chemical Engineering, Indian

208016, Uttar Pradesh, India

Cite this: DOI: 10.1039/d5ta10571d

Received 29th December 2025
Accepted 9th April 2026

DOI: 10.1039/d5ta10571d

rsc.li/materials-a

This journal is © The Royal Society
ping of alkali-ion storage in micro-
spherical closed-pore hard carbon:
electrochemical, ex situ, and DFT approaches

Nagmani, *abc Deepak Kumar Gorai,b Priyanka Pal,c Sanchita Manna,a
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Investigating porous closed-pore hard carbon (HC) anodes is crucial for advancing alkali-ion batteries. In

this comprehensive study, electrochemical evaluations revealed that HC anodes demonstrated a notable

reversible capacity of 422 mAh g−1 at 0.1C for SIBs, with 57% of this capacity originating from low-

potential plateau regions, thus establishing a benchmark for undoped HCs. Similar performance was

observed for LIBs (444 mAh g−1, ∼25% more than graphite) and PIBs (235 mAh g−1), accompanied by

excellent cycling stability. To elucidate the ion storage mechanisms, we combined electrochemical

analyses, differential capacity plots, and the galvanostatic intermittent titration technique (GITT) with ex

situ characterization (Raman, EPR, and XPS), operando XRD and density functional theory (DFT)

simulations. The sloping capacity region arises from defect-assisted adsorption (AC) and intercalation (IC)

facilitated by edge defects and expanded graphitic layers. In contrast, the plateau region originates from

insertion followed by pore filling, leading to pseudo-metallic cluster formation. Operando XRD provides

direct structural evidence of ion-dependent reversible interlayer expansion. EPR confirmed metallic

clusters at 0 V for Na and Li, supporting the pore-filling (FC) mechanism, while DFT calculations revealed

that alkali-ion binding energetics depend strongly on interlayer spacing and micropore diameter,

favouring Na-ion and K-ion storage in expanded graphitic layers and smaller micropores. Mechanistic

analysis established the capacity contribution order as: LIBs: FC < AC < IC; SIBs: IC < AC < FC; and PIBs:

FC < IC < AC. These insights bridge experimental and theoretical understanding, providing a framework

for designing next-generation alkali-ion battery anodes.
Introduction

Sodium-ion batteries (SIBs) and potassium-ion batteries (KIBs)
are considered promising alternatives to lithium-ion batteries
(LIBs) for large-scale and low-cost energy storage applications
due to the high natural abundance and low cost of Na and K,
their redox chemistry comparable to Li, and the ever-increasing
global demand and limited lithium resources. Graphite is the
commercial go-to LIB anode, but its inability to intercalate Na
ions effectively and the sluggish K-ion kinetics limit its appli-
cation in SIBs and KIBs.1–3 Consequently, non-graphitizable
carbons, commonly referred to as hard carbons (HCs), have
emerged as leading anode candidates for both SIBs and KIBs
because of their tunable microstructure, large interlayer
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spacing, hierarchical porosity, and favourable mechanical/
electronic properties.4–9 The electrochemical performance of
HCs is critically governed by their morphology and pore
microstructure. High-surface-area, nano-sized HCs offer
improved rate performance but suffer from low initial
coulombic efficiency (ICE) due to sodium loss in the rst cycle
from extensive solid–electrolyte interphase (SEI) formation.10,11

Conversely, low-surface-area, micro-sized HCs (<200 m2 g−1)
generally deliver higher ICE and stable plateau capacity, char-
acteristic of battery-type anodes, but are limited by sluggish ion
kinetics.12,13 The poor rate performance can be tuned by
controlling the surface morphology, surface area, porosity, and
surface defects in the carbon matrix and by optimization of
electrolyte salts, solvents, and additives.14–17 HCs are structurally
complex, consisting of randomly oriented, curved graphene
sheets, turbostratically stacked nanodomains, abundant
defects, and micro/mesopores. This heterogeneity provides
diverse alkali-ion storage sites, including defect/edge adsorp-
tion, interlayer intercalation, and pore lling.18,19 The storage
mechanism of alkali ions in HCs is still ambiguous due to their
diverse structures, which is highly dependent on the precursor
for HCs and heat treatment temperatures. Several mechanistic
J. Mater. Chem. A
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Fig. 1 (a) Galvanostatic charge–discharge profile of the MSHC anode,
(b) cycling stability at a 0.1C rate (100 cycles), (c) C-rate performance,
and (d) prolonged cycling at a 1C rate for 500 cycles.
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models have been proposed to understand the structural
features and electrochemical storage of lithium, sodium, and
potassium in HCs.20–24 Typically, the voltage proles exhibit two
distinct regions: (i) a sloping region above ∼0.1 V, generally
ascribed to surface/defect adsorption and, in some models,
partial intercalation; and (ii) a low-voltage plateau, widely
debated to arise from either interlayer insertion or pore lling,
depending on the alkali-ion type and local structure. Li-ion
intercalation into graphitic interlayers (∼3.35 Å) is energeti-
cally favourable. In contrast, Na-ion intercalation is thermody-
namically unfavourable unless the interlayer spacing exceeds
∼3.8 Å.25,26 Further, the pore lling of Na ions at low potential,
oen leading to quasi-metallic cluster formation in closed
pores, has been identied as a dominant contributor to the
plateau capacity.27,28 Despite signicant advances, the funda-
mental understanding of alkali-ion storage mechanisms in HCs
remains incomplete, especially for closed-pore architectures
where pore accessibility, ion binding energetics, and diffusion
pathways are intricately coupled. Advanced operando and ex situ
techniques, such as XRD, solid-state NMR, SAXS/WAXS, Raman,
XPS, and EPR, combined with density functional theory (DFT)
calculations, have provided valuable insights into ion distribu-
tion and evolution within different carbon motifs.29–33 However,
systematic studies comparing Li-, Na-, and K-storage dynamics
within a controlled HC morphology are still scarce.

This work comprehensively investigates the electrochemical
behaviour and ion storage dynamics of Li ions, Na ions, and K
ions in sucrose-derived micro-spherical hard carbons (MSHCs)
with a closed-pore architecture. This morphology provides an
optimal balance between surface-controlled and diffusion-
controlled processes, enabling high reversible capacity, stable
cycling, and improved rate performance. A combination of
electrochemical techniques, such as galvanostatic charge–
discharge, cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), differential capacity (dQ/dV) analysis, and
the galvanostatic intermittent titration technique (GITT), with
ex situ characterization (Raman spectroscopy, X-ray photoelec-
tron spectroscopy, electron paramagnetic resonance) and oper-
ando XRD was employed to deconvolute the contributions from
defect adsorption, interlayer intercalation, and pore lling
across the three alkali-ion systems. Furthermore, density func-
tional theory (DFT) calculations were performed to provide
atomic-scale insights into the binding energetics and preferred
storage sites in pseudographitic and microporous domains,
allowing direct correlation between experimental observations
and theoretical predictions of Li-, Na-, and K-ion storage
mechanisms.

Results and discussion

The hierarchical, porous, closed-pore hard carbon with a spher-
ical morphology was prepared using a previously reported
method.34 Thismethod successfully inducedmore defects, diverse
pore-size distributions, and a high degree of compaction,
enabling the synthesis of homogeneous electrodes. Detailed
characterization revealed that the MSHCs exhibit a combination
of disordered, oxygen-rich defects (including ultramicropores,
J. Mater. Chem. A
micropores, and mesopores) and randomly dispersed ordered
graphitic structures. The MSHCs were investigated as anodes in
CR-2032 coin cells for Li, Na, and K-ion batteries. The galvano-
static discharge–charge prole (Fig. 1a) displays the rst and
second cycles of Li, Na, and K. The MSHC delivers high reversible
capacities of 444 mAh g−1 for Li, 422 mAh g−1 for Na, and 235
mAh g−1 for K. Excellent capacity retention of 85%, 83% and 79%
for Li, Na, and K was observed aer 100 cycles (Fig. 1b). Fig. 1c
displays the excellent rate performance of the MSHC at different
current rates. The specic discharge capacities for Li/Na/K were
444/422/235 mAh g−1, 330/352/174 mAh g−1, 275/290/144 mAh
g−1, 225/251/101 mAh g−1, 165/185/83 mAh g−1, 98/140/52 mAh
g−1, and 42/92/25 mAh g−1 at current rates of 0.1C, 0.2C, 0.5C, 1C,
2C, 5C, and 10C, respectively. Notably, although Na+ delivers
slightly lower capacity than Li+ at 0.1C, it surpasses both Li+ and
K+ at higher current rates, highlighting its superior rate capability.
The comparatively improved electrochemical behaviour of Na+

relative to Li+ and K+ can be partly attributed to differences in
electrolyte solvation and the resulting interfacial ion-transport
characteristics and storage mechanism. Na+ undergoes a combi-
nation of surface adsorption and pore-lling processes, allowing
for efficient ion diffusion and reduced transport resistance within
the carbon matrix,35 especially in the case of HC with a spherical
morphology. In contrast, Li+ experiences slower intercalation due
to higher desolvation energy. K+, despite having low desolvation
energy, suffers from limited accessibility to internal pores because
of its larger ionic radius. These differences are evident from the
reversible capacity loss percentage observed aer 40 rate-test
cycles, which is 2.8% for Na+, compared to 13.7% and 15.2% for
Li+ and K+, respectively. Furthermore, as shown in Fig. 1d, Na+

exhibits excellent long-term cycling stability, retaining 84% of its
capacity aer 500 cycles at 1C, which is superior to the retention
values for Li+ (81%) and K+ (67%) ions.
Correlation with the charge-storage mechanism

The rst discharge cycle exhibits distinct electrochemical
features for Li, Na, and K cells, reecting their different ion
This journal is © The Royal Society of Chemistry 2026
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storage mechanisms and interfacial reactions (Fig. 1a and S3).
In the Li cell (green curve), two plateau-like regions appear at
approximately 1.1 V and 0.7–0.8 V, whereas the Na cell (red
curve) shows only a single plateau near 0.6–0.7 V, and the K cell
displays a largely sloping prole with only a minimal plateau
around 0.7 V. The additional high-voltage plateau (∼1.1 V)
observed exclusively for Li arises from its stronger interaction
with surface functional groups and the electrolyte, leading to
earlier onset of electrolyte decomposition and SEI formation.
Because of its smaller ionic radius (0.76 Å) and higher charge
density, Li+ is highly polarizing and can readily reduce surface
oxygenated species (C]O and –OH) and electrolyte components
even at higher potentials, producing inorganic (Li2CO3 and LiF)
and organic (ROCO2Li) compounds that constitute the initial
SEI layer. These irreversible reactions consume Li+ and elec-
trons, and once a stable passivating SEI is formed, the 1.1 V
plateau disappears in subsequent cycles.36,37 In contrast, Na+

and K+ ions, being larger and less polarizing, interact more
weakly with the carbon surface and electrolyte molecules.
Consequently, their surface and electrolyte reduction processes
occur at lower potentials (∼0.6–0.7 V). The smaller driving force
for SEI nucleation and slower diffusion of K+ further suppress
distinct plateau formation, resulting in predominantly
capacitive-type storage behaviour.

Moreover, the reversible discharge prole of the MSHC
shows a sloping prole at higher potential (above 0.1 V) and
a plateau prole below 0.1 V, suggesting a different charge-
storage mechanism. In Fig. 2a, we correlated the contribution
of sloping capacity (SC) and plateau capacity (PC) with cycling at
a 0.1C rate. In the Li cells, the sloping prole (66%) is more
signicant than the plateau prole (44%), showing almost 87%
SC retention for 100 cycles. In addition, SC is more pronounced
(>96%) for the K cells, with a SC retention of 78.5%. Meanwhile,
the plateau prole dominates (57%) in Na-cells, without fading
signicantly over cycling, suggesting excellent selectivity as
a battery-type anode material for sodium storage. The capacity
contributions (%) of SC and PC at different current rates of 0.1C,
0.5C, 1C, 5C and 10C are shown in Fig. 2b. At a lower C rate, PC
contribution is more and gradually fades to 5C for Li and Na
Fig. 2 Sloping and plateau capacity dependence on (a) the cycle
number at a 0.1C rate and (b) C-rates for Li-, Na-, and K-cells. (c)
differential capacity versus potential plot, (d) reversible capacity
contribution as a function of potential, (e) normalized GITT profile, and
(f) diffusion coefficient value obtained from the GITT.

This journal is © The Royal Society of Chemistry 2026
cells. At the same time, SC contributes signicantly at higher C
rates, especially for K cells. The plateau proles disappear at
higher C-rates, primarily due to the slower alkali-ion diffusion.
The bigger ionic size of K+ experienced difficulties in diffusion
into the interlayer and nanopores, resulting in a pseudo-plateau
(<4%) at 0.1C and no plateau beyond the 0.5C rate. Interest-
ingly, the limited low-voltage plateau behaviour in K-cells also
contributes to improved safety. Because the potassiation
potential of the MSHC anode lies above the K-metal plating
potential, the likelihood of metallic potassium deposition and
dendrite formation is signicantly reduced, making the K-cell
a safer storage system.28

The kinetics of alkali ion insertion in different potential
regions were quantied using the differential capacity versus
potential prole, as shown in Fig. 2c. We have separated the
capacities into three distinct potential regions based on the
observed lithiation/sodiation/potassiation peaks, as shown in
Fig. 2d. The potential from 1.5 V to 0.14/0.16/0.08 V for Li/Na/K
is mainly associated with the surface adsorption-based capacity
(AC) and initialization of insertion between the graphene
interlayers (IC).20

The peaks located at 0.013/0.068/0.01 V for Li/Na/K signify
the formation of possible GICs (LiC6, NaC8, and KC8) and the
start of the pore-lling storage mechanism (PFC) leading to
pseudo-metallic clusters. Similarly, as shown in the gure,
delithiation/sodiation/potassiation peaks are observed. The
MSHC electrode exhibits distinct capacities (AC) in the higher
potential (HP) region. Li+ exhibits higher adsorption capacity in
the high-voltage region due to its smaller ionic radius and
greater charge density, enabling stronger polarization and
binding with defect or edge sites of hard carbon. In contrast, the
larger, less polarizing Na+ and K+ ions face steric hindrance,
resulting in a reduced AC. In the intermediate potential (IP)
region, MSHC/Li shows a superior capacity of up to 191 mAh
g−1, revealing the formation of a stable intercalated compound.
Further, IC is found to bemore for potassium (74mAh g−1) than
sodium (55 mAh g−1), which could be due to the thermody-
namically more stable KCx compound than NaCx.27,28 The GITT
prole of the MSHC in all three cells is shown in Fig. 2e. In the
HP region, the gradual decrease in DC (most clearly visible for
the Li system) is attributed to progressive occupation of surface
adsorption sites. As these sites ll, repulsive interactions
between adsorbed ions increase, reducing ion mobility and
leading to the observed decline in DC. This behaviour is char-
acteristic of surface adsorption-dominated storage. In contrast,
the IP region marks the onset of intercalation into graphitic-like
microdomains, where ions must overcome stronger host–guest
interactions and higher activation barriers. This results in
a more pronounced reduction in DC compared to the HP
region. For Na specically, the DC drops much more sharply
than for Li or K. This steep decline reects the inherently
unstable nature of Na–GICs, sharply suppressing Na+ diffusion
kinetics near ∼0.1 V. Moreover, unlike Li and K, the Na system
maintains lower DC values even in the LP region, indicating that
pore lling in Na is strongly inuenced by the instability of the
preceding intercalation process, which reduces the mobility of
Na+ even as it transitions into conned nanopores. Entering the
J. Mater. Chem. A
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LP region, once the limited intercalation domains become
saturated, ions begin to populate nanopores and closed
microvoids. This pore-lling process is assisted by the
preceding intercalation step, leading to an extended plateau for
MSHC/Na and a subsequent increase in DC, consistent with
more facile ion movement within conned pore spaces. The
pore-lling capacity (PFC) of∼202 mAh g−1 for Na supports this
mechanism.

Finally, the MSHC/K system exhibits consistently low DC
throughout all three regions, reecting sluggish kinetics
primarily due to the large bare ionic radius of K+. Although K+

has a small Stokes radius and favourable desolvation energy, its
large size restricts access to internal pores and severely limits
intercalation, resulting in lower reversible capacity and inferior
cycling stability compared to Li and Na systems.

Fig. 3a and S4a–c show the CV curve of MSHC in Li-, Na-, and
K-cells at different scan rates from 0.1 to 1.0 mV s−1. The nature
of the curve signies the combination of the faradaic (diffusion-
controlled) and non-faradaic (capacitive-controlled) processes.
Further, for a qualitative evaluation of the specic contribution,
scan rate (n) versus peak current (i), based on the power-law
relationship: i = anb, where i is the measured current and n is
the scan rate, was plotted. The constants a and b are obtained
from the intercept and slope of this plot, respectively. A b value
close to 0.5 indicates that the charge storage process is
predominantly diffusion-controlled, while a b value near 1
suggests a capacitive-dominated mechanism.38 Fig. 3b shows
the qualitatively quantied b-values at different potentials,
indicating the pseudocapacitive nature of the MSHC electrode.
The b value increases from Na to Li to K, suggesting a more
diffusion-controlled mechanism for Na and a more capacitive-
controlled process for K. In addition, this analysis supports
the storage mechanism revealed in the above discussion. Here,
it is observed that the diffusive contribution is more dominant
at lower potentials and gradually decreases, while the capacitive
contribution increases as a function of potential. Further, we
quantied the contribution ratio of diffusive and capacitive
controlled processes using Trasatti's and Dunn's methods, as
shown in Fig. 3c and S4d–f.1 The capacitive contribution
increases from 58%/56%/78% to 91%/78%/97% for the Li/Na/K
system, respectively. Interestingly, a signicant diffusion
contribution in the Na system persists even at higher scan rates,
indicating a distinct sodium storagemechanism compared to Li
and K. This observation suggests that the pore-lling
Fig. 3 (a) Combined cyclic voltammogram curve at a scan rate of
0.1 mV s−1, (b) b-values quantified as a function of potential during
lithiation, sodiation, and potassiation, and (c) normalized capacity
contribution ratio of capacitive and diffusion-controlled processes of
20DEG-HC in all three systems.

J. Mater. Chem. A
mechanism plays a more critical role in Na-ion storage in hard
carbon. In contrast, the higher capacitive contributions
observed in the Li and K systems are advantageous for achieving
superior rate performance.39

Ex situ EPR was used to further support the creation of
metallic clusters. Hard carbon shows no EPR signal, as there are
no delocalized electrons or free radicals (Fig. S5a). The EPR
spectra consist of two components: a broad symmetric line
(Lorentzian) and a narrow asymmetric peak (Dysonian). While
discharging to 5 mV, the intensity of the broad Lorentzian
(symmetric) EPR signal increases as the electron density
changes at the Fermi level of the carbon (Fig. 4a). Upon di-
scharging to 0 V, a narrow asymmetric EPR signal emerges,
representing electrochemical metal cluster formation for LIBs
and SIBs, similar to previous results.23,40,41 The Dysonian
asymmetry parameter A/B for LIBs and SIBs is 1.13 and 1.28,
respectively (the absolute ratio of the maximum to the
minimum signal), which is consistent with metallic cluster
formation rather than metal plating. However, PIBs show only
a weakly asymmetric signal (A/B = 1.05), which is nearly
symmetric and suggests minimal or no metallic cluster forma-
tion. The g values for LIBs, SIBs, and KIBs are 2.0024, 2.0026,
and 2.003, respectively.

XPS was employed to further conrm the presence of ionic
and metallic states of potassium and sodium when the MSHC
discharged to 0 mV. Fig. 4b shows that the Na 1s spectra have
one small peak at 1071.9 eV, attributed to the oxide form of
sodium (NaxO). Moreover, a broad peak at 1070.5 eV belongs to
the metallic state of sodium,40 supports the sodium-pore lling
mechanism and leads to pseudo-metallic clustering. Besides,
the K 2p spectral (Fig. 4c) peaks at 291.1 eV and 293.9 eV could
be ascribed to K-2p1/2 and K-2p3/2, with a peak separation of
2.8 eV, conrming the ionic state of potassium.42,43 Further
insight into interfacial chemistry is obtained from the ex situ
deconvoluted C 1s, O 1s, and F 1s spectra (Fig. S6), which reveal
the formation of comparable SEI components in both Na- and
K-ion systems, arising from electrolyte decomposition.
Although the overall chemical nature of the surface species is
Fig. 4 Ex situ characterization of the discharged electrode: (a) EPR
spectra, (b) XPS deconvoluted Na-1s spectra, and (c) K-2p spectra. (d)
Operando XRD patterns of the MSHC electrode in Na-cells recorded
during the first discharge–charge cycle at a current density of
50 mA g−1 at room temperature. (e) Corresponding evolution of the
interlayer spacing as a function of electrochemical state.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Schematic representation of the intercalation of the alkali ion
into the (a) planar graphitic layer and (b) micropore (single-walled
CNT). The carbon (C) and alkali elements are colored in black and blue,
respectively. (c) Inequivalent metal adsorption sites on a planar
graphitic layer. The most stable adsorption configurations of (d) Li, (e)
Na, and (f) K ions on a planar graphitic layer. (g) Inequivalent metal
adsorption sites on a micropore model. The most stable adsorption
configurations of (h) Li, (i) Na, and (j) K ions on a micropore model. (k)
The binding energies of alkali ions in the planar graphitic layers as
a function of interlayer distance (L). (l) The binding energies of alkali
ions in the micropores as a function of diameter (D).
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qualitatively similar, the relatively stronger accumulation of Na-
derived components suggests more extensive connement-
assisted storage within closed nanopores. In contrast, the
comparatively lower surface enrichment of K-containing species
supports a storage process dominated by surface adsorption
and limited penetration into porous domains. Overall,
combining ex situ EPR, XPS and electrochemical analysis indi-
cates that the true pore-lling mechanism is more pronounced
in SIBs and pseudo-pore-lling for PIBs till 0 V. In PIBs, this
“pseudo pore-lling” behaviour arises because K ions interact
mainly with pore entrances or defect-rich surface regions rather
than fully penetrating the nanopores, which naturally leads to
a nearly symmetric EPR response (A/B = 1.05) and the absence
of metallic K cluster formation. An ex situ Raman study of the
discharged cells to a potential of 5 mV is presented in Fig. S5b
for insight into the lithiation/sodiation/potassiation of the
MSHC. The broadening and slight downshi of the G-band are
observed, most noticeably for Li, suggesting the formation of
staged GICs.32,44 However, the weakening/disappearance of the
D-band is still puzzling. It could arise from the formation of the
SEI layer44,45 or intercalation into the carbon structure.46 The low
resolution prevents making denitive statements regarding the
precise D-band and G-band shi.

To provide direct structural validation of alkali-ion insertion,
we have performed operando XRD measurements. The operando
XRD patterns for Li-, Na-, and K-cells recorded during the rst
discharge–charge cycle (1.5 V–5 mV) are presented in Fig. 4d
and S7. In all three systems, the (002) diffraction peak at ∼22.7°
remains essentially unchanged in the initial sloping region (A–
C), indicating that charge storage in this potential range is
primarily surface-controlled and does not involve signicant
interlayer expansion. Upon further discharge, a clear shi of the
(002) peak towards lower diffraction angles is observed for the
Li system (D–F), corresponding to an increase in interlayer
spacing from ∼0.383 nm to ∼0.396 nm. This reversible lattice
expansion provides direct evidence of Li-ion intercalation into
turbostratic graphitic domains. A comparatively larger apparent
expansion (∼0.398 nm) is observed during potassiation, which
can be attributed to structural strain and partial insertion near
graphitic domains due to the larger ionic radius of the K ion. In
contrast, the Na system shows only a minor shi of the (002)
peak (∼22.6°), corresponding to negligible interlayer expansion.
This indicates that Na-ion insertion into turbostratic layers is
limited and that the dominant low-potential storage mecha-
nism arises from intercalation-assisted pore lling within
closed nanopores rather than classical intercalation. During the
subsequent charging process (G–J), the (002) peak position in all
three systems returns to its initial value within experimental
uncertainty, conrming the reversible structural evolution of
the carbon framework. Furthermore, the variation of interlayer
spacing with the electrochemical state (Fig. 4e) clearly shows
that structural expansion follows the trend Li z K [ Na,
consistent with the different storage pathways identied from
electrochemical kinetics, ex situ spectroscopy, and DFT calcu-
lations. These operando results therefore provide direct struc-
tural validation of the mechanistic mapping proposed in this
work, namely intercalation-assisted storage in Li, pore-lling-
This journal is © The Royal Society of Chemistry 2026
dominated storage in Na, and strain-assisted surface/
interlayer storage in K. Further studies are currently in prog-
ress to gain deeper insight into these features.

In summary, SC is associated with defect-assisted adsorption
(AC) due to defects/edges of the graphitic sheets and the partial
contribution of defect-assisted insertion (IC) into graphitic
layers. In contrast, PC corresponds to the insertion followed by
pore-lling (PC) of nanopores, leading to pseudo-metallic
clusters. Moreover, we proposed the order of capacity contri-
bution as (i) PC < AC < IC for MSHC/Li, (ii) IC < AC < PC for
MSHC/Na, and (iii) PC < IC < AC for MSHC/K. It suggests that
the hierarchical pore structure and defects benet sodium
storage, whereas larger interlayer spacing with defects is vital
for LIBs and PIBs.

To gain deeper insight into the alkali-ion (Li, Na, and K)
storage mechanism in hard carbon, ab initio DFT calculations
were carried out. Two representative microstructural motifs of
hard carbon, planar graphitic layers and micropores, were
modelled using an AB-stacked graphite bilayer and a single-
walled carbon nanotube (CNT), respectively (Fig. 5a and b).
These correspond to the pseudo-graphitic and microporous
nanodomains of hard carbon. The effects of interlayer distance
(L) in the planar graphitic layers and pore diameter (D) in the
micropores on the alkali-ion binding energy were systematically
investigated. It should be noted that the DFT models used in
this work represent simplied structural motifs of the disor-
dered hard carbon framework. While such models do not fully
capture the structural heterogeneity of real hard carbon,
including variations in defect density, pore geometry, and
stacking disorder, they provide well-dened adsorption envi-
ronments that allow a direct comparison of ion–host interac-
tions. Therefore, the calculated binding energies should be
J. Mater. Chem. A
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interpreted as representative qualitative trends rather than
absolute quantitative values for the practical material. Fig. 5c
and g illustrate the inequivalent alkali-ion adsorption sites on
a planar graphitic layer and within a micropore model,
respectively, which serve as the representative structural
domains of hard carbon in our DFT analysis. All three alkali
ions preferentially bind to the hollow-top (HT) site for the
planar graphitic layers, as shown in Fig. 5d–f.

In contrast, in the micropore, the most stable adsorption
congurations of Li, Na, and K are on the hollow-top (HT) site,
bridge (B) site, and bridge (B) site, respectively (Fig. 5h–j).
Fig. S8–S13 display the congurations of different alkali ions
inserted into the planar graphitic layers at various interlayer
distances and into the micropores of different diameters. The
calculated binding energies for alkali ions in planar graphitic
layers as a function of interlayer distance are shown in Fig. 5k.
Na and K exhibit negative binding energies in the rangesz4.6–
5.8 Å and z4.8–6.0 Å, respectively, while Li shows negative
binding energies only between z3.5 and 4.7 Å.47 This indicates
that Na and K storage is energetically favoured at larger inter-
layer spacings than Li, consistent with their larger ionic radii
and solvation structures.48 At interlayer distances abovez5.6 Å,
the binding energy for K becomes lower (more negative) than
for Li and Na, suggesting enhanced thermodynamic stability for
K storage in widely spaced graphitic layers, similar to the trend
observed in Olsson et al., where K storage benets from
expanded lattice spacing.49 Fig. 5l presents the binding energy
dependence on micropore diameter. Na exhibits the lowest
binding energy for pore diameters up toz15 Å. In comparison,
K shows a pronounced binding minimum around z12.8 Å
before increasing at larger diameters, suggesting that Na and K
preferentially occupy smaller micropores than Li. Importantly,
the binding energies for micropores are consistently more
negative than planar layers, underscoring the stronger affinity
of alkali ions for pore sites. This trend parallels the ndings of
Olsson et al., who showed that cylindrical pores offer more
favourable adsorption energetics than planar domains. These
results highlight that, in hard carbon containing both pseudo-
graphitic layers and micropores, the “pore-lling” process will
dominate alkali-ion storage, particularly in the low voltage
plateau region.50 Nevertheless, the present calculations reveal
general tendencies rather than precise optimum pore sizes;
further studies are required to pinpoint the critical pore
dimensions for maximum storage efficiency. The suitably
spaced graphitic layers and appropriately sizedmicropores offer
a synergistic pathway for high-capacity alkali-ion storage in
hard carbon.

EIS was used to understand the insertion kinetics of MSHC
anodes at the insertion state aer the rst reversible cycle. The
Nyquist graphs (Fig. S14a–c) in LIBs, NIBs, and PIBs showed one
depressed semicircle in the high-to-mid frequency region and
the Warburg diffusion line in a low-frequency range. The shape
of the semicircle deviates from an ideal single-arc response,
indicating the presence of more than one relaxation process,
even though these processes are not fully separated visually.
The Nyquist plots were tted with the equivalent circuit to gain
insight into the reaction kinetics. According to the tted circuit,
J. Mater. Chem. A
the resistance R1 at a high frequency is due to the electrolyte
solution, and R2 and R3 in a medium frequency range are
attributed to the SEI resistance and charge transfer resistance,
respectively. Constant phase elements (CPEs), which represent
non-ideal capacitive behavior, are connected in parallel with R2

and R3 in the equivalent circuit; W1 is the Warburg constant
arising due to phase transformation and ion diffusion in the
MSHC anode.51 The radius of the high-frequency depressed
semicircles increases from Li to Na to K, suggesting that the
kinetics deteriorate as the ionic diameter increases. As shown in
Fig. S14d, the charge transfer resistance (R2) of Li is lower than
that of Na, reecting fast electron/ion charge-transfer kinetics.21

The huge R3 for K indicates that the ion kinetics becomes worse
with a larger K-ion radius, as revealed by GITT analysis.

Conclusions

In summary, we demonstrate that sucrose-derived micro-
spherical hard carbon is a single, versatile anode material for
high-performance alkali-ion batteries. The synthesized MSHC
possesses a defect-rich carbon framework with expanded
interlayer spacing and a well-developed hierarchical pore
structure, comprising ultramicropores, supermicropores, and
mesopores, collectively facilitating efficient ion transport and
diffusion. Among the three systems studied, MSHC/Na delivers
a reversible capacity of 422 mAh g−1 at 0.1C with a dominant
low-potential plateau (∼57%), representing one of the best
performances reported for undoped hard carbon. In addition,
the MSHC anode achieves reversible capacities of 444 and 235
mAh g−1 for Li- and K-ion cells, respectively, while maintaining
excellent cycling stability and rate capability. By correlating the
sloping and plateau regions in the charge–discharge proles
with electrochemical kinetic analyses and ex situ characteriza-
tion, we reveal that the sloping region is associated with defect-
assisted adsorption due to defects/edges of the graphitic sheets
and defect-assisted insertion into graphitic layers. In contrast,
the plateau region corresponds to the insertion followed by
nanopore lling, leading to pseudo-metallic clusters. Operando
XRD further provides direct structural validation of ion-
dependent reversible interlayer expansion, enabling clear
differentiation between intercalation-assisted and
connement-driven storage pathways. Ex situ Raman spectros-
copy conrms the occurrence of intercalation in all three
systems. At the same time, ex situ EPR analyses verify the
presence of pseudo-metallic species at 0 V for Li and Na cells.
Furthermore, density functional theory calculations elucidate
the inuence of interlayer spacing and micropore size on alkali-
ion binding energetics. This highlights that Na ions benet
most from combining large interlayer spacing and accessible
micropores, explaining their superior electrochemical perfor-
mance. Overall, this work provides mechanistic insights into
alkali-ion storage in closed-pore hard carbons and offers design
guidelines for developing sustainable, high-performance, and
broadly applicable anode materials for next-generation alkali-
ion batteries. The combined experimental–computational
approach presented here, systematically comparing Li-, Na-,
and K-ion storage within the same carbon architecture,
This journal is © The Royal Society of Chemistry 2026
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establishes a unied framework for understanding and opti-
mizing alkali-ion storage mechanisms.
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