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The development of advanced anode materials is critical for improving the performance of lithium-ion batteries.

Ti,CO, MXene, with its metallic conductivity and rich surface chemistry, has emerged as a promising candidate;

however, the fundamental processes of lithium adsorption and diffusion remain insufficiently understood. In

this work, we employ first-principles calculations combined with nuclear magnetic resonance (NMR) analysis

and climbing-image nudged elastic band (NEB) simulations to investigate the lithiation mechanism of

Ti,CO,. NMR shielding tensors reveal the evolution of local electronic environments, from anisotropic Ti—

O-Li interactions at low lithium coverage to delocalized charge redistribution at higher lithiation, thereby
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stabilizing adsorption sites. NEB simulations further identify anisotropic diffusion pathways, with a dominant

low-barrier channel (0.09-0.24 eV) that remains active even under high loading. These results demonstrate
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1. Introduction

Since their commercialization by Sony in the early 1990s,
rechargeable lithium-ion batteries (LIBs) have become indis-
pensable in modern technology, powering applications ranging
from smartphones and laptops to electric vehicles (EVs) and
grid-scale energy storage systems.'? The global shift toward
clean transportation and renewable energy integration further
underscores their pivotal role in reducing greenhouse gas
emissions and enabling sustainable mobility. To meet the
stringent requirements of EVs, energy storage systems must
simultaneously deliver high reversible capacity, rapid charging,
and long cycle life.*® However, despite decades of progress, LIB
technology continues to face critical challenges, including
limited lithium resources, high production costs, and intrinsic
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that Ti,CO, provides both structural resilience and electronic conductivity, highlighting its potential as an
efficient host material for next-generation lithium-ion batteries.

electrode performance constraints.®® Addressing these limita-
tions is vital to meet the surging demand for mobile electronics
and EVs while ensuring both economic and environmental
sustainability. Consequently, the exploration of novel electrode
materials and advanced electrochemical strategies has become
a central theme in battery research, with efforts focused on
improving storage capacity, ion transport, and electrical
conductivity.>*®

MXenes, a family of two-dimensional transition metal
carbides, nitrides, and carbonitrides, first reported in 2011,
have rapidly emerged as promising candidates for next-
generation energy storage. With the general formula M,,;X,, T,
(where M is a transition metal, X is carbon or nitrogen, and T
represents surface terminations such as O, OH, or F), MXenes
exhibit metallic conductivity, large surface area, tunable surface
chemistry, and mechanical stability. These unique attributes
have made them attractive for applications in supercapacitors,
lithium-sulfur,*****  sodium-sulfur,”*® and particularly
lithium-ion*>*"** batteries. Unlike conventional electrodes such
as LiCoO, and nickel-rich oxides,*** which offer high energy
density but suffer from cost, resource scarcity, and safety
concerns,””*® Ti-based MXenes present a more sustainable
alternative. Among these, Ti;C,T, has become the model system
for lithium storage due to its robust Ti-C backbone and abun-
dant surface functional groups.*?* The Ti-C framework
provides mechanical integrity and metallic conductivity, while
oxygen terminations act as strong Li" adsorption sites via Li-O
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coordination.*® These interactions enable reversible redox
activity at Ti centers, giving rise to pseudocapacitive behavior
and excellent rate performance. Moreover, the layered Ti-C-O
structure accommodates lithium intercalation between sheets,
where weak van der Waals interactions allow c-axis expansion
without structural collapse. Enlarged interlayer spacing-
achieved through oxygen termination, organic intercalation,
or the formation of porous and scroll-like architectures-further
enhances Li" accessibility and diffusion kinetics.*

Lithium storage in Ti;C,T, occurs through a dual mecha-
nism: intercalation between Ti-C layers and adsorption at
oxygen-rich sites. This combination of diffusion-controlled and
capacitive processes enables high reversible capacity, ultrafast
charge-discharge rates, and long cycle life. In addition, Ti-C-
based composites can host secondary phases such as Si or Sn,
with the MXene framework buffering their volume changes
during cycling to improve stability. Collectively, these features
position Ti-based MXenes as a new generation of electrode
materials that unite high capacity, structural robustness, and
strong surface interactions, paving the way for durable, high-
performance LIBs.

Nevertheless, despite these advantages, a critical gap
remains: the fundamental mechanisms of lithium adsorption
and diffusion in MXenes, particularly Ti,CO,, are not yet fully
understood. While it is recognized that surface terminations,
interlayer spacing, and defects strongly influence ion transport,
the details of how lithium prefers in-plane versus cross-plane
diffusion pathways, how adsorption evolves with increasing
coverage, and how these processes affect conductivity and
structural stability remain unresolved. This lack of mechanistic
insight limits the rational design and optimization of Ti,CO, as
an anode material.

In this study, we present a systematic first-principles inves-
tigation of lithium adsorption and diffusion on Ti,CO, MXene
to elucidate the underlying lithiation mechanism. The lithium-
hosting capability of Ti,CO, is examined through adsorption
energy calculations across varying lithium concentrations,
complemented by analyses of electronic structures, charge
redistribution, and local bonding environments. Nuclear
magnetic resonance (NMR) shielding tensors are employed to
probe site-specific interactions and anisotropy, while climbing-
image nudged elastic band (NEB) simulations are used to
evaluate diffusion pathways and migration barriers. Our results
reveal stable adsorption configurations, a semiconductor-to-
metal transition upon lithiation, and highly anisotropic yet
ultrafast Li-ion transport, with a dominant low-barrier diffusion
channel persisting even under heavy loading. These findings
highlight the potential of Ti,CO, MXene as a structurally robust,
electronically conductive, and high-performance anode mate-
rial for next-generation lithium-ion batteries.

2. Computational details

All periodic density functional theory (DFT) optimizations were
performed using the M3GNet-UP-2022 machine-learning (ML)
potential, implemented in the Amsterdam Modeling Suite
(AMS).**** This potential set, trained using deep-learning
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algorithms, achieves an accuracy comparable to that of the
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional.®®
Structural relaxations were performed until the stress energy
per atom was below 10> Ha A™*, and the total energy change
between successive steps was less than 107° Ha.

Electronic properties were further evaluated using the
projector-augmented wave (PAW) method,*” as implemented in
the Vienna ab initio simulation package (VASP).*®*° Brillouin-
zone integrations employed an 7 x 7 x 1 Monkhorst-Pack
grid**** with a plane-wave energy cutoff of 520 eV. The self-
consistent field convergence threshold was set to 10™* eV per
cell, and geometry optimizations proceeded until the residual
Hellmann-Feynman forces on each atom were smaller than
0.01 eV A™. To eliminate interactions between periodic images,
a vacuum spacing of 20 A was applied along the out-of-plane
direction. To ensure accuracy and reliability, Brillouin-zone
integrations were employed using a Monkhorst-Pack scheme
with a dense 11 x 11 x 1 k-point grid to calculate the spatial
charge densities.

To evaluate the stability of the adsorbed systems, the
adsorption energy (E,qs) is the energy difference per atom
between the total energy of the adsorbate-substrate system and
the sum of the energies of the isolated adsorbate and pristine
substrate, as follows>'**

Eads = (ELi+MXenes - EMXenes - nLiELi)/nLi (1)

where Epiivxenes aNd Enxenes are the energies of the lithiated
and pristine MXenes. Ey; is the energy per atom of a Li atom in
its crystalline structure, and n;; the number of Li atoms in the
adsorbed systems. A more negative adsorption energy value
indicates stronger binding and higher stability of the adsorp-
tion configuration.

Nuclear magnetic resonance (NMR) shielding tensors were
obtained using the perturbative NMR extension of VASP, with
a perturbation step size of 107> to ensure an accurate numerical
evaluation of magnetic susceptibility derivatives. For these
calculations, the plane-wave cutoff energy was increased to
600 eV, and the SCF threshold was tightened to 10°° eV,
providing a sufficiently large basis and stringent convergence
for the reliable determination of NMR chemical shifts, similar
to our recent calculations for the sodium lithium manganese
oxide cathode materials.**

The charge-discharge performance is a key criterion in
evaluating the suitability of a candidate material as an anode for
lithium-ion batteries. To investigate lithium-ion diffusion, we
employed the climbing-image nudged elastic band (NEB)
method,*** as implemented in the AMS package. The initial
and final states of each diffusion pathway were obtained from
fully optimized structures calculated using VASP, and nineteen
intermediate images were used to describe each NEB trajectory.
For comparison, analogous NEB calculations were also per-
formed using the VASP implementation. To examine the influ-
ence of long-range dispersion interactions on the diffusion
process, van der Waals (vdW) corrections were considered using
three schemes: Grimme's DFT-D2 method,* the zero-damping

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DFT-D3 method of Grimme,*” and the Tkatchenko-Scheffler
(DFT-TS) method.*

3. Results and discussion
3.1 Geometry optimization

In this study, we begin with the optimized pristine Ti,CO,
MXene substrate, which exhibits lattice constants of a = b =
9.184 (A), consistent with structural parameters thoroughly
characterized in recent works.'>*”** The optimized structure of
Ti,CO, is shown in Fig. 1 (left panel). In the top view, the
material exhibits a hexagonal lattice, in which Ti atoms (blue)
form a layered framework that encloses the central C atoms
(brown), while O atoms (red) symmetrically terminate the
surface. The side view highlights the sandwich-like configura-
tion, where oxygen layers on both sides cap the Ti-C-Ti back-
bone. This well-ordered architecture, combined with the stable
oxygen termination, provides an abundance of active sites for
adsorption and ensures structural robustness, making Ti,CO,
a promising substrate for subsequent studies on Li adsorption.

Building on the optimized structure of pristine Ti,CO,, we
investigate the adsorption of lithium by systematically placing
a single Li atom at various high-symmetry sites, including atop
Ti atoms and other representative surface positions. The
stability of each configuration is assessed through adsorption
energy calculations using eqn (1), where more negative values
indicate stronger binding and higher stability. The configura-
tion with the lowest adsorption energy is identified as the most
stable geometry and used as the reference state for further
analyses. As shown in Table S1 of the SI, site #2 (Fig. Sla)
exhibits the most negative adsorption energy among the nine
possible adsorption sites, confirming it as the most energeti-
cally favorable binding site for a single Li atom on Ti,CO,. The
inclusion of long-range van der Waals interactions, such as
vdW-D2, vdW-D3, and vdW-TS, as presented in Table S2, even
yields stronger adsorption energies. These results are consistent
with recent findings reported in ref. 12.
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To further evaluate the adsorption behavior, we extended the
analysis to higher Li concentrations by sequentially introducing
2-9 Li atoms onto the Ti,CO, surface, with nine atoms repre-
senting the maximum adsorption capacity of the chosen
supercell. For each level of coverage, several initial configura-
tions were tested to account for different adsorption geome-
tries, and the most stable structures were identified based on
their adsorption energies. This systematic stepwise approach
provides a comprehensive picture of the lithiation process, from
single-atom adsorption to saturated loading, and reveals how
stability evolves with increasing Li content. The calculated
adsorption energies are summarized in Table S1. Numbers in
brackets correspond to the sites labeled in Fig. 1. Bold values
indicate the most energetically favorable configuration for each
lithium adsorption. For a single Li atom, the adsorption energy
per atom is —38.18 m eV, dicating relatively weak binding but
confirming that Ti,CO, can accommodate Li adsorption,
thereby establishing its potential as an anode material. Once
the most favorable adsorption site was identified, additional Li
atoms were sequentially introduced to simulate progressive
lithiation (Fig. S1 and Table S1). Each configuration was fully
relaxed to ensure structural stability, and the total adsorption
energies were compared to determine the preferred lithiation
pathways. In cases where multiple geometries yield identical
adsorption energies, the Li atom closer to the center of the
supercell was selected to reflect the behavior observed in the
initial adsorption step. As the number of Li atoms increases, the
adsorption energy becomes more negative, reaching ~—192.99
m eV at full coverage with nine Li atoms. This monotonic
decrease indicates that additional Li atoms experience stronger
binding, likely due to cooperative effects and enhanced elec-
trostatic interactions with the MXene surface. Importantly, no
structural collapse was observed even at high concentrations,
underscoring the robustness of the Ti-O and Ti-C framework.
The steady stabilization with increasing Li content demon-
strates that Ti,CO, can accommodate multiple Li atoms without
significant loss of binding strength, confirming its potential as

g

Fig. 1 Optimized crystal structures of pristine Ti,CO, MXene (left) and Li-adsorbed Ti,CO, (right). The top views show the hexagonal
arrangement of Ti (blue), C (brown), and O (red) atoms, with Li atoms represented in green. Numbers 1-9 indicate the sequential adsorption sites
for Li atoms on the MXene surface. The side views illustrate the layered configuration and the relative adsorption positions of Li atoms with

respect to the Ti,CO, substrate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a stable and high-capacity anode material for lithium-ion
batteries.

To further evaluate the dynamic stability of the pristine and
Li-adsorbed Ti,CO, MXene, we analyze the phonon dispersion
spectra in Fig. 2. For the pristine Ti,CO, (Fig. 2a), no imaginary
frequencies are observed throughout the Brillouin zone, con-
firming the dynamic stability of the host lattice. The acoustic
and optical branches are well separated, with the highest
vibrational modes extending up to approximately 18 THz,
reflecting the strong bonding interactions within the Ti-O and
Ti-C framework. Upon adsorption of a single Li atom (Fig. 2b),
the phonon spectrum remains free of imaginary modes, indi-
cating that the incorporation of Li does not destabilize the
lattice. The phonon branches display only minor modifications
compared to the pristine structure, highlighting the robust
structural tolerance of Ti,CO, against initial lithiation. With
a higher lithium content, such as five Li atoms (Fig. 2c), the
vibrational spectrum becomes denser in the low-frequency
region below 2 THz, which can be attributed to lattice distor-
tions and local mass effects induced by Li adsorption. Never-
theless, the absence of negative frequencies demonstrates that
the system maintains dynamic stability even at intermediate
lithiation levels. At the highest coverage considered, with nine

20
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Li atoms adsorbed (Fig. 2d), low-frequency phonons are
observed, which reflects enhanced electron-phonon interac-
tions and stronger coupling between Li ions and the host
lattice. However, this effect is not sufficient to trigger dynamic
instability. Notably, the persistence of well-defined high-
frequency optical modes demonstrates that the intrinsic Ti-O
and Ti-C bonding remains intact under heavy lithiation. Over-
all, the phonon analysis confirms that Ti,CO, maintains
dynamic stability upon progressive lithiation, even at high Li
concentrations. The absence of structural instabilities suggests
that Ti,CO, can effectively host Li ions without undergoing
phase collapse, a prerequisite for long-term cycling stability.
These results highlight the robustness of Ti,CO, as a promising
anode material for lithium-ion batteries, capable of accommo-
dating multiple Li ions while preserving structural integrity.

3.2 Electronic properties

To elucidate electronic mechanisms in lithiated Ti,CO, MXene,
we combine orbital-resolved density of states and real-space
charge density difference (CDD) with first-principles NMR
calculations. The NMR shielding tensors (isotropic shifts and
chemical shift anisotropy - CSA) serve as element-specific
probes of bonding symmetry, electron delocalization, and
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Fig. 2 Phonon dispersion spectra of pristine Ti,CO, (a) and Ti,CO, substrates adsorbed with 1 (b), 5 (c), and 9 (d) Li atoms.
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local field gradients. Correlating these descriptors with Ti-O-Li
hybridization and charge transfer explains how Li adsorption
stabilizes distinct sublattices and enhances electronic
conductivity.

Fig. 3 reveals a lithiation-driven semiconductor-to-metal
transition in Ti,CO,. In the pristine state (Fig. 3a), the total
density of states (TDOS) exhibits a small band gap, with the
valence band dominated by O-2p and C-2p orbitals and the
conduction band minimum arising from Ti-3d states, consistent
with previous reports.*** Upon initial Li adsorption (Fig. 3b),
electron transfer from Li-2s orbitals introduces Ti-3d states at the
Fermi level, closing the gap and initiating metallicity. As lith-
iation progresses, the density of states at Er increases markedly,
and at high coverage a pronounced peak develops, confirming
robust metallic conductivity and enhanced carrier density. The
charge density difference analysis in Fig. 4a and b further
demonstrates localized charge accumulation around surface
oxygen atoms and depletion near Li sites, underscoring the
strong ionic interaction between Li and surface terminations and
identifying oxygen as the primary electron acceptor. This local-
ized stabilization at low coverage is crucial for initiating lithiation
without compromising lattice integrity.

At intermediate coverage (five Li atoms), the PDOS reveals
a marked increase in the density of Ti-3d and O-2p states at Ep,
indicative of stronger Ti-O hybridization (Fig. 3c). In parallel,
the CDD profiles (Fig. 4c and d) display more extensive charge

30
Total

a) C(p)
—Ti(d)

—O0(p)

1]
(=}
T

pDOS (states/eV)
=

o

Energy (eV)
30

Total

C) C(p)
—Ti(d)

—O0(p)

(o]
(=}
T

pDOS (states/eV)
=

-3 -2 -1
Energy (eV)

View Article Online

RSC Advances

accumulation along the O-terminated planes and broaden
depletion zones around Li ions. These features highlight
cooperative electrostatic interactions, where multiple Li ions
reinforce one another's binding by promoting delocalized
charge redistribution across the host lattice. The persistence of
structural integrity in this state further confirms the robustness
of the Ti-O and Ti-C backbone.

At saturated lithiation (nine Li atoms), the PDOS develops
a pronounced Ti-3d-dominated peak at the Fermi level, con-
firming robust metallicity and high carrier density (Fig. 3d). The
substantial orbital overlap between Ti-3d and O-2p states indi-
cates that electron donation from Li is efficiently accommo-
dated within the host lattice, thereby strengthening electronic
transport pathways. The corresponding CDD maps (Fig. 4e and
f) exhibit large, continuous regions of charge accumulation
surrounding oxygen atoms and extended depletion near Li sites,
demonstrating that charge redistribution becomes global rather
than localized. This collective stabilization mitigates excessive
electron localization, which is often associated with structural
instabilities in heavily lithiated electrodes.

Overall, lithiation of Ti,CO, proceeds through systematic
charge transfer from Li-2s orbitals into the Ti-C-O framework,
leading to progressive stabilization of oxygen redox centers,
enhanced Ti-O hybridization, and a semiconductor-to-metal
transition with high electronic conductivity. The strong agree-
ment between PDOS and CDD analyses confirms that both
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Fig. 3 Projected density of states (PDOS) of pristine Ti,CO, (a) and Li-adsorbed Ti,CO, with 1 (b), 5 (c), and 9 (d) Li atoms. The total DOS (shaded
gray) is decomposed into contributions from C-p (orange), Ti-d (black), and O-p (blue) orbitals. The Fermi level set to zero is indicated by dashed

lines.
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localized and delocalized charge redistribution mechanisms
underpin the superior electrochemical performance of Ti,CO,.
This combination of structural robustness and improved elec-
tronic transport establishes Ti,CO, as a promising candidate
for lithium-ion battery anodes.

To further interrogate the role of nuclear-interaction
anisotropy in lithium mobility, we extend our study to NMR
spectra. In the pristine Ti,CO, surface, both Ti and O nuclei
exhibit strongly anisotropic shielding tensors, reflecting a rigid,
directional Ti-O bonding network with localized charge density
(Fig. S2 and Table S3). The introduction of a single lithium atom
significantly alters this balance. Adsorption at the O; triangle
above the Ti site results in a collapse of Ti anisotropy, reflecting
a more symmetric local environment and partial averaging of
the electric field gradients. This change corresponds to a situa-
tion where the Ti center becomes less restrictive, while oxygen
atoms remain highly anisotropic due to the directional nature
of Ti-O-Li bonding. The persistence of large oxygen chemical
shift anisotropy values suggests that lithium is bound in
a localized and directional site, limiting its immediate mobility
but stabilizing the first stage of adsorption. This contrast
signifies that the first Li atoms occupy O-coordinated hollows,
which symmetrize the electric-field gradients around Ti while
preserving directional Ti-O-Li interactions about the oxygen.
The resulting local environments stabilize the initial adsorption
state but maintain a relatively steep, site-specific potential
around O, consistent with limited immediate mobility.

At intermediate coverage (five to six Li), Li-Li interactions
and the attendant lattice response reintroduce anisotropy at Ti
while progressively suppressing it at oxygen, and in a site-

47404 | RSC Adv, 2025, 15, 47399-47409

selective manner. The recovery of Ti CSA indicates an
increasing structural distortion around metal centers,
a predictable consequence of crowding and strain. In contrast,
the marked reduction and unevenness of O CSA values reveal
electrostatic screening of the O sublattice. This screening iso-
tropizes the local fields experienced by oxygen along preferred
directions, indicating the emergence of partially connected
diffusion corridors between neighboring adsorption hollows.
Concomitantly, the Li CSA remains modest, consistent with
relatively symmetric local coordination and the onset of
dynamic averaging.

At high coverage (eight to nine Li), Ti sites display strong
anisotropy once again, whereas oxygen environments are
comparatively isotropic. This inversion of the initial trend
suggests that while the transition metal centers experience
significant lattice distortions, the oxygen sublattice provides
a smoother potential field. In practical terms, this configuration
would facilitate lithium migration, since reduced anisotropy at
O sites corresponds to a diminished energetic penalty for
hopping between adjacent adsorption sites. Meanwhile, the
modest CSA values observed for lithium itself across all load-
ings are consistent with relatively symmetric adsorption
geometries and possible dynamic averaging, further supporting
the notion that lithium is not firmly trapped once higher
concentrations are reached.

A schematic picture of the lithium diffusion pathway can be
inferred from the observed anisotropy trends. At low coverage,
Li preferentially occupies stable sites above Oj; triangles, where
strong Ti-O-Li interactions act as localized traps. With
increasing lithiation, electrostatic repulsion and charge

© 2025 The Author(s). Published by the Royal Society of Chemistry
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redistribution reduce the anisotropy at oxygen sites, softening
the energy landscape and opening low-barrier channels
between adjacent adsorption sites. This evolution highlights
that hollow sites between O-terminated triangles become the
most favorable diffusion positions, providing energetically
accessible pathways for Li hopping across the surface. At high
coverage, screening of the oxygen lattice establishes quasi-
continuous migration channels, while Ti distortions exert only
a secondary influence on the potential profile. Thus, the
progression of CSA values with lithiation reflects a transition
from isolated binding pockets to interconnected hollow-site
diffusion networks, which underpin both high storage
capacity and rapid lithium transport in MXene-based
electrodes.

3.3 Lithium-ion diffusion

The diffusion energy profiles and migration barriers of lithium
ions are critical parameters for assessing the performance of
lithium-ion battery anodes. A lower migration barrier indicates
that lithium ions can move more easily along favorable diffu-
sion pathways. Because the NEB method is computationally
expensive, most studies in the literature report diffusion
barriers for the transport of a single lithium ion. In this section,
however, we investigate how varying lithium content affects the
diffusion behavior of Li ions in Ti,CO, MXenes, providing
deeper insight into how diffusion properties evolve with
increasing lithium concentration.

b
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We first evaluate lithium-ion migration in Ti,CO, MXene
along two representative diffusion pathways (Fig. 5, 6, S3 and
S4). Along path I, a single Li atom diffuses with a barrier of
0.386 eV. At moderate loading of five Li atoms, the barrier
remains almost unchanged at 0.409 eV. Still, under heavy lith-
iation (nine Li atoms), the barrier dramatically increases to
2.210 eV, reflecting strong Li-Li interactions and lattice distor-
tion that obstruct this pathway. Thus, path I is kinetically
accessible only at low to moderate concentrations. In contrast,
path II demonstrates consistently low diffusion barriers across
lithiation states. For a single Li atom, the migration profile
shows shallow side peaks of 0.027 eV and a maximum barrier of
only 0.197 eV. At five Li atoms, the barrier remains modest at
0.243 eV, and under heavy lithiation with nine Li atoms, it
decreases further to ~0.091 eV. This robustness highlights path
II as the dominant conduction channel. Comparing the two
pathways reveals pronounced anisotropy in lithium transport:
path I, which corresponds to hopping between strongly bound
O;-top sites, becomes severely blocked at high coverage due to
Li-Li repulsion and lattice distortions, consistent with CSA
results showing localized charge trapping at these oxygen-
coordinated sites. In contrast, path II follows hollow-site
channels where CSA indicates softened anisotropy and delo-
calized charge redistribution, thereby preserving ultrafast ionic
transport even under heavy lithiation and underscoring the
directional nature of Li mobility in Ti,CO,.

Furthermore, Table 1 demonstrates that Li* mobility on
Ti,CO, is highly sensitive to both diffusion pathways and the
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amount of intercalated lithium atoms. Along path I, the acti-
vation barrier is moderate at dilute and intermediate loadings,
increasing only slightly from 0.386 eV (1 Li) to 0.409 eV (5 Li
adsorption). The corresponding diffusivities are therefore
limited, D ~2.8 x 1078 and 1.1 x 10~® em? s™*, which amount
to merely 0.6% and 0.3% of the graphite benchmark (4.4 x 107°
cm?® s'). Upon heavy loading (9 Li), the situation changes
drastically: the barrier surges to 2.21 eV and the diffusivity
collapses by >30 orders of magnitude to 6.9 x 10 °° em? s *
(ratio ~0), indicating that path I becomes kinetically inacces-
sible at high coverage. In sharp contrast, path II preserves an
ultralow barrier across the entire concentration range, 0.027 eV
(1 Li), 0.011 eV (5 Li), and 0.044 eV (9 Li), and supports fast
transport with D ~3.0 x 1072, 5.4 x 10 2, and 1.5 x 10~ > cm?®
s~', respectively. Normalized to graphite, these values are
enhanced by roughly 6.7 x 10%, 1.23 x 10 and 3.43 x 10’
times, affirming a nearly barrierless diffusion channel that

remains robust even under crowding. These results demon-
strate that lithium diffusion along path II is intrinsically more
favorable than along path I, due to the evolution of local envi-
ronments during lithiation. In path I, Li moves between deep
O;-top adsorption wells that are strongly bound to Ti-O motifs.
As concentration rises, Li-Li repulsion and Ti-centered distor-
tions drastically increase the barrier, suppressing mobility. In
contrast, path II follows a hollow-site corridor in which
increasing lithiation screens the oxygen sublattice, flattens local
field gradients, and maintains a smooth energy landscape.
Consistent diffusion barriers and diffusion coefficients are also
obtained when long-range van der Waals interactions are
included, as shown in Fig. S5, S6 and Table S4. This screening
effect lowers or maintains barriers even at high loading,
keeping diffusion fast and robust, consistent with both the
calculated energetics and the observed charge redistribution
across the Ti-C-O framework.

Table 1 Diffusion barriers and corresponding diffusion coefficients of Li* ions on Ti,CO» MXenes at different lithium coverages (1, 5, and 9 Li

atoms) for two diffusion pathways (path | and path II)

Systems/characteristics Path Ti,CO, + 1 Li Ti,CO, + 5 Li Ti,CO, + 9 Li
Diffusion barrier (eV) I 0.386 0.409 2.21
I 0.027 0.011 0.044
Diffusion coefficient (cm* s ™) I 2.8 x 1078 1.1 x 10°° 6.9 x 107*°
11 3.0 x 1072 5.4 x 107> 1.5 x 1072
The lithium diffusion coefficient ratio between Ti,CO, I 0.006 0.003 0
and graphitic carbon®® (4.4 x 107® cm? s71) 1l 6719 12280 3428
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Compared to other electrode materials, the diffusion
barriers of Ti,CO, (0.09-0.41 eV along path II) are lower than
those of graphite (0.3-0.6 eV), the standard for commercial LIB
anodes.'®** They are also comparable to, or even superior to,
other MXenes. For example, oxygen-terminated Ti;C,0,
exhibits a barrier of 0.38 eV, while Ti;C,S, and Ti;C,Se, reduce
the barrier to 0.23-0.16 eV." Functionalized MXenes such as
Cr,Cse, and Mn,CCl, reach barriers as low as ~0.02-0.05 eV.*®
The recently reported Ta,Se,C transition metal carbo-
chalcogenides monolayer shows a Li-ion diffusion barrier of
0.26 eV,”*> while the best-performing nitrides (e.g., Ti,N, V,N)
exhibit barriers in the 0.01-0.03 eV range, values comparable to
the lowest-barrier of Ti,CO,.”®> More exotic anodes, such as
penta-graphene nanoribbons, have been reported with diffu-
sion barriers of ~0.17-0.40 eV, which can be further reduced
under applied electric fields.** Thus, these Ti,CO, MXenes offer
competitive transport, particularly through path II, positioning
them as a strong candidate among MXenes and advanced 2D
anodes. Beyond lithium-ion batteries, our recent investigations
into these TiyCO, MXene hosts, where X = 2, 3, and 4, for sulfur
cathodes in lithium-sulfur (Li-S) and sodium-sulfur (Na-S)
batteries demonstrate complementary behavior.*>'”** In Li-S
systems, heteroatom-doped MXenes (e.g., N-doped Ti;C,)
strengthen Li,S adsorption and reduce diffusion barriers,
thereby mitigating polysulfide shuttling. In Na-S systems, these
Ti-based MXenes exhibit strong binding with Na,S, clusters
(adsorption energies —1.8 to —3.2 eV), suppressing polysulfide
dissolution and enhancing conductivity."> More recently, S- and
N/S co-doped Ti,CO, was shown to effectively anchor Na,Ss and
Na,Sg, with adsorption energies improved by up to 59% relative
to pristine Ti,CO,, while simultaneously boosting electronic
conductivity."”*

Taken together, Ti,CO, MXene exhibits anisotropic yet
intrinsically fast Li-ion diffusion, competitive with and in some
cases superior to graphite and conventional MXenes. When
extended to Li-S and Na-S chemistries, surface modification
strategies (doping and co-doping) further unlock its potential as
a sulfur host by mitigating shuttle effects and enhancing
conductivity. Thus, Ti,CO, and its derivatives emerge as versa-
tile platforms bridging both intercalation-type LIBs and
conversion-type sulfur batteries, with diffusion anisotropy and
surface chemistry engineering being key levers for performance
optimization.

4. Conclusion

In this study, we employed DFT calculations to systematically
investigate the adsorption energetics, electronic response, and
transport properties of lithium ions on Ti,CO, MXene. The
results demonstrate that Ti,CO, can accommodate multiple Li
atoms without structural collapse, maintaining remarkable
stability even at high lithiation levels. Progressive lithiation
induces a semiconductor-to-metal transition, accompanied by
a substantial increase in the pDOS near the Fermi level,
ensuring robust electronic conductivity throughout the charge-
discharge cycle.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A key novelty of this work is the combined use of first-
principles NMR and NEB analyses, offering a uniquely
detailed view of the lithiation mechanism. NMR analyses
elucidate local bonding symmetry, charge redistribution, and
directional interactions between Li ions and surface oxygen
atoms, capturing the site-specific stabilization at low coverage
and the emergence of delocalized charge redistribution at
higher concentrations. Complementarily, NEB calculations
resolve the directional anisotropy of Li-ion transport, identi-
fying a dominant low-barrier pathway (0.09-0.41 eV) that
remains accessible even under heavy lithiation. Such combi-
nations offer a comprehensive mechanistic picture that could
not be achieved through either approach alone.

These findings establish Ti,CO, as a structurally robust and
electronically conductive host with high adsorption capacity and
intrinsically fast ion transport, outperforming conventional
anodes such as graphite. Beyond Li-ion batteries, the proven
ability of Ti-based MXenes to immobilize polysulfides and facil-
itate charge transfer highlights the broader versatility of this
material platform, with promising implications for lithium-
sulfur'®'®* and sodium-sulfur'>* chemistries. This dual-
framework approach, combining NMR probes of local environ-
ments with NEB diffusion kinetics, provides a powerful strategy
for rationally designing MXene-based electrodes and accelerating
the discovery of multifunctional energy storage materials.
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