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ABSTRACT

Lithium metal anodes are regarded as promising anode materials owing to the ultrahigh theoretical
specific capacity and the lowest electrochemical potential, making them a prime candidate for next-
generation high-energy-density batteries. However, uncontrolled dendrite growth and electrode pulver-
ization severely hinder their practical deployments, which are mainly attributed to sluggish Li ion/atom
diffusion. Herein, the local heterostructure-improved electrical field strategy of constructing a flexible
TiN-NbC nanofiber membrane (TN-CNFM) has been initially proposed, establishing a stable catalytic
interphase to modulate Li atom migration kinetics. Density functional theory (DFT) calculations and
experimental characterizations reveal that the TiN-NbC heterojunction interphase significantly reduces
the diffusion energy barrier of Li atom, promotes lateral Li atom redistribution and uniform Li nucle-
ation/growth, effectively suppressing dendrite formation. As a result, the optimal Li anode with TN-
CNFM interphase exhibits a low overpotential and an ultralong cycle lifespan exceeding 1600 h at
5 mA cm™2. The full cells paired with LiNiggCog1Mng 0, (NCM811) cathodes stabilize the capacity reten-
tion of 81.3% at 0.5C after 400 cycles and reach the robust capacity of 150.7 mA h g~! at 5C. This work
presents a catalytic interface strategy for precisely controlling lithium deposition dynamics and enhanc-
ing anode stability.
© 2026 The Authors. Published by Published by Elsevier B.V. and Science Press on behalf of Science Press
and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

collectively induce severe volumetric fluctuations, electrolyte
depletion, and low Coulombic efficiency, particularly under high

Lithium metal is regarded as the promising anode material
owing to its ultrahigh theoretical specific capacity (3860 mA hg™!)
and lowest redox potential (—3.04 V vs. SHE), offering the potential
to boost the energy density of next-generation batteries [1-6].
However, the practical development of lithium metal anodes
(LMAs) remains hindered by uneven Li deposition, dendritic
growth, and unstable solid electrolyte interphase (SEI), which
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current densities [2,4,6-14] or extremely tough conditions. Con-
ventional strategies to suppress dendrite growth focus on regulat-
ing Li nucleation/growth behavior at the lithium/solid-electrolyte
interface [6,9]. While substantial progress has been made, LMAs
still suffer from interfacial instability and unstable Li ion flux, pri-
marily due to their “hostless” nature, particularly under high cur-
rent densities [15,16]. Carbonaceous scaffolds have emerged as
promising materials for LMA carriers and current collectors, owing
to their high conductivity and large surface area, which help
reduce local current density [11,17-21]. Additionally, robust
porous or hollow carbon frameworks mitigate volume expansion
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during lithium deposition [10,22-25]. However, the lithiophobic
nature of carbon materials leads to high nucleation barriers,
impeding controlled lithium growth [4,12,26-29]|. The accumu-
lated interfacial stresses during cycling exacerbate this issue, as
lithium atoms preferentially deposit at sites with higher ionic con-
ductivity, generating mechanical stress beneath the SEI. This stress
is relieved through lithium deformation, which in turn triggers
dendritic growth.

Surface modification engineering including heteroatom doping,
lithiophilic site introduction, and functional group modification
aims to tailor the surface chemistry of carbon carriers
[3,22,25,30-35]. Nevertheless, the mechanistic details and control
over the morphology and composition of these approaches remain
poorly understood. As established, lithium deposition behavior is
strongly influenced by current density and Li*/atom diffusion rates.
Fractal dendrites accumulate localized radial stresses through
inhomogeneous and uncontrolled deposition [22,23,36]. To
address dendrite-related challenges, regulating deposition behav-
ior at electrode/electrolyte interfaces while ensuring structural sta-
bility is crucial [24-29,37-40]. In our previous work, the single
atom catalyst decorated carbon interphase had demonstrated that
regulating the interfacial kinetics of Li ions could help to delocalize
the atom distribution for smooth plating [15,41-43]. Therefore, an
ideal host or interfacial regulator for lithium metal anodes should
combine mechanical robustness, chemical stability, regulated elec-
tronic/ionic transport, stable electrode/electrolyte interfaces, and
low inactive mass.

Herein, we report a flexible TiN-NbC carbon nanofiber mem-
brane (TN-CNFM) as a stable catalytic interphase to modulate Li
migration kinetics. The conductive carbon nanofiber network pro-
vides a lightweight and flexible scaffold to reduce local current
density and accommodate repeated Li plating/stripping, whereas
the embedded TiN-NbC heterostructures serve as catalytic sites
to couple Li nucleation regulation with accelerated Li-atom surface
diffusion. The TiN-NbC catalyst nanoparticles, partially embedded
within the conductive carbon nanofibers with accessible surface/
near-surface sites, provides active sites to promote lateral diffusion
of Li and lower the diffusion barrier. This enables uniform nucle-
ation, smooth deposition morphology, and stabilized SEI forma-
tion. Benefiting from fast interfacial charge transport, Li-atom
migration, and structural stability, the Li@TN-CNFM composite
anode delivers stable Li plating/stripping for over 1600 h at
5 mA cm~2 with an areal capacity of 1 mA h cm~2, high Coulombic
efficiency in Li||Cu cells, and superior full-cell performance when
paired with LiNiggCog1Mng;0, cathodes, retaining 81.3% of its
capacity after 400 cycles at 0.5C.

2. Results and discussion

To construct a diffusion-regulating catalytic interface, a flexible
TN-CNFM was prepared by electrospinning and followed by high-
temperature treatment, as illustrated in Fig. S1, with detailed syn-
thetic procedures provided in the Supporting Information. Tetra-
butyl titanate (TBOT) and niobium pentoxide (Nb,Os) were used
as the Ti and Nb sources, respectively, while polyacrylonitrile
(PAN) served simultaneously as the carbon source and fiber-
forming matrix. Subsequent pyrolysis at 1000 °C yielded a self-
supporting, mechanically flexible, and highly interwoven nanofiber
membrane (Fig. S2). The TN-CNFM has a thickness of 40 um and an
areal loading of 1.0 mg cm™2 (Fig. S3). Such an interconnected con-
ductive scaffold is favorable for reducing local current density and
maintaining structural integrity during repeated Li plating/strip-
ping (Fig. 1a).

The morphology and microstructure of the TN-CNFM were
characterized by scanning electron microscopy (SEM) and trans-
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mission electron microscopy (TEM). As shown in Fig. 1(b), the
TN-CNFM exhibits a continuous, randomly interwoven fibrous net-
work with fiber diameters of approximately 100 ~ 300 nm. TEM
further reveals that TiN and NbC nanoparticles are uniformly dis-
tributed within the carbon nanofiber, with some domains located
at or near the fiber surface rather than being completely encapsu-
lated by a continuous carbon shell (Fig. 1c). High-resolution TEM
(HRTEM) shows clear lattice fringes with interplanar spacings of
0.245 and 0.223 nm (Fig. 1d), corresponding to the TiN (111)
and NbC (2 0 0) planes, respectively. Both phases are indexed to
cubic structures with the Fm-3 m space group, confirming the
coexistence of crystalline TiN and NbC. Selected-area electron
diffraction (SAED, Fig. 1e) further confirms the crystalline nature
of TN-CNFM, displaying well-defined diffraction rings assignable
to the TiN (111), (2 2 0), and (2 2 2) planes as well as the NbC
(2 0 0) and (3 3 1) planes. Energy-dispersive X-ray spectroscopy
(EDS) elemental mapping (Fig. 1f) reveals the homogeneous distri-
bution of Ti, Nb, N, and C throughout the nanofibers.

The crystalline structure of the TN-CNFM was further examined
by X-ray diffraction (XRD). The diffraction pattern exhibits charac-
teristic reflections of both TiN and NbC phases (Fig. 2a). Specifi-
cally, the peaks at 36.6°, 42.5°, 62.0°, 74.3°, and 78.3° can be
assigned tothe (111),(200),(220),(311),and (22 2) planes
of cubic TiN, respectively (JCPDS No. 38-1420). In addition, the
reflections at 34.7°, 40.3°, 58.3°, 73.3°, and 87.1° correspond to
the (111),(200),(220),(222),and (4 00) planes of cubic
NbC, respectively (JCPDS No. 38-1364). The N, adsorption-desorp-
tion isotherm exhibits a distinct hysteresis loop, and the corre-
sponding pore-size distribution confirms the mesoporous
architecture of TN-CNFM (Fig. S4), which is beneficial for elec-
trolyte penetration and interfacial Li* transport.

X-ray photoelectron spectroscopy (XPS) was conducted to
probe the surface chemical states of TN-CNFM. In the Ti 2p spec-
trum (Fig. 2b), the spin-orbit doublets located at 455.6/461.4,
456.9/462.7, and 458.6/464.3 eV are assigned to Ti-N, Ti-N-O,
and Ti-O species, respectively. The Ti-O component is mainly
attributed to slight surface oxidation or adsorbed oxygen during
air exposure. The Nb 3d spectrum (Fig. 2c) exhibits two sets of
characteristic doublets at 204.4/206.3 and 207.5/210.5 eV, corre-
sponding to Nb-C and Nb-O species, respectively, confirming car-
bide bonding with surface-oxidized Nb species. In the C 1s
spectrum (Fig. S5a), the dominant peaks at 284.7 and 285.4 eV
are assigned to sp?>- and sp>-hybridized C-C bonds, respectively,
while the weaker signals at 286.6 and 283.7 eV correspond to C-
0O-C and Nb-C bonds. The N 1s spectrum (Fig. S5b) is deconvoluted
into four components at 396.1, 397.4, 399.0, and 401.2 eV, which
are attributed to Ti-N-C, Ti-N, Ti-N-O, and N-O species, respec-
tively. These nitride/carbide chemical states provide interfacial
sites for regulating Li nucleation and diffusion.

The local coordination environments and electronic structures
of Nb and Ti in TN-CNFM were investigated by X-ray absorption
fine structure (XAFS) spectroscopy. The Nb K-edge XANES spec-
trum (Fig. 2d) shows that the absorption edge of TN-CNFM lies
between those of Nb foil and NbO,, indicating a subvalent Nb®*
state associated with Nb-C bonding rather than metallic Nb°. The
Fourier transform of the extended X-ray absorption fine structure
(FT-EXAFS) spectrum (Fig. 2e) exhibits a dominant peak at approx-
imately 1.71 A, attributable to first-shell Nb-C coordination,
whereas metallic Nb-Nb and oxide-like Nb-O contributions are
not dominant. Consistently, the WT-EXAFS contour plot (Fig. 2f)
displays a main intensity maximum at approximately 4.5 A~! in
the Nb-C coordination region, confirming the NbC-like local envi-
ronment (Fig. S6 and Table S1). The Ti K-edge XANES spectrum
(Fig. 2g) shows that the absorption edge of TN-CNFM lies between
those of Ti foil and TiO,, indicating an average Ti valence state
higher than metallic Ti® but lower than Ti** in TiO,. This result is
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Fig. 1. Fabrication and structural characterization of the TiN-NbC heterostructure-embedded carbon nanofiber membrane (TN-CNFM). (a) Schematic illustration of Li
electrodeposition on pristine Li metal and at the TN-CNFM-regulated interface. (b) SEM image. (c) TEM image. (d) HRTEM showing TiN and NbC lattice fringes. (e) SAED
pattern. (f) HAADF-STEM image and corresponding elemental mappings of Ti, Nb, N, and C.

consistent with a TiN-dominated electronic structure, with minor
contributions from Ti-O/Ti-O-N species. The FT-EXAFS spectrum
of TN-CNFM exhibits a distinct Ti-(N/O) first-shell scattering con-
tribution, accompanied by Ti-Ti second-shell scattering associated
with the TiN-like framework, supporting the preservation of a TiN-
like local coordination structure (Fig. 2h). The Ti-(N/O) assignment
is adopted because Ti-N, Ti-O-N, and surface Ti-O scattering paths
may overlap in the first-shell region, consistent with the slight sur-
face oxidation/oxynitridation indicated by XPS. WT-EXAFS further
supports that the local coordination environment of TN-CNFM is
closer to TiN than to TiO, or metallic Ti (Fig. 2i). The TiN/NbC
heterostructures embedded within and exposed on the conductive
carbon nanofibers provide chemically active coordination environ-
ments, forming the structural basis for a catalytic interface that
regulates Li-atom diffusion (Fig. S7 and Table S2).

To evaluate the Li plating/stripping behavior regulated by the
TN-CNFM, a Li@TN-CNFM anode was prepared by pressing the
TN-CNFM onto the Li metal surface, followed by assembling
Li@TN-CNFM||Li@TN-CNFM symmetric cells. Galvanostatic cycling
was performed at a fixed areal capacity of 1 mA h cm~2 under cur-
rent densities ranging from 0.5 to 5.0 mA cm™2 (Fig. 3a). At
0.5 mA cm™2, the Li@TN-CNFM]||Li@TN-CNFM cell exhibits a flat
voltage plateau with a low voltage hysteresis, indicating facilitated
Li plating/stripping kinetics. When the current density increases to
1.0, 2.0, and 5.0 mA cm™2, the voltage hysteresis remains as low as
24, 39, and 80 mV, respectively, corresponding to only 52%, 44%,
and 38% of those of the pristine Li electrode (Fig. S8). These reduced
polarization values demonstrate that TN-CNFM effectively redis-
tributes Li* flux and lowers the kinetic barrier for interfacial Li
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deposition, thereby enabling stable Li plating/stripping under
high-rate conditions. Electrochemical impedance spectroscopy
(EIS) was further performed to probe the interfacial charge-
transfer behavior of the Li-based cells (Fig. S9a, b). Compared with
the pristine Li electrode, the Li@TN-CNFM electrode shows mark-
edly decreased series resistance (Rs) and charge-transfer resistance
(Re), suggesting reduced interfacial impedance and facilitated
charge transfer at the electrode/electrolyte interface. Moreover,
the comparable LSV responses of TN-CNFM and bare CC (Carbon
Cloth) indicate that the exposed TiN-NbC heterointerfaces do not
induce appreciable additional electrolyte decomposition within
the investigated potential range (Fig. S10).

To evaluate the long-term Li plating/stripping stability, sym-
metric cells were tested under different current densities and areal
capacities. The Li@TN-CNFM electrode delivers highly stable
cycling for up to 4800 h, far exceeding that of the control cell,
which fails after 1295 h (Fig. S11). At a fixed areal capacity of
1 mA h cm™2, the Li@TN-CNFM symmetric cell maintains a stable
voltage profile for over 1200 h, whereas pristine Li shows pro-
nounced polarization fluctuations and fails after approximately
791 h (Fig. 3b), indicating severe interfacial degradation. The
Li@TN-CNFM electrode also exhibits robust stability at high cur-
rent densities. At 2 mA cm™2, it maintains a low overpotential over
800 h (Fig. S12). Even at 5 mA cm™2, stable cycling is sustained for
over 1600 h with a low and steady overpotential (Fig. S13). These
results demonstrate that the TN-CNFM interface effectively stabi-
lizes Li deposition and suppresses dendrite-induced failure. As
summarized in Fig. 3(c, d) and Table S3, the cycling stability of
Li@TN-CNFM compares favorably with recently reported Li metal
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Fig. 2. Phase structure, surface chemistry, and local coordination environment of TN-CNFM. (a) XRD pattern. (b, c) High-resolution XPS spectra of Ti 2p and Nb 3d. (d, g)
Normalized Nb and Ti K-edge XANES spectra, (e, h) k*>-weighted FT-EXAFS spectra at the Nb and Ti K-edges. (f, i) WT-EXAFS contour plots at the Nb and Ti K-edges.

anodes. The stable voltage response directly verifies that the TN-
CNFM interface redistributes Li flux and promotes delocalized Li
deposition, thereby enabling prolonged cycling stability.

To further evaluate the reversibility of Li plating/stripping,
Coulombic efficiency (CE) was measured in Li||Cu asymmetric cells.
The TN-CNFM-modified Cu electrode, denoted as Cu@TN-CNFM,
exhibits a low Li nucleation overpotential of 32 mV, markedly
lower than that of bare Cu (68 mV; Fig. 3e), indicating enhanced
Li affinity and regulated nucleation behavior. At 0.5 mA cm™,
Cu@TN-CNFM maintains a stable average CE of 98.85% over 120
cycles, whereas bare Cu shows pronounced CE fluctuations and
premature failure (Fig. S14a), reflecting uncontrolled Li deposition.
Even at higher current densities of 1 and 2 mA cm™2, Cu@TN-CNFM
delivers high average CEs of 98.80% and 98.02%, respectively
(Fig. 3f and Fig. S14b). The improved reversibility is attributed to
the TiN-NbC heterostructured catalytic interface, which lowers Li
nucleation barriers, promotes Li atom surface diffusion, and favors
planar Li deposition. Meanwhile, time-resolved EIS/DRT analysis
further reveals that the initial sloped transient is mainly associated
with the progressive establishment of the Li/TN-CNFM interface
and coupled charge-transfer/nucleation dynamics, rather than con-
tinuous SEI thickening or increasing ion-transport resistance
through the porous membrane (Fig. S15). These results confirm
that TN-CNFM serves as a kinetically active and structurally stable
diffusion modulator layer for homogenizing Li flux and suppressing
localized Li accumulation.

To evaluate the effectiveness of TN-CNFM under a restricted Li
inventory, 10 mA h cm™2 of Li was electrochemically deposited
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onto TN-CNFM to construct a limited-Li anode (10Li@TN-CNFM),
with 10Li@Cu used as the control (Fig. S16). The 10Li@TN-CNFM]||
10LiI@TN-CNFM cell maintained stable plating/stripping for 100 h
at 5 mA cm2 and 1 mA h cm™? (Fig. S17b), while reversible Li
deposition with an average Coulombic efficiency of 96.27% was
maintained at 1 mA cm™2 (Fig. S17a). Moreover, the NCM811||
10Li@TN-CNFM cell delivered 171.0 mA h g~ initially and retained
92.9% after 100 cycles at 0.5C (Fig. S18). These results confirm the
effectiveness of TN-CNFM under practically restricted Li inventory.

To evaluate the full-cell compatibility of the LI@TN-CNFM elec-
trode, coin-type cells were assembled using Li@TN-CNFM as the
anode and NCM811 as the cathode. As shown in Fig. 3(g), the
Li@TN-CNFM-based full cell delivers a high specific capacity of
150 mA h g! at 5C, retaining 79.9% of the capacity obtained at
0.5C (188 mA h g!). This value is 1.64 times higher than that of
the pristine Li-based cell at 5C (91.8 mA h g~'). At 0.5C, the
Li@TN-CNFM|INCM811 full cell retains 153 mA h g' after 400
cycles, outperforming the pristine Li||[NCM811 cell with only
118 mA h g~!, demonstrating the improved interfacial stability
enabled by the TN-CNFM interface (Fig. 3h). At 2C, the Li@TN-
CNFM-based cell maintains a reversible capacity of 163 mA h g7},
further highlighting the enhanced rate capability afforded by the
regulated Li-metal interface (Fig. S19). Moreover, the NCM811||
Li@TN-CNFM full cell with a high cathode loading of 10 mg cm™
exhibits stable cycling performance at 0.5C, further demonstrating
the feasibility of the TN-CNFM-protected Li anode under practi-
cally relevant cathode loadings (Fig. S20). In Li||LiFePO, cells, the
pristine Li-based cell undergoes rapid capacity fading, whereas
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Fig. 3. Electrochemical performance of Li metal anodes regulated by the TN-CNFM interface. (a) Rate performance and voltage hysteresis of Li||Li and LI@TN-CNFM]||Li@TN-
CNFM symmetric cells. (b) Galvanostatic cycling stability. (c) Cycling lifetime comparison at different current densities. (d) Benchmark comparison with reported Li metal
anodes. (e) Initial Li nucleation overpotentials on pristine Cu and Cu@TN-CNFM. (f) Coulombic efficiency of Li||Cu and Li||[Cu@TN-CNFM cells measured in 1.0 M LiPFg in EC/
DEC (1:1 by volume) at 1.0 mA cm~2 with a plating capacity of 1.0 mA h cm~2. (g, h) Rate and cycling performance of Li|[NCM811 full cells.

the Li@TN-CNFM-based cell delivers an initial capacity of
148 mA h g7! at 1C and retains 141 mA h g~! after 200 cycles, cor-
responding to a capacity retention of 95.1% (Fig. S21). In the Li-S
battery system, when paired with a sulfur cathode, the Li@TN-
CNFM-based cell achieves an initial discharge capacity of
1014 mA h g~ at 1C and maintains 966 mA h g~! after 200 cycles,
corresponding to 95.3% retention (Fig. S22). These results indicate
that TN-CNFM stabilizes Li metal anodes across different full-cell
chemistries, underscoring its general role in regulating Li deposi-
tion kinetics. To further evaluate the applicability of TN-CNFM
under a restricted Li inventory, an anode-free NCM811||Cu@TN-
CNFM cell was assembled without any preloaded Li on the anode
side. The cell delivered an initial capacity of 160 mA h g~! at
0.5C and maintained a Coulombic efficiency of 97.4% over 50 cycles
(Fig. S23), demonstrating the capability of TN-CNFM to regulate
reversible Li deposition/stripping even without a pre-existing Li-
metal reservoir.

To elucidate the Li deposition behavior regulated by the TN-
CNFM interface, ex situ SEM characterization and density func-
tional theory (DFT) calculations were conducted. After cycling,
the LiI@TN-CNFM electrode exhibits a dense and dendrite-free Li
morphology, whereas pristine Li shows cracked, porous deposits
with pronounced dendritic protrusions (Fig. S24). Even at a high
areal capacity of 10 mA h cm~2, TN-CNFM maintains an intercon-
nected fibrous architecture without obvious Li aggregation
(Figs. S25 and S26), indicating its ability to accommodate volume
variation and guide dendrite-free plating morphology. The pre-
served upper fibrous network together with the dense underlying
Li surface indicates that TN-CNFM acts primarily as an ion-

permeable catalytic interfacial membrane, directing delocalized
Li deposition predominantly toward the buried TN-CNFM/Li inter-
face rather than being uniformly filled by metallic Li. Similar bur-
ied Li-growth behavior beneath ion-permeable artificial
interfacial layers has also been experimentally observed in previ-
ous studies [3,44,45]. Depth-profiling XPS was further employed
to elucidate the SEI chemistry on cycled Li electrodes. Compared
with bare Li, the Li protected by TN-CNFM exhibits substantially
suppressed carbonaceous species throughout the investigated
depth, indicating mitigated solvent-derived parasitic reactions.
Notably, the relative contribution of Li,O in the O 1s spectra
increases from the outer surface toward the inner SEI, accompa-
nied by predominantly LiF fluorinated species (Fig. S27). In con-
trast, bare Li retains considerably higher carbon content together
with pronounced high-binding-energy fluorinated species, indica-
tive of a chemically heterogeneous interphase arising from contin-
uous electrolyte decomposition (Fig. S28). These results suggest
that TN-CNFM redirects the interfacial reaction toward a chemi-
cally reduced and inorganic-rich SEI, thereby stabilizing the Li/-
electrolyte interface during repeated plating/stripping (Fig. S29).
To further probe Li deposition at the interface, Li@TN-CNFM
electrodes were plated to areal capacities of 1, 3, and 5 mA h cm—2,
followed by removal of the TN-CNFM layer for SEM observation of
the underlying Li surface (Fig. 4a-c). At 1 mA h cm~2, the exposed
Li surface remains smooth and compact, without apparent den-
dritic protrusions. As the plating capacity increases to 3 and
5 mA h cm™2, the underlying Li still maintains a dense and uniform
morphology, with no visible mossy Li, needle-like dendrites, or
localized Li accumulation. These results demonstrate that TN-
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Fig. 4. Li deposition behavior and interfacial interaction at the Li/TN-CNFM interface. (a-c) SEM images of the exposed Li surface after removing the TN-CNFM layer at areal
capacities of 1, 3, and 5 mA h cm2. (d) Calculated Li adsorption energies on different substrates. (e, f) PDOS of Li@TiN and Li@NbC. (g) COHP analysis of Li-N interactions. (h)

Li-atom migration barriers on TiN(111), NbC(111), and Li (110) reference surface.

CNFM effectively regulates Li deposition by redistributing Li flux
and facilitating lateral Li-atom diffusion, thereby suppressing ver-
tical dendrite propagation and stabilizing the Li metal surface
under high-capacity plating. In situ optical microscopy further
reveals that TN-CNFM suppresses the amplification of preferential
vertical growth sites and preserves a stable deposition front, con-
sistent with enhanced lateral Li redistribution and delocalized
deposition (Fig. S30).

To elucidate the role of the TN-CNFM interface in regulating Li
nucleation and diffusion, DFT calculations were performed. On
TiN (111), Li preferentially adsorbs at N-coordinated sites, while
on NbC (111), Li mainly interacts with C-coordinated sites, giving
rise to strong Li binding energies of 3.355 and 3.037 eV, respec-
tively (Fig. 4d). These adsorption capability are markedly higher
than that on the pristine Li(110) surface (1.460 eV), indicating that
the TiN/NbC interface provides favorable lithiophilic sites for stabi-
lizing Li atoms and lowering the Li nucleation barrier. The pro-
jected density of states (PDOS) reveals pronounced orbital
hybridization between Li 2s and N 2p/C 2p states (Fig. 4e, f), sup-
porting strong interfacial chemical interactions. Crystal orbital
Hamilton population (COHP) analysis further confirms the robust
Li-N and Li-C bonding, as evidenced by occupied bonding states
with negligible antibonding contributions near the Fermi level
(Fig. 4g and Fig. S31). The calculated migration barriers on TiN
(111) and NbC (111) are 0.294 and 0.470 eV, respectively, mark-
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edly lower than that on metallic Li (1.682 eV; Fig. 4h). In particular,
the low barrier on TiN (111) suggests that TiN-rich interfacial sites
provide kinetically favorable pathways for Li atom surface
diffusion.

To directly resolve the heterointerface-specific Li interaction, an
explicit TiN(111)/NbC(111) model was further constructed
(Fig. 5a). Pronounced charge redistribution is localized around
the TiN-NbC phase boundary, and Bader analysis indicates a net
interfacial charge transfer of approximately 4.06 e~ from NbC
toward TiN (Fig. 5b). Consistently, the markedly different work
functions of TiN (7.37 eV) and NbC (4.05 eV), together with the
intermediate value of the coupled TiN-NbC system (6.26 eV), evi-
dence substantial electronic reconstruction upon interfacial con-
tact (Fig. 5c). The corresponding planar-averaged electrostatic-
potential profile exhibits a pronounced potential variation across
the TiN-NbC interfacial region, further corroborating the formation
of an interfacial potential gradient associated with charge redistri-
bution (Fig. S32). Li binding at representative local environments
across the heterointerface reaches 4.392, 4.081, and 3.967 eV,
respectively (Fig. 5d), demonstrating strong but spatially differen-
tiated Li affinity near the phase boundary. Two representative Li-
migration pathways were subsequently evaluated by CI-NEB
(Fig. 5e, f). Path 1 exhibits a low migration barrier of approximately
0.31 eV, whereas Path 2 involves a metastable intermediate with a
comparably low initial migration barrier, indicating that the TiN-
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migration pathways at the TiN-NbC heterointerface. (f) Corresponding CI-NEB energy profiles for Path 1 and Path 2, respectively. (g, h) COMSOL-simulated electric-field
distributions at the LI@TN-CNFM/electrolyte and pristine Li/electrolyte interfaces at the initial state and after 90 s of Li deposition, respectively.

NbC interfacial region provides kinetically accessible pathways for
Li atom redistribution. These results support an adsorption-
diffusion coupling picture in which interfacial electronic recon-
struction establishes favorable Li-binding environments while
retaining low-barrier surface migration, consistent with the
kinetic-activator mechanism proposed for delocalized Li
deposition.

Finite-element simulations further reveal that TN-CNFM
homogenizes the interfacial electric-field distribution and sup-
presses tip-induced field concentration, thereby evening the Li*
flux; together with the reduced Li-atom migration barrier at the
TiN-NbC heterointerface, this promotes lateral Li redistribution
rather than localized vertical growth (Fig. 5g, h). The uniform Li
deposition therefore arises from the coupled effects of the porous
scaffold in homogenizing Li* flux and reducing local current den-
sity, together with TiN-NbC mediated nucleation and kinetically
favorable Li atom surface redistribution, rather than from lateral
Li diffusion alone. These results reveal an adsorption-diffusion cou-
pling mechanism: TiN/NbC domains first stabilize Li atoms through
Li binding energy and then act as kinetic activators to propel
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surface spreading and lateral redistribution. Consequently, the
TiN-NbC heterostructured interface promotes uniform Li
nucleation/growth and suppresses localized Li accumulation,
enabling dendrite-free delocalized deposition.

3. Conclusions

In  summary, we designed a flexible TiN-NbC
heterostructure-embedded carbon nanofiber membrane (TN-
CNFM) to construct a catalytic interphase for stabilizing lithium
metal anodes. The embedded TiN-NbC heterostructured
domains provide abundant lithiophilic/catalytic sites, which
enhance Li affinity, lower Li-atom migration barriers, and pro-
mote lateral Li-atom redistribution without any dendrite for-
mation. As a result, the Li@TN-CNFM anode delivers stable Li
plating/stripping with low polarization, prolonged cycling sta-
bility, and improved Coulombic efficiency. Moreover, Li@TN-
CNFM-based full cells paired with NCM811, LiFePO,4, and sulfur
cathodes exhibit enhanced rate capability and cycling stability,
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demonstrating applicability of this interfacial regulation strat-
egy. This work provides a heterostructured catalytic-interface
strategy for regulating Li deposition kinetics and advancing
dendrite-free lithium metal batteries.

Experimental section

Experimental details can be found in the Supporting

Information.
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