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To mitigate the slow conversion kinetics and “shuttle effect” of polysulfides, a flexible, self-supporting
Ni-nitrilotriacetic acid coordination polymer nanowires/few layer Ti3;C,Tx MXene (Ni-NTA/f-Ti3C,Tx) in-
terlayers with three-dimensional network is elaborately devised and fabricated. In this framework, the
M-0-M (M =metal ion) linkages on polymer nanowires present superior catalytic activity towards the
conversion of lithium polysulfides (LiPSs). Meanwhile, physical blocking and chemical trapping of LiPSs
are also achieved, owing to the hierarchical porous structure and polar surface of hybrid interlayer. As
a result, the lithium sulfur batteries assembled with Ni-NTA/f-TizC,Tx exhibit a high specific capacity of
899.5mAh/g at 1 C and 529.6 mAh/g can be kept after 500 cycles with a decay rate of 0.08% per cycle,
confirming the efficient alleviation of shuttle effect.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The increasing demand for electric vehicles and portable elec-
tronic devices has significantly contributed to the development
of high energy density rechargeable batteries [1,2]. Lithium-sulfur
batteries (LSBs) have garnered substantial attention in recent years
due to their low cost, high energy density, and high theoretical
specific capacity [3-5]. However, certain inherent drawbacks of sul-
fur cathodes, such as low electrochemical conductivity, large vol-
ume change during cycling, particularly the detrimental “shuttle
effect” of lithium polysulfides (LiPSs), impede the practical appli-
cation of LSBs [6-8].

To address these issues, several strategies including sulfur cath-
ode design, separator modification, and electrolyte optimization
have been developed [9]. Among these approaches, the incorpora-
tion of interlayers has emerged as a straightforward and effective
method. On the one hand, the interlayer can serve as a physical
barrier to impede polysulfides diffusion. On the other hand, the
functional interlayer can provide chemical bonding and even cat-
alytic sites for the adsorption and conversion of sulfur and LiPSs
in LSBs [10-14]. For example, Yang et al. [15] reported a TiO,/TiN
heterostructure modified N-doped carbon foam interlayer, which
could provide the three-dimensional (3D) flexible conductive net-
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work to balance the surface adsorption and redox conversion of
LiPSs. However, the facile construction of interlayers with low cost
and high performance is still insufficient in research [16]. Besides
metal and its inorganic compounds, coordination polymers (CPs)
especially the porous type, i.e., metal organic frameworks (MOFs)
have attracted increasing attention owing to their abundant avail-
ability, lightweight nature, diverse molecular structures, and well-
defined functional groups [17-19]. Their particular M-O (M = metal
ion) linkages play an important role in constructing active catalytic
sites [20]. However, the low conductivity always hinders their elec-
trochemical performances [20-22]. To resolve the obstacle, ma-
terials with high conductivity are always introduced [23,24]. For
example, Wang et al. [25] prepared a multifunctional Li-S inter-
layer consisting of Zr-based MOF and carbon nanotubes (CNTs).
The incorporation of CNTs effectively enhances the electron and
ion transport of composites, while also facilitating sufficient expo-
sure of active sites in Zr-MOF for capturing and catalyzing LiPSs.
Different from the nonpolar carbon materials, the two-dimensional
(2D) transition metal carbides and nitrides (MXenes) exhibit not
only high electronic conductivity but remarkable polar surfaces
towards LiPSs [26,27]. Nevertheless, the layer restacking together
with oxidative degradation significantly impedes their applications
[28]. Thus, the combination of stable and dispersed CPs with con-
ductive MXenes seems a promising method to solve the above
problems.

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) Schematic illustration for the construction of Ni-NTA/f-Ti3C,Tx self-
supporting interlayer. (b-e) Digital images present the flexibility (rolling, folding)
of the obtained Ni-NTA/f-Ti3C,Tx self-supporting membranes. (f) Cross-section and
(g) top view SEM images of the membrane. (h) TEM, (i) HRTEM, (j) STEM, and (k-m)
elemental (Ni, Ti, C) mapping images of the interlayer.

Herein, a flexible self-supporting membrane was synthesized
with one-dimensional (1D) nickel coordinated nitrilotriacetic acid
(Ni-NTA) polymer nanowires (NWSs) as reinforcement and 2D
few-layer Ti-based MXene (f-Ti3C;Tx) as matrix through a facile
self-assembly method. The catalytic ability of the M-0-M linkage
of Ni-NTA could be activated by the addition of conductive MXene
nanosheets (~20 wt%). Simultaneously, the restacking of MXene
nanosheets was effectively inhibited by the 1D NWs. The opti-
mized Ni-NTA/f-Ti3C;Tx networks were employed as multifunc-
tional layers with physical, chemical and catalytic abilities toward
the dissolved LiPSs. Thus, the as-assembled LSBs exhibit excellent
electrochemical performances including large specific capacity,
high-rate capabilities (481.6 mAh/g at 2 C) and stable cycling per-
formance with a low capacity decay rate of 0.08% per cycle at 1 C.

Fig. 1a illustrates the preparation of Ni-NTA/f-Ti3C;Tx self-
supporting membranes. Ni-NTA NWs synthesized by the hy-
drothermal method exhibit a significantly high aspect ratio and
facilitate to exposure of enormous active sites (Fig. S1a in Support-
ing information). Additionally, MXene nanosheets were obtained
through the typical acid etching and exfoliation way as reported
(Fig. S1b in Supporting information) [29]. During the following
sonication and vacuum-filtration processes, MXene nanosheets
with a negative charge spontaneously adhere to the exposed sur-
face of positively charged Ni-NTA NWs via electrostatic attraction
and van der Waals forces, thereby accomplishing the self-assembly
process [30]. The digital image shown in Fig. 1b displays freestand-
ing Ni-NTA/f-Ti3C,Tx membranes with a smooth surface devoid of
wrinkles and cracks, proving the uniform distribution of different
components. Various mechanical deformations were evaluated for
the Ni-NTA/f-Ti3C,Tx membranes (Figs. 1c-e), demonstrating their
superior flexibility and mechanical properties. Scanning electron
microscope (SEM) analysis was conducted to examine the mor-
phology of the Ni-NTA/f-Ti3C,Tx membranes (Figs. 1f and g). Fig. 1f
presents a cross-sectional image, revealing that the membrane has
a thickness of ~17.6um. Notably, it can be observed that the 2D
MXene exhibits a uniform distribution within the network struc-
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ture, acting as an adhesive to intricately intertwine the 1D Ni-NTA
NWs, thereby forming a highly interconnected and integrated 3D
flexible conductive composite network (Fig. 1g). Transmission elec-
tron microscopy (TEM) image (Fig. 1h) further confirms the high
aspect ratio of Ni-NTA with an average diameter of ~500nm and
the large lateral size of MXene. Moreover, the high-resolution TEM
image (Fig. 1i) clearly shows the (002) lattice fringe of MXene with
a spacing of 1.35nm coated on the surface of Ni-NTA, confirming
the tight interaction of MXene with Ni-NTA. Such unique interface
structure constructs stable transmission pathways, significantly
enhancing the efficient electron and ion conduction in the whole
interlayer, and facilitating the M-O-M linkages in Ni-NTA for
redox transformations. Scanning transmission electron microscopy
(STEM, Fig. 1j) and elemental mapping analysis (Figs. 1k-m) indi-
cate a homogeneous distribution of the Ni, Ti, and C elements and
the formation of firm composite structures.

X-ray diffraction (XRD) patterns and Raman spectra were per-
formed to investigate the crystal and chemical structures of the
obtained Ni-NTA/f-Ti3C,Tx membrane. As depicted in Fig. 2a, the
(002) characteristic peak of Ti3C;Tx MXene confirms its layered
structure with an average interlayer distance of ~1.38 nm. Sharp
peaks are observed for the prepared Ni-NTA NWs indicating
their excellent crystallinity. The Ni-NTA/f-Ti3C,Tx exhibits consis-
tent diffraction peaks with those of Ni-NTA as it takes a major
mass proportion of ~80wt%. Furthermore, the (002) characteristic
peak of Ti3C,Tx disappears after assembly, which is entirely over-
shadowed by the Ni-NTA peak. In contrast, the Raman spectrum
of Ni-NTA/f-Ti3C,Tx reveals three distinct peaks at 209, 397, and
635cm~! in according with the single f-Ti3C,Tx as there are no
characteristic peaks for Ni-NTA in a test range of 200—900cm™!
(Fig. 2b). The first peak is assigned to the A;; model which is out-
of-plane vibration of Ti, C atoms and surface groups (-F, -0) [31].
The latter two peaks represent E; modes related to out-of-plane vi-
brations [31]. The complementary results of XRD patterns and Ra-
man spectra further confirm the construction of stable composite
interlayers.

The X-ray photoelectron spectroscopy (XPS) was conducted to
investigate the chemical bonding environment of various elements
in the Ni-NTA/f-Ti3C,Tx sample. The survey spectrum (Fig. S2a in
Supporting information) reveals the presence of Ni, Ti, C, N, and O
elements. The Ni 2p spectrum exhibits four fitting peaks of Ni*
along with two shakeup satellites. The peaks at 855.7eV (2p3;)
and 873.4eV (2py),) are attributed to the Ni-O band, while the
peaks at 857.1eV (2p3p) and 874.9eV (2pqp,) correspond to the
Ni-OH band. (Fig. 2¢) [32]. Meanwhile, the O1s spectra can be
fitted into four peaks (Fig. 2d): The presence of the Ni-O bond
is further confirmed by the peak observed at 529.2eV [33], and
the peaks at higher binding energies correspond to C=0 (532.9eV),
C-0 (531.8eV), and Ti-0 (529.7eV) bonds [26]. It is observed that
the chemical bonding in the orbitals of Ti 2p produces an XPS char-
acteristic peak at 455.8eV and 457.3 eV, respectively (Fig. S2b in
Supporting information). The Ti-C bond is derived from the MXene
skeleton, and the presence of the TiO, peak indicates a slight ox-
idation of the MXene nanosheets [34]. As shown in Fig. S2¢ (Sup-
porting information), the C1s spectra can be fitted into four types
of carbon species: C-Ti (282.1eV), C-C (284.8eV), C-0 (286.7¢eV)
and C=0 (289.4eV), confirming the existence of electronegative
functional groups on MXene edges and surface.

In the investigation of separator materials, the abundant porous
structure, and hierarchical pore size distribution play key roles
in facilitating lithium ion diffusion and physically constraining
of LiPSs. As confirmed by the N, adsorption-desorption isotherm
curves (Fig. 2e), the specific surface area of Ni-NTA/f-Ti3C;Tx ex-
hibits a significant increase (32.8 m?/g) compared to that of single
Ni-NTA nanowires (18.9 m?/g). The enhanced specific surface area
is favorable for LiPSs adsorption, and provides more active sites
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Fig. 2. (a) XRD patterns and (b) Raman spectra of pure Ni-NTA, f-Ti;C;Tx, and Ni-NTA/f-Ti3C,Tx. XPS spectra of (c) Ni 2p, and (d) O 1s for Ni-NTA/f-Ti3C;Tx. (e) Nitrogen

adsorption-desorption isotherms and (f) pore size distribution of Ni-NTA/f-Ti3C,Tx.

for electrochemical reactions involving LiPSs [35]. Furthermore, the
composite structure exhibits a wide pore size distribution ranging
from 1nm to 5nm upon introducing MXene (Fig. 2f). The origi-
nal microporous structure of Ni-NTA transforms into a hierarchical
porous structure consisting of micropores and mesopores. Micro-
pores facilitate electrolyte absorption, thereby improving separator
wettability and enhancing lithium ion conductivity, whereas meso-
pores offer additional active sites for LiPSs capture and catalysis
[36]. The resulting micro-mesoporous structure with a large spe-
cific surface area enables efficient permeation of lithium ions while
exerting stronger physical constraints on LiPSs [37].

The ability of the Ni-NTA/f-Ti3C,Tx interlayer to block LiPSs is
authenticated by Li,Sg permeate in experiments (Fig. S3 in Sup-
porting information). The LiPSs pass through the Ni-NTA/PP and PP
separator by displaying a distinct deep yellow colour on the other
side of the device after 12h, indicating poor LiPSs suppression. In
contrast, no LiPSs are detected in the device with the Ni-NTA/f-
Ti3C,Tx interlayer. The Ni-NTA/f-Ti3C,Tx interlayer effectively acts
as a physical barrier, intercepting LiPSs and preventing their pen-
etration. Fig. 3a and Fig. S4 (Supporting information) show the CV
curves of LSBs with Ni-NTA/f-Ti3C,Tx/PP, Ni-NTA/PP, and PP as in-
dicated in a voltage range of 1.7-2.8V at a scan rate of 0.1 mV/s.
All three electrodes exhibit typical redox peaks of LSBs, including
two reduction peaks and one oxidation peak [38]. The cells with
Ni-NTA display lower reduction potentials and higher oxidation po-
tentials, indicating significant potential polarization due to hystere-
sis in the redox reaction, which ascribes to the low electrical con-
ductivity of the CPs. In contrast, the Ni-NTA/f-Ti3C,Tx demonstrates
enhanced electrochemical reaction kinetics and elevated electro-
chemical activity attributed to the construction of a 3D conductive
network, as evidenced by CV curves showing the largest peak cur-
rent and smallest potential polarization. To quantify the electrocat-
alytic effect, the Tafel slopes of the calculated oxidation peaks and
reduction peaks are shown in Figs. 3b and c, Fig. S5 (Supporting
information). Two cathodic peaks (Peak I and Peak II) correspond
to the transformation from Sg to Li;Sp (6 <n<8) and from Li,S,
(2<n<4) to Li,S, respectively. Additionally, the anode peak (peak
III) corresponds to the transformation from Li,S to Sg. Evidently,
Ni-NTA/f-Ti3C,Tx exhibits the lowest Tafel slope for both reduction
and oxidation reactions, indicating that it can effectively facilitate
the conversion between LiPSs and Li,S during these processes [39].

The resistive characteristics of cells with different interlayers
are further investigated using electrochemical impedance spectra
(EIS), which are fitted by the equivalent circuit in Fig. 3d and
Table S1 (Supporting information). It can be observed that Ni-

NTA/f-Ti3C; Tx /PP cell exhibits a significantly lower charge transfer
resistance (R¢) (70.8 2) compared with Ni-NTA/PP cell (540.7
). This improvement can be attributed to excellent conduc-
tivity provided by tightly coated MXene nanosheets on Ni-NTA,
forming a highly conductive 3D network structure that facilitates
electron transfer. The Warburg (W,) value is associated with the
mass transport impedance of ions from the bulk solution to the
electrode-electrolyte interface and consists of three parameters:
the Warburg resistance (W,-R, 2), the Warburg time constant
(Wo-T, s), and the ideality factor (W,-P) [40]. Low capacitance
values observed in the fitted circuit indicate that Ni-NTA/f-Ti5C,Tx
facilitates faster diffusion of lithium ions to match the reaction
rate [41]. In contrast, without the incorporation of polar MXene
nanosheets, poor electrical conductivity exhibited by Ni-NTA
leads to an overall electrochemical performance hindered by a
“short-board effect”, thereby impeding rapid ion diffusion.

To investigate the conversion from soluble LiPSs to solid Li,S,
potentiostatic discharge tests are conducted on different substrates
(Fig. 3e). The precipitation capacities of Li,S are 159.5mAh/g
and 45.0mAh/g for Ni-NTA/f-Ti3C,Tx and Ni-NTA cathodes, re-
spectively. A larger precipitation capacity of the Ni-NTA/f-Ti3C,Tx
cathode implies more rapid reaction kinetics between LiPSs and
Li,S. Notably, constant potential charging experiments confirm
that the Ni-NTA/f-Ti3C,Tx cathode exhibits the highest constant
voltage current (0.82mA) and the shortest response time (3700s)
for the Li,S dissolution peak, surpassing those observed with
the Ni-NTA cathode (Fig. 3f). It is worth mentioning that pure
MXene based interlayer don’t exhibit ideal catalytic performance
in cells, potentially attributes to hindered exposure of functional
surfaces and ion diffusion caused by the stacking arrangement
of MXene nanosheets (Fig. S7 in Supporting information). The
above points can be further supported by assembling symmetric
cells. The CV curve obtained from the symmetric cell assembled
with Ni-NTA/f-Ti3C,Tx exhibits a higher current peak compared
to that of the Ni-NTA sample at a scan rate of 50mV/s (Fig. S8
in Supporting information). The exceptional catalytic performance
could be ascribed to the distinctive M-O-M coordination pattern
in Ni-NTA, which forms a 3D transition metal oxide framework
(Fig. 3g) [42-44]. Compared to conventional M-O linkages [45,46],
the enhanced connectivity between metal ions results in synergis-
tic effects that greatly accelerate LiPSs conversion and promote 3D
deposition of Li,S.

Fig. 4a illustrates the initial charge-discharge profiles of the
LSBs with Ni-NTA/f-Ti3C,Tx interlayer at 0.2 C. The capacity con-
tribution of the two discharge plateaus is denoted as Q1 and Q2,
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Fig. 4. (a) Galvanostatic charge-discharge profiles of the LSBs with different inter-
layers at 0.2 C. (b) AE and Q2/Q1 values obtained from charging-discharging curves.
(c) Rate performance of LSBs with different interlayers at various current densities.
Galvanostatic charge-discharge profiles of the LSBs with Ni-NTA/f-Ti3C, Tk interlayer
at (d) different current densities and (e) 0.5 C. Cycling performances of LSBs with
different interlayer at (f) 0.5 C and (g) 1 C. (h) Galvanostatic charge-discharge pro-
files of the LSBs with Ni-NTA/f-Ti3C,Tx interlayer under a higher sulfur loading of
3.2mg/cm? at 0.2 C.

respectively, which are utilized to investigate the conversion level
of sulfur species under different voltages. The high voltage plateau
(Q1) is associated with the conversion of Sg to long-chain LiPSs,
while the low voltage plateau (Q2) corresponds to the subsequent
reduction of LiPSs into insoluble products [47]. Furthermore, the
potential difference (AE) between charge and discharge plateaus
is employed to comprehend the LiPSs transformation kinetics and
polarization in LSBs. Fig. 4b demonstrates the corresponding AE
values and Q2/Q1 ratio. In all tested samples, the cathode incorpo-

rating the Ni-NTA/f-Ti3C,Tx interlayer exhibits a significantly low
AE value (241 mV), indicating minimal electrochemical polariza-
tion and rapid conversion kinetics. Moreover, the cathode with
the Ni-NTA/f-Ti3C,Tx interlayer displays the highest Q2/Q1 ratio of
2.51, further verifying that the “shuttle effect” is greatly suppressed
and loss of active material is effectively prevented by the incorpo-
ration of Ni-NTA/f-Ti3C,Tx interlayer [48].

The rate performances of the assembled LSBs utilizing Ni-
NTA/f-Ti3C, Tk, Ni-NTA, and f-Ti3C,Tx interlayers, along with a pure
PP separator, are evaluated at different current densities (Fig. 4c
and Fig. S9 in Supporting information). Among them, Ni-NTA/f-
Ti3C,Tx shows the highest rate performance, delivering capacities
of 1185.2-481.6 mAh/g at current densities of 0.2-2 C, which is
higher than the cells with Ni-NTA (970.4-84.1 mAh/g), f-Ti3C,Tx
(642.8-240.1 mAh/g) and PP (953.7-185.1 mAh/g). Furthermore,
the capacity can be recovered to 1090.2 mAh/g when the rate is
back to 0.2 C. Ni-NTA demonstrates the lowest rate performance
due to the significant interface resistance between the interlayer
and the electrode, which impedes efficient electron transfer.
Furthermore, the galvanostatic charge-discharge (GCD) curves of
LSBs at various rates are presented in Fig. 4d and Figs. S10a and b
(Supporting information). The Ni-NTA/f-Ti3C,Tx exhibits the most
stable discharge platform and smallest polarization at different
current densities. This behavior could be attributed to the superior
ability of Ni-NTA/f-Ti3C,Tx to catalyze the conversion of LiPSs and
lower electrochemical resistance, which accelerates redox kinetics
of LiPSs.

The corresponding cycling performance of cells with different
interlayers at 0.5 C is further presented in Figs. 4e and f and
Fig. S11 (Supporting information). After 200 cycles, the LSBs
with Ni-NTA/f-TiC,Tx/PP, Ni-NTA/PP, f-Ti3C,Tx/PP, and PP demon-
strate sustained reversible capacities of 657.7, 513.1, 407.6, and
471.8 mAh/g respectively. The LSBs are also tested at a high cur-
rent rate of 1 C for an extended investigation into their long-term
cyclability (Fig. 4g). The initial discharge capacity (899.5 mAh/g)
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of cells with Ni-NTA/f-Ti3C,Tx interlayer is significantly higher
compared to those with Ni-NTA interlayer (569.4 mAh/g) or PP
(650.4 mAh/g), indicating a superior utilization rate of sulfur. Im-
pressively, even after undergoing 500 cycles at 1 C, LSBs equipped
with the Ni-NTA/f-Ti3C,Tx interlayer exhibit a discharge capac-
ity of 529.6mAh/g and experience only minimal capacity loss
of 0.08% per cycle, outperforming LSBs with Ni-NTA interlayer
(423.2mAh/g) or PP (304.3 mAh/g). Compared to other interlayers
based on MXene or coordination polymers, the Ni-NTA/f-Ti3C,Tx
interlayer also demonstrates excellent cycling stability (Table S2
in Supporting information). Note that, the cells with Ni-NTA
interlayer experience a slight capacity increase during cycling,
which could potentially be attributed to the gradual reactivation
of initially inactive active sites. By considering the GCD curves
(Figs. S12a-c in Supporting information), it is evident that the
Ni-NTA/f-Ti3C,Tx displays the most stable voltage profile and the
lowest polarization voltage during cycling. The cycling perfor-
mance is further evaluated at current densities of 0.2 C (Figs. S13
and S14a-c in Supporting information). Remarkably, LSBs equipped
with the Ni-NTA/f-TisC,Tx interlayer exhibit exceptional dura-
bility and perform excellently even under high sulfur loading
(3.2mg/cm?) (Fig. 4h and Fig. S15 in Supporting information). This
further confirms that the prepared Ni-NTA/f-Ti3C;Tx interlayer
could effectively adsorb LiPSs and accelerate their redox reaction
kinetically. Furthermore, this research finding also has the poten-
tial for extension and application to other transition metal systems
(Figs. S16a-d in Supporting information).

In summary, a novel 3D hybrid structure Ni-NTA/f-Ti3C,Tx, con-
sisting of Ni-based NWs and MXene nanosheets was successfully
synthesized through a facile self-assembly strategy and served as
an efficient interlayer for high performance LSBs. The intercon-
nected Ni-NTA/f-Ti3C,Tx flexible conductive network offered an
abundant hierarchical porous structure with high electrical con-
ductivity, which served as an efficient physical and chemical bar-
rier to obstruct LiPSs. The electrical behavior test further con-
firmed that the M-O-M linkages in Ni-NTA NWs together with
the conductive Ti3C,Tx nanosheets enabled the fast LiPSs conver-
sion kinetics. By combining physical/chemical inhibition and cat-
alytic conversion strategies, the LSBs with the Ni-NTA/f-Ti3C;Tx in-
terlayer exhibited excellent electrochemical performance. What is
more, this work provides valuable insights for designing and con-
structing coordination polymer based composite interlayers toward
high performance LSBs.
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