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A functionalized fiber separator with an anion-sieving effect facilitates
rapid Li* transfer and guides ordered Li deposition. The in situ integra-
tion of metal organic frameworks (MOFs) with polyacrylonitrile (PAN)
fibers effectively prevents MOF agglomeration, and reduces the high
reactivity of —-C=N groups with Li anodes. Real-time visualization
technology confirms uniform Li deposition behavior. The Li|/Li sym-
metric cell demonstrates exceptional plating-stripping reversibility at
10 mA cm2. The Li|LiNiggC001Mno1O, cell exhibits 17% higher
capacity retention after 250 cycles than commercial polyolefin
separator. This in situ chemical modification enables dendrite-free Li
metal batteries through separator engineering.

Lithium metal batteries (LMBs) represent the next generation
of energy storage devices, providing ultra-high energy density
(460-600 W h kg™ ') and exceptional fast-charging capability
(15-30C)."* The overall performance of LMBs is critically
dependent on the cycling stability of lithium (Li) metal anodes,
which fundamentally determines the operational lifespan of
LMBs. Tailoring a uniform and dense Li deposition layer is
essential for Li anodes, but this is also difficult due to the uneven
lithium-ion (Li") concentration distribution and the disordered
Li nucleation sites. Recent advancements in Li anode stability
optimization primarily focus on the following directions, includ-
ing electrolyte engineering,’ three-dimensional current collector
design* and artificial solid electrolyte interphase (SEI) layer
construction.” Metal-organic frameworks (MOFs) are promising
materials for next-generation rechargeable batteries due to their
high porosity, nanopore confinement effects, and thermal
stability.*” For instance, zeolite-like MOFs such as ZIF-67/8,
which is constructed from imidazole ligands, exhibit a highly
ordered structure and excellent thermal stability similar to
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zeolites. These properties are beneficial for applications in gas
adsorption,® photocatalysis® and energy storage.'®

As a vital component in LMBs, the separators serve as an
insulated physical barrier between the cathode and anode, and
construct the Li* transfer channel."* Their performance affects
the interface stability and Li" transfer kinetics. However, the
non-polarity and low porosity of commercial polyolefin separa-
tors lead to uneven distribution of Li" and sluggish transfer
rate. Additionally, the inferior thermal conductivity brings about
local high current density and accelerates the growth of Li
dendrites.”” Therefore, polymers rich in polar groups are often
considered as one of the most desirable substrate materials for
advanced separators. Introducing polar groups coordinated with
Li* could effectively enhance the transport kinetics of Li* and
achieve uniform Li deposition. Polymer fibers can also be com-
bined with structurally diverse MOFs, which not only enhance the
structural advantages of MOFs, but also avoid side reactions
caused by direct contact between strong electron-withdrawing
groups and highly active Li. Nevertheless, the mainstream blend-
ing method is difficult to control the dispersibility and binding
force between the MOFs and the polymer, and the obtained
separators are still restricted by insufficient mechanical properties
and porosity."® Therefore, optimizing the integration strategies of
MOFs and polymers, along with elucidating the underlying
mechanisms governing Li deposition behaviour, is of critical
importance for the development of next-generation LMBs.

Herein, we propose a functionalized fiber separator (N@Co)
featuring a rich polar group (-C=N) network architecture and
an anion-screening effect. By in situ growing ZIF-67 on the PAN
fibers, the agglomeration of MOFs in conventional blending
methods is fundamentally eliminated, and the side reaction
between PAN and Li metal is significantly reduced (Fig. S1,
ESIt). The open metal sites in ZIF-67 effectively confine the free
migration of PFs~ anions and enhance the Li* transfer kinetics.
Meanwhile, the dipole-dipole interaction between -C=N
groups and C=0O0 in carbonate solvent can form a more stable
SEI film. This dual-regulation strategy achieves a superior Li"
transference number (¢;;+ = 0.8) and electrochemical stability
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Fig. 1 (a) and (b) SEM and (c) TEM images and corresponding (d)—(f) EDS
mapping of the N@Co separator. (g) Photographs of different separators
after storage at different temperatures for 0.5 h. (h) FTIR spectra of PAN,
N@Co separators and ZIF-67 powder. (i) N, adsorption—desorption curve
of the N@Co separator (inset: pore size distribution). (j) Contact angle of
the ester-based electrolyte on different separators.

window of 4.98 V. The Li||Li symmetric cell exhibits low over-
potential (~0.14 V) at 10 mA cm™ > An in situ optical micro-
scope recorded the uniform Li deposition behaviours in real
time. Accordingly, the Li||[NCM811 cell with the N@Co separa-
tor demonstrates a 17% higher capacity retention after 250
cycles than the Celgard separator. This proposal provides a way
forward for Li dendrite-free LMBs from the perspective of
separator engineering.

Scanning electron microscopy (SEM) images show that
cobalt-based MOFs (ZIF-67) are uniformly loaded on a single
PAN fiber (denoted as N@Co separator, Fig. 1a and b), and the
thickness of the Celgard, PAN and N@Co separators is 20, 30
and 30 pm, respectively (Fig. S2, ESIt). The Celgard separator
shows a typical slit-like pore structure (Fig. S3a, ESIT), and the
fibers in the PAN separator are smoother compared with the
N@Co separator (Fig. S3b, ESIt). The transmission electron
microscopy (TEM) image and corresponding energy-dispersive
spectrometry (EDS) mapping also revealed the even distribution
of elements C, N and Co, with C and N derived from the PAN
fiber and Co from the ZIF-67 crystals (Fig. 1c-f). In the Fourier
transform infrared spectroscopy (FTIR) of the N@Co separator,
the peaks observed at 1200-1500 cm™* and 1300-1600 cm ™ *
correspond to the bending and stretching vibration of the
2-methylimidazole rings (2-MI), respectively."* Additionally, the
characteristic peak at 2245 cm ™' is attributed to the -C=N
group of PAN fibers (Fig. 1h)."> The X-ray diffraction (XRD)
peaks of the N@Co separator at 12.76°, 10.44° and 7.36° belong
to the crystal planes (112), (002) and (011) of ZIF-67, respectively
(Fig. S4, ESIt)."* Moreover, the N@Co separator exhibits a
329.57 m*> g~ ' increase in BET surface area compared to the
PAN separator (14.01 m> g~ ) (Fig. 1i and Fig. S5b, ESI), which
is attributed to the contribution of ZIF-67 with high specific
surface area (498.79 m® g ', Fig. S5a, ESIT). The abundant pore
structure is mainly mesopores (see insert). High specific sur-
face area is conducive to improving the electrolyte wettability of
the separators. The porosity and electrolyte uptake of the PAN
and N@Co separators are increased by (35.7%, 243.8%) and
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(47.1%, 404%) compared with the Celgard separator, respec-
tively (Fig. S6, ESI{). Furthermore, the static contact angle of
the N@Co separator shows significant advantages, which ben-
efits from the rich polar -C=N groups and the high porosity of
ZIF-67 (Fig. 1j). The stress-strain curve shows that the N@Co
separator has superior tensile strength than the PAN separator,
which is conducive to withstanding the internal stress caused
by electrode volume changes during battery cycling (Fig. S7,
ESIT). The excellent thermal stability of the separator ensures
the safe operation of the battery under high-temperature con-
ditions. Fig. 1g shows that the PAN and N@Co separators
maintain dimensional integrity at 180 °C, whereas the Celgard
separator shrinks laterally and becomes transparent. Thermo-
gravimetric curves show the superior thermal stability of the
N@Co separator (Fig. S8, ESIT). The residual mass of N@Co
separator is about 49.3% at 800 °C, which is significantly higher
than that of the Celgard (0%) and PAN (30.4%) separators. This
shows that the inclusion of ZIF-67 enhances the thermal
stability of the N@Co separator.

Nuclear magnetic resonance (NMR) tests investigate the
interaction between ZIF-67 and PFs  anions in the electrolyte.
For the PFs~ anion, the 'F and *'P NMR peaks exhibit a
significant downfield shift when mixing the electrolyte with
the N@Co separator (Fig. 2a and Fig. S9, ESIf). This result
indicates a change in the electron cloud density surrounding
the F and P atoms, which is attributed to the electrostatic
attraction between ZIF-67 and PFs~ anions.'® The N@Co separa-
tor demonstrates a superior Li" transference number (f.;+ = 0.8)
compared to Celgard (¢;+ = 0.48) and PAN separators (t;+ = 0.65)
(Fig. 2b and c, Fig. S10, ESIT). Additionally, the Li" conductivity
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Fig. 2 (a) *°F NMR of the ester-based electrolyte with the N@Co separa-
tor (Base-N@Co) and PAN separator (Base-PAN). Potentiostatic polariza-
tion test of Li| Li cells with (b) N@Co and (c) PAN separators (inset: the EIS
spectra before and after polarization); (d) Nyquist plots of SS||SS cells with
different separators. (e) Tafel plots of the Li| Li cells with different separa-
tors. (f) Linear sweep voltammetry curves of different separators. (g) The
voltage profiles and (h) average coulombic efficiency in Li||Cu cells with
different separators.
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of the N@Co separator (1.37 mS cm ') surpasses that of Celgard
(0.48 mS cm™ ") and PAN separators (0.77 mS cm™ ') (Fig. 2d).
These prominent values indicate significantly enhanced Li"
transfer kinetics within the N@Co separator. Furthermore, the
exchange current density (i) is derived via Tafel extrapolation,
and quantifies charge transfer kinetics at the electrode-electro-
lyte interface. The N@Co separator exhibits a higher i, value
(1.0 mA cm ?) compared to Celgard (0.2 mA cm ?) and PAN
(0.7 mA cm™?) separators, reducing the polarization voltage
and enhancing the reaction kinetics (Fig. 2e). Linear sweep
voltammetry (LSV) investigates the electrochemical stability of
the separators soaked in the electrolyte. Compared with the
Celgard (4.42 V) and PAN (4.56 V) separators, the electrochemical
stability window of the N@Co (4.98 V) separator shows signifi-
cant improvement (Fig. 2f), indicating that ZIF-67 maintains
favorable stability and ameliorates the electrochemical stability of
PAN fibers. Moreover, the Li||Cu half-cells are assembled to
evaluate the Li nucleation overpotential and coulombic efficiency
(CE)."” As shown in Fig. 2g, the Li nucleation overpotential is
significantly lower in cells with N@Co (63 mV) and PAN separa-
tors (70 mV) than Celgard separator (143 mvV). The reduced
overpotential indicates that the N@Co separator exhibits a lower
Li nucleation barrier.'® Besides, the N@Co-based Li|Cu half-cell
employing ester electrolyte demonstrates a 2% higher average CE
compared to the cell with the Celgard separator, indicating
improved electrochemical reversibility (Fig. 2h). Notably, the
PAN separator shows the lowest average CE (95%), which results
from parasitic side reactions between the strong electronegativity
-C=N groups and high activity Li."

To evaluate the compatibility between separators and the Li
metal anode, the polarization voltage of Li||Li symmetrical cells
is tested at different current densities (1-10 mA cm™?) with a
constant plating capacity (1 mA h cm™>). As the current density
increases, the polarization voltage of three Li||Li symmetrical
cells gradually rises (Fig. 3a). This phenomenon results from
the limited migration rate of Li* at high current density, which
causes a local concentration gradient on the electrode surface.
When the current density reaches 10 mA cm™>, the polarization
voltage of the Li||Li symmetrical cell with Celgard separators
suddenly rises, indicating that the cell is short-circuited. Con-
versely, the Li||Li symmetrical cell with the N@Co separator
exhibits only 142 mV polarization voltage at 10 mA cm ™2, while
the PAN-based cell undergoes short-circuiting at a lower current
density of 6 mA cm 2. The short circuit of the PAN-based cell is
attributed to the sluggish Li" transfer kinetics and parasitic
reaction, which lead to local Li* concentration gradients and
uneven Li deposition. Moreover, the N@Co-based Li||Li sym-
metrical cell demonstrates stable Li plating and stripping
behaviour for over 800 h, maintaining a low polarization
voltage of 50 mV without significant fluctuations (Fig. 3b).
However, PAN and Celgard-based Li| Li symmetrical cells exhi-
bit untimely short-circuiting failures during cycling. The dif-
ference in the surface and cross-section morphology of the Li
anode after cycling demonstrates that the N@Co separator
promotes uniform Li deposition. The Li deposition layer with
the N@Co separator is smoother and denser than that of the
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Fig. 3 (a) Rate and (b) long-term cycle performance of Li||Li symmetric
cells with different separators at various current densities with the constant
plating capacity of 1 mA h cm™2. Operando optical microscopy investiga-
tion of the Li plating behavior on the Li| Li symmetric cells with (c) Celgard
and (d) N@Co separators at a current density of 5 mA cm™2.

PAN separator, and even delamination occurs with the Celgard
separator (Fig. S11, ESIt). Operando optical microscopy (OM)
is conducted to monitor the Li deposition behaviour of Li||Li
symmetrical cells with different separators. As shown in Fig. 3c
and Fig. S12, ESIL,T Li dendrites are observed in the Celgard and
PAN separators at 100 s and 200 s, respectively. In contrast, the
N@Co separator promotes uniform Li deposition, where the Li
deposition layer gradually thickens over time and the Li anode
surface remains flat without obvious protrusions and dendrites
(Fig. 3d).

As a proof of concept, LMBs with the LiNi; gC0q1Mng 10,
(NCM811) cathode are assembled to evaluate the applicability of
the N@Co separator. Fig. 4a presents the rate capability of LMBs
with different separators (1C = 200 mA g~ ). The N@Co-based cell
demonstrates superior discharge capacity (171 mA h g™") at 2C,
significantly outperforming cells with Celgard (159.8 mA h g™ )
and PAN (122.1 mA h g~ ") separators. Additionally, the charge-
discharge curves reveal that the Li|NCM811 cell with a N@Co
separator shows smaller polarization than Celgard and PAN-based
cells, which indicates that the reversibility is more prominent
(Fig. 4b, c and Fig. S13, ESIT). The cycling stability testing (Fig. 4d)
manifests that the Li|NCM811 cell with the N@Co separator
demonstrates a 17% higher capacity retention after 250 cycles
compared to the Celgard separator. Meanwhile, the cell with
the PAN separator shows significant capacity fluctuations after
125 cycles, attributed to electrode-electrolyte interfacial degrada-
tion and sluggish Li" transfer. Furthermore, electrochemical
impedance spectroscopy (EIS) of the LMBs was carried out to
evaluate the interfacial Li* transfer resistance.?° The N@Co-based
LMB exhibits smaller cell impedance before cycling, which
benefits from its good compatibility with the liquid electrolyte.
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Fig. 4 (a) Rate, (b) and (c) discharge—charge curves and (d) long-term
cycling performance of the Li||[NCM811 cells with different separators. The
EIS spectra of Li|NCM811 cells with different separators (e) before and (f)
after 200 cycles. (g) The XPS spectra of Fls for the Li anode with different
separators after 20 cycles.

After 200 cycles, the high-frequency region resistance (Rsg;) of the
PAN-based LMB shows a substantial increase (Fig. 4e and f). This
suggests sluggish Li* transfer through the SEI, which is attributed
to the accumulation of parasitic reaction by-products. Moreover,
X-ray photoelectron spectroscopy (XPS) is performed to ascertain
the SEI composition after LMB cycling with different separators.
In the F1s spectra, a high percentage of Li-F (685 eV) and a low
percentage of P-F (687 eV) peaks are detected on the surface of the
Li anode with N@Co separator (Fig. 4g), which are attributed to
LiF and decomposition products of LiPFe, respectively.”! Never-
theless, the P-F peak is dominant in the SEI formed by the PAN
and Celgard separators. The XPS results manifest that the N@Co
separator can alleviate the decomposition of the electrolyte, and
promote the formation of an SEI rich in LiF with high Li"
conductivity. This result illustrates the internal mechanism of
the N@Co separator to ensure the long-term stable operation of
the LMBs.

In conclusion, the in situ integration of MOFs and PAN
fibers effectively prevents MOF agglomeration and overcomes
the limitations of traditional blending methods. The abundant
open metal sites in the MOFs anchor PFs  anions, facilitating
rapid high-throughput Li* transfer, which achieves a superior
Li" transference number (f;+ = 0.8) and Li* conductivity
(¢ = 1.37 mS cm™'). Meanwhile, ZIF-67 serves as a protective
layer for PAN fibers, mitigating the high reactivity of -C=N
groups with Li anodes, broadening the electrochemical stability
window (4.98 V) and reducing interfacial impedance. Conse-
quently, the Li||Li symmetric cell exhibits remarkable plating
and stripping reversibility at 10 mA cm 2. Moreover, the
Li|[NCM811 cell demonstrates significantly improved cycling
stability. This functionalized fiber separator with anion-sieving
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effect provides a promising strategy for developing dendrite-
free Li metal anodes.
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