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High ionic conductivity conjugated artificial solid
electrolyte interphase enabling stable lithium
metal batteriesy

Dong Yan,? Yuhao Ma,? Hao Wang,? Weishang Jia,? Xiaobin Niu, €@ Haibo Wang,**
Wei Zou*® and Liping Wang 2 *@

Lithium metal batteries (LMBs) are promising for next-generation high-energy-density batteries but suffer
from severe interface instability on reactive Li metal, resulting in poor cycling performance and resource
inefficiency. In this study, we present a durable artificial solid electrolyte interphase (SEI) layer (composed
of organic conjugated polyacrylonitrile (CPAN) and uniformly dispersed inorganic ZnO nanoparticles,
denoted as CPAN@ZnO) using an eco-friendly approach, with reduced energy consumption and mini-
mized thermal degradation byproducts. The unique conjugated structure of CPAN exhibits homogeneous
surface electrostatic potential (ESP) distribution. When coupled with lithiophilic ZnO, this interaction
induces more homogeneous Li deposition and inhibits dendrite growth. Additionally, its great binding
energy with Li and rapid ion migration pathways effectively promote the de-solvation of Li* and enhance
interfacial transport kinetics. Therefore, the CPAN@ZnO SEI exhibits high ionic conductivity, suppressing
“dead Li" and dendrite, thus enhancing interface stability and extending the Li anode lifespan. As a result,
the CPAN@ZnOa@Li symmetrical cell achieves an ultralong cycling life of over 5400 h with a low overpo-
tential, showcasing exceptional cycling stability. Furthermore, the Li-limited full cell NCMS811||
CPAN@ZnO@Cu (N/P = 0.6) delivers stable cycling over 100 cycles with a capacity retention of 88.8%.
This work provides valuable insights into high ionic conductivity SEI design for stable cycling performance
of Li-limited LMBs, reducing reliance on anode mining and mitigating environmental impacts from elec-
trode material production, thereby contributing to resource sustainability.

1. We propose an innovative SEI layer, which is fabricated through a sustainable strategy involving a mild annealing-cyclization process (260 °C for 1 h), redu-
cing energy consumption and minimizing thermal degradation byproducts compared to conventional methods.

2. The CPAN@ZnO SEI, with high ionic conductivity and electronic insulation, enables uniform bottom-top Li deposition, and improves the interface stability
of Li metal, thus enhancing the cycling stability of Li-limited batteries.

3. This work provides valuable insights into high ionic conductivity SEI design for stable cycling performance of Li-limited LMBs, reducing reliance on anode
mining and mitigating environmental impacts from electrode material production, thereby contributing to resource sustainability.

1. Introduction

Lithium metal batteries (LMBs) are widely regarded as the
“holy grail” of secondary batteries due to their high specific
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includes uncontrollable dendrite growth, severe side reactions,

and the formation of “dead Li”, all of which contribute to poor
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Specifically, the inhomogeneous nucleation and deposition of
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Li lead to severe Li dendrites, which can puncture the separa-
tor, causing short circuits and even fires."”” Additionally, the
accumulation of “dead Li” and continuous side reactions
between Li metal and the electrolyte also degrade the perform-
ance of the battery.'®™" Therefore, it is crucial to develop a
stable and robust solid electrolyte interphase (SEI) with low
electron conductivity and high ionic conductivity to enhance
the interface stability of the Li metal anode, ultimately
enabling high-performance LMBs.

In previous studies, tremendous efforts have been made to
develop effective SEI layers for Li metal protection, such as the
development of electrolyte additives, interfacial self-polymeriz-
ation, metal passivation, etc.’>° Among the aforementioned
strategies, organic polymers, such as polyethylene oxide (PEO),
polyacrylonitrile (PAN), and polyvinylidene fluoride (PVDF), are
widely preferred by researchers due to their superior mechani-
cal properties, which make them effective in alleviating the
volume expansion of Li metal.”’*' Meanwhile, inorganic
materials, including metal oxides and alloys, are frequently uti-
lized for interface modification owing to their ability to regulate
Li nucleation and growth.?>*® Nevertheless, organic materials
face limitations due to the non-uniform distribution of func-
tional groups, resulting in uneven charge distribution and hin-
dering homogeneous nucleation. Similarly, inorganic materials
may also compromise interface stability due to issues such as
volume expansion.’” The optimal approach involves the
effective integration of organic and inorganic materials, com-
bining their respective advantages while mitigating their
inherent limitations. Specifically, the flexibility of organic
materials can be utilized to alleviate the volume expansion
issues associated with inorganic materials, while the uniform
dispersion and nucleation-inducing properties of inorganic
materials help address the inhomogeneous Li deposition
within the SEI formed by organic materials.

Hence, we propose a durable artificial SEI layer composed
of conjugated organic polyacrylonitrile (CPAN) with uniformly
dispersed inorganic ZnO nanoparticles, denoted as
CPAN@ZnO. This innovative SEI layer was fabricated through
a sustainable strategy involving a mild annealing-cyclization
process (260 °C for 1 h), which reduces energy consumption
and minimizes thermal degradation byproducts compared to
conventional methods (Table S1t). The resulting CPAN@ZnO
artificial SEI with dual functionality of promoting Li* transport
and inducing uniform Li" deposition significantly enhances
the stability of the Li metal surface and achieves stable long
cycling performance of Li-limited LMBs.

2. Results and discussion
2.1 Design principle

As depicted in Fig. 1a, organic PAN was selected as the electro-
spinning polymer due to its low cost, finely modifiable spinn-
ability and electron-rich nitrile group (-C=N). Zn(Ac), and N,N-
dimethylformamide (DMF) were utilized as the metal ion addi-
tives and solvent, respectively. The CPAN@ZnO artificial SEI was

This journal is © The Royal Society of Chemistry 2025
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initially synthesized by electrospinning, followed by mild
thermal treatment in air to produce films with unique conju-
gated structures and a uniform distribution of ZnO particles.
The as-prepared CPAN@ZnO layer exhibits high ionic conduc-
tivity due to the unique ion-conducting conjugated structure. In
addition, it also exhibits a more homogeneous ESP distribution
compared to the uncyclized PAN, which induces more homo-
geneous Li deposition and inhibits dendrite growth.*®

The cyclization reaction of PAN was facilitated by the com-
bined effects of heating and Zn*", leading to the cleavage of
the triple bond in -C=N and the formation of new -C=N-
bonds (Fig. 1b). Apparently, the introduction of Zn(Ac),
resulted in darker fibre membranes under identical heating
conditions, indicating a more profound cyclization of PAN
under lower heating conditions (Fig. S1f). We found that the
optimal Zn(Ac), concentration was 600 mg per 10 mL of the
precursor solution through Li||Cu cell testing (Fig. S27).
Simultaneous Thermal Analysis (STA) was performed to inves-
tigate the interaction between Zn(Ac), and PAN. It revealed the
catalytic effect of Zn(Ac), on PAN cyclization (Fig. S31). In the
DSC curves (Fig. S3ct), the exothermic peak at 120 min
(260 °C) corresponds to PAN cyclization, which shifts to earlier
time and becomes sharper with Zn(Ac), addition, indicating
accelerated and enhanced cyclization. The corresponding
mass loss profile (Fig. S3dt) reveals that PAN@Zn(Ac), under-
goes a notably greater mass loss (stage II), which corroborates
the intensified dehydrogenation and cyclization of PAN. In
addition, PAN@Zn(Ac), undergoes an extra mass loss (stage
III), corresponding to peak III in DSC curves, primarily attribu-
ted to the decomposition of Zn(Ac),.

As shown in Fig. 1c, the transformation in functional
groups enables CPAN molecules to exhibit a more homo-
geneous ESP, resulting from the more homogenised charge
distribution, which induces a more homogeneous Li depo-
sition. Furthermore, this transformation not only enhances
the mechanical properties and ESP, but also improves the Li"
conductivity (Fig. S47), which is much higher than that of tra-
ditional inorganic LiF and Li,0.*° Specifically, Li* selectively
coordinates with the N atom in the -C=N- group and is
further attracted to another electron-rich N atom, enabling Li"
to freely jump between active sites on the conjugated CPAN
scaffold, thus achieving higher Li' transport dynamics
(Fig. $51).>*° Moreover, it is electronically insulating, as evi-
denced by its current being below the detectable range of the
test equipment. These properties selectively permit only Li" to
transport through the artificial SEI layer to the Li metal
surface, achieving uniform bottom to top deposition.

The binding energy calculations reveal that CPAN and ZnO
exhibit strong binding energies with Li (—3.84 eV and —0.97
eV, respectively), which are substantially higher than those of
uncyclized PAN-Li and common electrolyte solvents (DOL-Li
and DME-Li) (Fig. 1d). The strong interactions promote the de-
solvation process of Li*, thereby improving the dynamics and
the rate capability of LMBs."' Based on the aforementioned
characteristics, we designed and synthesized the organic-in-
organic CPAN@ZnO artificial SEI featuring superionic conduc-
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Fig. 1 Design principles. (a) Schematic illustration of the synthesis process of CPAN@ZnO. (b) Schematic diagram of the cyclization reaction of PAN.
(c) ESP. (d) Binding energies of Li-PAN, Li-CPAN, Li-ZnO, Li-DOL, and Li-DME.

tivity, resulting in enhanced interface stability of the Li anode
and improved cycling performance of LMBs.
2.2 Morphology and phase analysis

The micro-morphologies of the CPAN@ZnO and ZnO-free
CPAN SEI are presented in Fig. 2a and Fig. S6,t respectively.
Both artificial SEIs exhibit highly uniform nanofiber struc-

7566 | Green Chem., 2025, 27, 7564-7574

tures, with a diameter of approximately 200 nm and a thick-
ness of about 10 pm (Fig. S7t). Notably, uniform ZnO nano-
particles are clearly visible on the CPAN@ZnO nanofibers. The
well-defined nanoparticle-fibre composite structure is further
confirmed by transmission electron microscopy (TEM). In the
high-resolution TEM image (Fig. 2b), nanoparticles with a dia-
meter of approximately 10 nm are observed with an interpla-

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5gc01282a

Published on 28 Motsheanong 2025. Downloaded on 2025-12-06 21:17:03.

Green Chemistry

View Article Online

Paper

o

N FEAN =N C=N PAN
PAN WV_\—V V
—~ = CPAN
g_ \_k cPAN | = TN V
2 M :;..: B CPAN@Zn(Ac),
% PAN@Zn(Ac), % W
L L CPAN@ZnO
e S
T = ZnO JCPDS no: 89-0510
. . 11 . . T v [ i . . . .
10 20 30 40 50 60 70 500 1000 1500 2000 2500 3000
26 (deg.) Wavenumber (cm™)
f g h
Zn-0
’l
O1s N1s PN
CPAN@ZnO CPAN@ZnO o
c=0 _ B
c-0 c=N / c-C o . “C=N
c=0 o
CPAN CPAN CPAN
536 532 528 290 288 286 284 282 402 400 398 396

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Fig. 2 Micromorphology and chemical composition analysis. (a) SEM image. (b) High-resolution TEM image. (c) Elemental mapping of CPAN@ZnO.
(d) XRD patterns before and after the cyclization reaction. (e) FT-IR spectra before and after the cyclization reaction, and analysis of the degree of
cyclization with/without zinc ions. (f—h) High-resolution XPS spectra for O 1s, C 1s and N 1s of CPAN@ZnO and CPAN before cycling.

nar distance of 0.26 nm, belonging to the (002) plane of ZnO.
Additionally, elemental mappings of O, N, and Zn reveal an
even distribution (Fig. 2¢), indicating that ZnO nanoparticles
are evenly dispersed on the nanofibers.

X-ray diffraction (XRD) reveals the phase differences
between CPAN@ZnO and ZnO-free CPAN, as well as the phase
evolution after annealing. As shown in Fig. 2d, the diffraction
peaks of CPAN@ZnO are primarily assigned to hexagonal ZnO
(JCPDS card number: 89-0510), while only the diffraction
peaks of PAN are detected in the ZnO-free membranes before
and after heating. It is noteworthy that the addition of Zn(Ac),
leads to a decrease in the intensity of the diffraction peak at
15°, corresponding to the (100) plane of PAN, which is caused
by the deepening of the cyclization of the PAN molecule.***?
Meanwhile, the cyclization of PAN is further confirmed from

This journal is © The Royal Society of Chemistry 2025

the Fourier-transform infrared (FT-IR) spectra (Fig. 2e), where
the peak of -C=N (approximately 1588 cm™') significantly
intensifies after annealing and the peak of -C=N (approxi-
mately 2244 cm™') notably decreases. Notably, the —-C=N
peaks in CPAN@ZnO are largely converted into -C=N peaks,
indicating that ZnO effectively catalyses PAN cyclization to
form the conjugated structure with enhanced Li" migration
and more uniform ESP distribution.

The surface chemical states of the artificial SEI were investi-
gated by X-ray photoelectron spectroscopy (XPS), where both
CPAN®@ZnO and CPAN exhibit the presence of C, N, and O,
and a distinct characteristic peak of Zn is detected in
CPAN@ZnO (Fig. S8T). As revealed by the XPS spectra of O 1s
(Fig. 2f), the O 1s spectra of CPAN@ZnO are deconvoluted into
three peaks, with a symbolic peak for the ZnO phase near

Green Chem., 2025, 27, 7564-7574 | 7567
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530 eV.** Additionally, the XPS spectra of C 1s and N 1s further
reveal significant differences of the surface chemical compo-
sitions between CPAN@ZnO and CPAN. In Fig. 2g, the charac-
teristic peaks at 285.7 eV and 286.6 eV correspond to the C-N
and C=N groups, respectively.’® Notably, CCAN@ZnO exhibits
an enhanced C-N peak and a weakened C=N peak compared
to ZnO-free CPAN, which can be attributed to the ZnO-pro-
moted cyclization reaction. Meanwhile, the degree of cycliza-
tion is semi-quantitatively analyzed using the high-resolution
XPS spectra of N 1s and the corresponding fitting histograms
(Fig. 2h and Fig. S91), where the ratio of the cyclized C=N
peak to the uncyclized C=N peak in conjugated CPAN@ZnO
is significantly higher than that in CPAN. These results collec-
tively indicate that CPAN@ZnO has a higher degree of cycliza-
tion and a more extensive ion-conductive conjugated structure
than ZnO-free CPAN.

2.3 Compatibility with Li metal

In order to evaluate the compatibility and the enhanced inter-
face stability of CPAN@ZnO with Li metal, the Coulombic
efficiency (CE) of Li||Cu cells and the cycling performance of
symmetric cells were measured. As shown in Fig. 3a and
Fig. S10,1 the Li||CPAN@ZnO®@Cu cell demonstrates signifi-
cantly improved initial CE (ICE), average CE (ACE), and cycling
stability compared to the bare Li||Cu cell, along with reduced
cell polarization. These improvements suggest that the
CPAN@ZnO layer effectively mitigates the formation of “dead
Li” and suppresses interfacial side reactions. In addition, the
Li@CPAN@ZnO symmetrical cell exhibits superior rate per-
formance with higher electrochemical reversibility and faster
Li" diffusion kinetics than the CPAN@ZnO-free counterpart.
As depicted in Fig. 3b, the Li@CPAN@ZnO symmetrical cell
shows the lowest overpotential at the same current density
compared to Li@CPAN and bare Li symmetrical cells. Even at
a high current density of 5 mA cm™?, the Li@CPAN@ZnO sym-
metrical cell maintains a low polarization voltage of 60 mV.
This performance is attributed to the unique conjugated struc-
ture and exceptional Li* conductivity of the CPAN@ZnO layer,
which facilitates efficient Li* flux regulation and accelerates Li"
diffusion. This work further evaluates the tolerability of
CPAN@ZnO in harsh environments, demonstrating that
Li@CPAN@ZnO shows a high critical current density of
8.2 mA cm >, significantly higher than those of Li@CPAN
(4 mA ecm™) and the bare Li electrode (3.6 mA cm™?)
(Fig. S117), showing a great interface stability improvement of
Li metal. We further investigated the battery kinetics, includ-
ing deposition kinetics and ion transfer dynamics. The Li
deposition kinetics were validated by deposition experiments
on Li||Cu asymmetric batteries (Fig. S12f), where
CPAN@ZnO@Cu has a lower Li nucleation overpotential
(44 mV) and growth overpotential (16 mV) than bare Cu, imply-
ing an enhanced deposition and growth kinetics.*’
Additionally, the Tafel test in symmetric cells (Fig. S13t) shows
that LI@CPAN@ZnO has a high exchange current density
(1.3 mA em™?), which is 3 times that of Li@CPAN (0.4 mA
cm™?) and 6 times that of bare Li (0.2 mA cm™?), highlighting

7568 | Green Chem., 2025, 27, 7564-7574
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the improved interfacial reactivity by the CPAN@ZnO artificial
SEL**™*® Next, the ion transport dynamics were further corro-
borated by electrochemical impedance spectroscopy (EIS),
which was shown in Fig. S14.7 In detail, the corresponding
equivalent circuit diagram and fitting results of EIS are pre-
sented in Fig. S15 and Table S2, demonstrating that
CPAN®@ZnO effectively reduces the charge transfer resistance
and improves the ion diffusion rate at the interface.’®™*
Additionally, the Li" transfer numbers (t.;:) were calculated.
The Li@CPAN@ZnO symmetric cell exhibits a higher ion
transportation dynamics (t;;- = 0.42), surpassing that of the
bare Li battery (¢;+ = 0.38). The EIS spectra of the initial and
equilibrium states nearly overlap, as well as the current
remaining almost unchanged after fast equilibrium,
suggesting  the excellent  electrode stability =~ of
Li@CPAN@ZnO.”* In conclusion, the CPAN@ZnO SEI signifi-
cantly enhances both interface dynamics and stability, facilitat-
ing rapid Li" transport and lowering the energy barrier for
uniform Li deposition.

The Li@CPAN@ZnO symmetrical cell achieves an ultra-
long cycling life of over 5400 h at a current density of 0.5 mA
cm~? and an areal capacity of 1 mA h em™?, with an ultra-low
Li plating potential of 20 mV (Fig. 3c), which far exceeds the
previous reports (Table S3t). The bare Li||Li battery (without
CPAN®?ZnO SEI protection) shows the poorest cycling perform-
ance, experiencing a short circuit at around 600 h.
Additionally, the Li@CPAN@ZnO symmetric cell is able to
cycle stably for approximately 3000 h with a low overpotential
even under fast charging/discharging at a high current density
of 1 mA em™ and a high loading of 4 mA h cm™? (Fig. 3d).
Conversely, the overpotential of the bare Li||Li cell gradually
increases, accompanied by excessive dendrite growth, which
ultimately leads to separator puncture and cell failure. The
excellent long cycling stability confirms the positive effect of
CPAN®@ZnO on enhancing the interface stability of the Li
metal anode, thus prolonging the stable cycle of LMBs.

The characterisation of the altered chemical state of the
artificial SEI after Li deposition serves to validate the compat-
ibility of CPAN@ZnO with Li metal. In the high-resolution XPS
spectra of Zn 2p (Fig. 3e and Fig. S16t), both Zn 2p,;, and Zn
2pss» peaks shift to lower binding energies after Li deposition,
suggesting an increase in the electron density around the Zn
atoms, which can be attributed to the formation of lithophilic
LiZn alloys.>®>* The chemical composition of the CPAN@ZnO
artificial SEI is further confirmed from the Li 1s spectrum
(Fig. 3f), along with the N 1s, O 1s, and F 1s spectra
(Fig. S171). In addition to the LiZn alloy, other inorganic com-
pounds such as LiF, LizN, and Li,O were detected, indicating
that a dense SEI layer is formed by a combination of various
inorganic compounds and organic conjugated CPAN, effec-
tively isolating Li metal from the electrolyte and suppressing
side reactions. It should be noted that the XRD pattern after Li
deposition shows only diffraction peaks of ZnO in the
CPAN®@?ZnO artificial SEI (Fig. S187), with much weaker inten-
sity than that before Li deposition, and no obvious crystalline
diffraction peaks of other products. Combined with the XPS

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Compatibility with Li metal. (a) Li||Cu test at 0.5 mA cm~2 with the modified Aurbach method. (b) Rate performance under 1 mA h cm™2 from
0.5 to 5 mA cm™2 (c) Voltage profiles of Li symmetric cells at 0.5 mA cm™2 — 1 mA h cm™2. (d) Voltage profiles of Li symmetric cells at 1 mA cm™2 —
4 mA h cm™2. (e) High-resolution XPS spectra for Zn 2p of CPAN@ZnO. (f) High-resolution XPS spectra for Li 1s of CPAN@ZnO after Li deposition,

along with the corresponding histograms of fitting peaks.

data, it is supposed that a partial ZnO-Li reaction yields indicating that the residual metallic Li in the artificial SEI is
negligible, demonstrating the efficient ion transport properties

of the CPAN@ZnO SEI. Supplementarily, the weaker LiF peak

minimal crystalline products, which verifies the stability of
CPAN®@ZnO. In addition, there is no obvious peak of Li metal,
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in the CPAN@ZnO layer compared to that in ZnO-free CPAN
(Fig. S19t) suggests that the CPAN@ZnO layer effectively sup-
presses electrolyte contact with Li metal and subsequent detri-
mental decomposition.
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The microscopic morphology of the cycled CPAN@ZnO arti-
ficial SEI was used to demonstrate its sustainability. As shown
in Fig. S20a,t the fibrous structure of CPAN@ZnO remains
well defined without noticeable “dead Li” accumulation and Li
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Fig. 4 Electrochemical performance of full cells composed of NCM811 and CPAN@ZnO@Cu/CPAN@Cu/bare Cu. (a) Schematic of anode-free full
batteries. (b and c) Comparison of specific capacity and CE for the first 3 cycles of anode-free batteries, and the corresponding charging/discharging
curves. (d) Rate performance (the CPAN@ZnO@Cu, CPAN@Cu, and bare Cu anode are pre-lithiated, N/P = 1.8). (e) Cycling performance at 0.5 C of

NCMB811||CPAN@ZnO@Cu with an ultra-low N/P ratio of 0.6.
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dendrite. Moreover, obvious particles of Zn compounds
were still observed on the nanofibers. The good morphological
and structural retention of CPAN@ZnO indicates its electro-
chemical stability and long-term cycling sustainability.
Furthermore, the surface morphology of Li metal after
cycling further demonstrates the positive effect of the
CPAN@ZnO SEI in enhancing the interface stability of Li
metal. As depicted in Fig. S20b and S20c,f the high ionic
conductivity of the CPAN@ZnO layer ensures that the cycled
Li metal surface remains smooth and flat, closely resembling
the original Li metal, which avoids the surface unevenness
and cracking caused by the excessive inactivation of “dead
Li".*°
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2.4 Electrochemical performance of Li-limited LMBs

The high ionic conductivity of CPAN@ZnO SEI was further
explored for application in anode-free full cells. As shown in
Fig. 4a, the anode-free full cells were assembled with the
NCMS811 cathode and the CPAN@ZnO@Cu, CPAN@Cu, or
bare Cu anode. Initially, the specific capacity and CE of full
cells with the three different Li-free anodes were compared
and analysed. As shown in Fig. 4b and c, the anode-free
NCM811||CPAN@ZnO@Cu full cell exhibits the highest ICE
(79%), much higher than that of NCM811||CPAN@Cu (67%)
and NCMS811||bare Cu (63%), confirming the inhibition of
“dead Li” and Li dendrites by CPAN@ZnO artificial SEI

e Thn el
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12 mAh cm?2
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0-;:)0 Q9 99 N QU WV QY ‘%”\3 QUV U U _YIY YV
-),W0000000000 L) &‘WMUGUUUQOUQ ) ‘WUQGUUUUQUUQUQ

Fig. 5 Li plating behaviours. (a and b) Li deposition behaviour on CPAN@ZnO@Cu. The SEM cross-section at different deposition capacities from 2
to 12 mA h cm™2 and schematic diagrams of the corresponding deposition models. (c and d) Li deposition behaviour on bare Cu. The SEM cross
section at different deposition capacities from 2 to 12 mA h cm~2 and schematic diagrams of the corresponding deposition models.
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Meanwhile, CPAN@ZnO also enhances the discharge specific
capacity and capacity retention of the anode-free full battery,
further verifying its superior ionic conductivity and low Li
residuals. To further optimize the cycling stability of the
anode-free full cells, pre-lithiation of the Li-free anode was per-
formed prior to cell assembly. The resulting rate performance
is presented in Fig. 4d and Fig. S21.f The NCMS811||
CPAN@ZnO@Cu cell exhibits excellent reversible specific
capacity, delivering a capacity of 133 mA h g™ at a high rate of
5 C. Moreover, it maintains excellent electrochemical reversi-
bility and stability, sustaining high-capacity stable cycling per-
formance even after returning to 0.2 C from 5 C. However,
NCMS811||bare Cu exhibits poor electrochemical performance,
with a 5 C capacity of only 111 mA h g%, and a rapid capacity
decay for further cycling at 0.2 C. The long cycling perform-
ance at 0.5 C is depicted in Fig. S22;f the NCMS811||
CPAN@ZnO@Cu cell demonstrates excellent cycling durability,
maintaining stable performance over 200 cycles with a capacity
retention of 78.4%. More importantly, as presented in Fig. 4e,
Fig. S23, and Table S4,1 the NCM811||CPAN@ZnO@Cu cell
with an ultra-low N/P ratio of 0.6 exhibits stable cycling per-
formance at 0.5 C, maintaining a capacity retention of 88.8%
over 100 cycles. These findings suggest that CPAN@ZnO holds
significant application potential for high-energy-density Li-
limited batteries.

2.5 Li plating behaviours

The modulation capacities of Li" using the CPAN@ZnO artifi-
cial SEI, including deposition and growth behaviours, were
resolved through the cross-sectional morphology under
different Li deposition capacities. In Fig. 5a and Fig. S24,f
three well-defined layers of dissimilar substances are clearly
visible following Li deposition: (1) the bottom layer corres-
ponds to the Cu substrate, (2) the intermediate layer consists
of densely packed deposited Li metal, (3) the fibrous top layer
represents the electronically insulating CPAN@ZnO artificial
SEIL It needs to be highlighted that the intermediate layer of
deposited Li metal is densely arranged and free of dendrites.
Additionally, the actual deposition thickness was further com-
pared with the unmodified group to analyse the inhibitory
effect of CPAN@ZnO on the volume expansion of Li. Even at a
high deposition capacity of 12 mA h em™>, the actual depo-
sition height of Li under the regulation of CPAN@ZnO@Cu is
about 64 pm (Fig. 5a and Fig. S24%), which is markedly less
than the value for the blank group (77 pm, Fig. 5¢), effectively
illustrating the modulation of Li deposition and suppression
of volume expansion by CPAN@ZnO. From the EDS, it can also
be concluded that Li is initially deposited on the Cu substrate
rather than the CPAN@ZnO layer, and then gradually deposits
upwards, achieving bottom-top, dendrite-free uniform depo-
sition. In contrast, the Li deposition on bare Cu substrates
exhibits pronounced holes, resulting in severe volume expan-
sion (Fig. 5c). This gives a reasonable explanation for the poor
cycling life of bare Li||Li and NCM811||Cu cells.

Overall, due to our superior design and successful fabrica-
tion of the CPAN@ZnO artificial SEI with electronic insulation
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and high ionic conductivity, we have achieved a uniform Li
deposition from bottom to top, suppressing dendrite growth
and side reactions, and ultimately improving the interface
stability of the Li anode and realizing the stable cycling per-
formance of LMBs.

3. Conclusions

In summary, we successfully synthesized durable CPAN@ZnO
nanofibers by a green synthesis method with energy conserva-
tion and emission reduction. The as-prepared CPAN@ZnO,
serving as an artificial SEI, possesses electronic insulation and
fast ion migration properties, effectively alleviating the inter-
face instability of the Li metal anode. In detail, the unique ion-
conduction conjugated structure accelerates the interfacial Li"
migration kinetics, suppresses the formation of “dead Li” and
dendrites, and enables uniform bottom-top deposition. Thus,
it enhances the interface stability of reactive Li metal and the
cycling life of LMBs. As a result, the CPAN@ZnO@Li sym-
metrical cell achieves an exceptional cycling property of over
5400 h. The Li-limited NCM811||CPAN@ZnO®@Cu full cell
(N/P = 0.6) demonstrates stable cycling performance over 100
cycles with a capacity retention of 88.8% at 0.5 C, highlighting
the application potential of CPAN@ZnO for high energy
density batteries. Our work presents a simple and eco-friendly
strategy to prepare a functional artificial SEI, which not only
achieves high interfacial stability of Li metal but also enables
stable cycling of Li-limited batteries, thus reducing the
reliance on anode mining and promoting resource
sustainability.
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