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Abstract: Lithium metal batteries are considered strong contenders for next-generation
energy storage systems due to their extremely high theoretical energy density. However,
commercial polyolefin (PE) separators suffer from poor thermal stability, low ion transference
number, and weak suppression of lithium dendrite growth, hindering their commercial
application. This study uses polyethylene (PE) as the base membrane and employs an
asymmetric coating strategy to introduce a rigid PAN@LATP layer and a flexible PEO-SiO,
layer, respectively, to prepare a Janus-structured PPL composite separator. LATP and SiO,
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nanoparticles exhibit a significant anchoring effect on anions, weakening the Coulombic
interaction between Li* and anions in the lithium salt through polar groups, thereby increasing
the lithium-ion transference number (t,,) from 0.38 in the PE separator to 0.8. Simultaneously,
this asymmetric structure, combining rigidity and flexibility, endows the separator with a
mechanical strength of 95 MPa and a high voltage withstand capability of 5.0 V, while also
effectively homogenizing ion flux and mitigating lithium dendrite growth. Electrochemical tests
showed that the Li||Li symmetric cell assembled with a PPL separator could cycle stably for
1000 h at 0.5 mA cm? (while the PE separator system experienced short-circuit failure at
approximately 300 h). Furthermore, the assembled LFP||Li full cell exhibited an initial
discharge capacity of 163.25 mAh g" at a high current density of 1 C, and retained 93% of its
capacity after 200 cycles, a significant improvement over the PE separator system (69.2%).
This asymmetric composite separator, with its partitioned design tailored to interface
requirements, provides an effective strategy for addressing the safety and cycle stability
issues of lithium metal batteries.

Keywords: lithium metal batteries; ceramic composite separators; solid-state electrolyte

materials; asymmetric coating; high stability
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Fig. 1

Characterization of PAN@LATP synthesis: (a) TEM image of PAN@LATP; (b) EDS image of PAN@LATP;

(c) XRD pattern of PAN@LATP; (d) FTIR pattern of PAN@LATP.
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Fig. 2 XPS spectra of PAN@LATP: (a) N1s spectrum of PAN; (b) N1s spectrum of LATP; (c) N1s spectrum of
PAN@LATP; (d) C1s spectrum of PAN@LATP
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Fig. 3 Physical property characterization of PPL: (a) SEM image of the PAN@LATP side of the PPL separator;
(b) SEM image of the PEO/SiO2 side of the PPL separator; (c) PPL separator thickness image; (d) Contact angle
image of the PE separator; (e) Contact angle image of the PAN@LATP side of the PPL separator; (f) Contact
angle image of the PEO/SiO, side of the PPL
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Fig. 5 Electrochemical performance of the membrane: (a) EIS spectrum of the membrane at room temperature;
(b) Lithium-ion mobility of the PE membrane at room temperature; (c) Lithium-ion mobility of the PPL membrane
at room temperature; (d) LSV spectrum of the membrane.

PE 5 LATP/PE [ I 1) 75 FiL 25 8t BRAS R A2 R ) 3
W BWEARRREHN69.2% F178.7%, 1K F PPL
e JE ) VB LR T R B B IR R R (93 %) o KT
AT AR L e AR A R A A, AT DAk — 2D S 5
MR E il . K 6d K 6e 43 flic 3¢ 1 K PE
b 5 5 PPL R JIES i 4= By fE 7B PR 55 5. 50, 100,
150 F1 200 el i 1y e i e i 2 . 6T PE R (1A
6d), BHAE GNP B 0, 70 H e R R PR B R
K, R EHPTIZETIE N, X 5 S ) RO
FIBEAR I B 6. ML R, PPLFBE 7S
4 (Kl6e) FEEHHER RIS ESE,
WA TE I B K . XA AR BT AL, 3
BH PPL R A A1 A 2 Hh e A 4 RF AR GRS 1 ST
45K o

T8 I L (L 6 AR ER I ) I SR B (CCD)
WA, AL T R A PURL i 2R e ) 5 & R A A i
PIAEZEPE . =i (Kl 7a-b) &8, PERREAE
FHL VT 5 B 98 31 2.0 mA om2 it B S AR vk e B 2R R
1M PPL [ Ji5 1) CCD EX 7+ & 3.2 mA cm?. 1X % Bl
PPL B& IR 5 ) i AR i e sk T Tl &, A
RUAELE T 1 i 26 000N B R 3R %« 7 S B B

i, ERIAEER G IR A KIS ECR AW
BRBA . RIS TR e v, dE 2l
W T FRARAE 60 “C TPtk e /1 (B 7e-d). i
FEFH22 60 “CHY, PE B I 5] 52 448 3 5 SO Link 58
JilB%, H CCD T &1 1.6 mA ecm? 34 £ B Z 1
SRR, MLz ™, PPLERETE 60°C N1
CCD R AR "R BEHE FF 7 3.2 mA cm®, X PR 5 (1 7
TPUR: i P fE E EIA TR E H 1 LATP 5 Sio,
MBI &R . EATR 30 FAF2 e NI PE B SR e T
R RAEWEIRRA G K550k, Wmiedt T
EEROLIN SR AN R 53 k57 AN 1 2 A=
T R PR ] R AR R A ) AR

7£ 0.5 mA cm? [ 48 58 HLIL % FE R, Ll |Li X FRR
HL v ) A A P e g — P 4R 7R T R RS AR
R R (8D, KA PE @M f) v i 7E 17
%1300 h i BRI BA S 1) H R % B 5B AR
Tt G HAI>180 mV), X8 % A H T A% 5190
IS E LR R #E. MR, 195
TAERIFR B Sk 1) ST DR T 42 5 B R A
F, PPLRR S st e B H A S e P, 721000 h
RAEHE T o A ERFARAIC BLP R o R i 2k



\ &b S Py S
8 it B8 B ¥ 5 #H R
200
01c 02cC o1c
‘fﬁ160 0sc 1.0C
(=] 20C —_
= 50C >
< 120 -
E 5
> «
= =
E 80| o
% >
i 40|
0 5 10 15 20 25 30 35 40 0 40 80 120 160
Cycle number Specific capacity (mAh g™)
(@ (b)
120 _
_ 240 S
o i o i 100 2
£ 180 @
g I = T _ |80 E
%‘120 60 o
2
d w0 E
60 S
3 —9— LATPIPE Li|lLFP 1C 3
o pPPL 20 §
a 50 100 150 200
Cycle number
(c)
. PPL .
40 / 4.0 y
D 3.5
% 3.5 o
8 £ :
[=) “
S 10 > 3.0
2.5I - A 2.5 : \
—— 200" ——200th
0 20 40 60 80 100 120 140 0 40 80 120 160 2

Capacity (mAh g™)
(d)

Capacity (mAh g™)
(e)

El6 [REREtbIt4ERE (a)PE. LATP/PE. PPLIRREYEZRE; (b)fEZMiX+ PPLIRRA LA 8 -B E/IZE; (c)PE.
LATP/PE. PPLIRIRZE=ER T 1C HI{EIFE; (d)PERER 1C EREIA THILL R E-REHILIE; (e) PPLIBIR1CERERT
HItL & 8- EhZE
Fig. 6 Performance plots of full cells with different separators: (a) Rate performance plots for PE, LATP/PE,
and PPL separators; (b) Specific capacity - voltage curves of the PPL separator during rate testing; (c) 1C
cycling curves of PE, LATP/PE, and PPL separators at room temperature; (d) Specific capacity - voltage curves
of the PE separator during 1C rate cycling; (e) Specific capacity-voltage curve of the PPL separator during 1C
rate cycling

Ik e AE PR AT R (170-220 h) 5 5 #
(770-820 h) Iy Jm#iOC 2 (& 8b4diED WA,
PPL 4 2 [ 70 i HE, 1 28 4 £ ORr A0 TSP 1) 5 9%
B . REEER ARG RAE A A, (HARH
IR RS s AR K BRAE R HE R 5| D 1) FE P 93 B P 1
Bl XMEE R HEER KW, PPLEEEL 1))
e EEKIIEA P RE e Rr e Pl R, MR T
B R P AR B S T ) v BE AR S M S DR RS E

T IRNIRIT PPL & A B X £ 4 S £ b [ 25
HLE BT SR (SED JE R I B ARSE R, A TAEXT
FEFR 5 R FR Bt R AR T AT T XS 4o+

23
Hbljé:

(XPS) 4 (& 9 Fizm) .

M s 1 70 B P T DAOLEE 21 7 2 (1 5 o3
Z5t. X TEH PERRIEM HL (819a), A
R F 1s 15 B LU R4S 5 (£1687.5eV) 1
Li,PO,F, &4 ¥ . Li,PO,F, it # /& UMK H LiPF, 2
B R AR R F ELAS T T SN R 3 A, X AR
PE KR ICIEA R St sl s, S EUE ) SE
B BN A R E . ML R, fEAEH
PPL KRB st b (B 9b), bk R 1 i) Li,PO,F,
e 5iR g KR ) 95, BT AR 2 2 2 T %) 685.0 eV
Kb 3 S LIF 0. X — R B AR, PPLER



JREIZANEE AR IR £ B R 10 ] o5 S L e Lt 1 e

Wt

0.6 PE Current Density 0.6 Current Density
2 >
— = £
> 03 2 o3 @
5 =
o T H o
@ 00l | [111]] 2 oo é
g ik : 3 :
] L 0 e
0.3 > 0.3 E
> step:0.1mA em? 5 3
_ P O step:0.1mA cm? o
-0.6] temperature: 25-C CCD =2.0 mA cm -0.6] temperature: 25 °C
5 10 15 20 25 5 10 15 20 25 30 35
Time (h) Time (h)
(a) (b)
0.6 — PE Current Density 0.6 PPL Current Density
2 oy
E 0.3 g E 0.3 E
Py A e 8
D 0.0 ﬂﬂmuﬂ D oo
] 8 E
o ° o
> .03 S >3 E
step:0.1mA cm™? Q 2 Q
:0.1mA
-0.6] temperature: go-c CCD =16 mAcm™ -0 :::'.’,,erammf";o <
5 10 15 20 25 30 35 0 3 10 15 20 25 £ 15
Time (h) Time (h)
(c) (d)

7 (a) PEFRAR25°CHICCD

; (b) PPLF@E 25°C ) CCD [&l;

(c) PE @B 60°C ) CCD [&;

(d) PE %2 60°C#) CCD &

Fig. 7 (a) CCD image of PE membrane at 25°C; (b) CCD image of PPL membrane at 25°C, (c) CCD image of PE
membrane at 60°C; (d) CCD image of PE membrane at 60°C;

0.4 0.5mA cm? 0.5 mAh cm? —— PE
202
&
2 0.0
=
0 -0.2
>
-0.4
0 100 200 300
Time (h)
(a)
. 0.4 0.5mA cm? 0.5 mAh cm? PPL
2 02
(]
o N
§ 0.0/ mmm—— |
O 0.2
>
0.4
0 200 400 600 800 1000
Time (h)
0.4 (b) 04
5o EXF
g‘ﬂ- UL E‘ﬂ-ﬂ
g-ll. g-ll.!
«0.4 0.4
0 o0 3 0 700 B0
Time (h) Time (h)
8 A [EIFRFETE0.5 mA cm?*BRZE THIFREME (a)PE (b)PPL

Fig. 8 Compatibility of different diaphragms at a current density of 0.5 mA cm 2 (a) PE (b) PPL

BRI EHLINREZ (LATP F1SIO,) @i 5B &1
AR AR, o2 1 St AL 5 1 0 il R A
fI A FTH A2 B T A LiF [ SEI . B TSR 1,

LiF (¥) SEN AT £ 48 2 P AR Lk o A8 0 1) o 8

THAE, M0 R LY DI,

RE 8 W2

JE T A SR AR A, it 1 2 R

Il PR T

‘ﬁ@:{[za, 21

ZXPS 4 R HAIER] 1 PPL BB AE 4%

0 G S ML R s AT KRR E B A 2



=
o
[y

10 A

5 & R

TSR T PRpE

PE ml e UF Fls

Intensity (a. u.)
1
1
k'l
4 5
§
3
|
Intensity (a. u.)
f—

700 695 690 686 680 675
Binding Energy (eV)

700 695 630 685 680 676
Binding Energy (eV)

E9 A EIFRIRTEXFREEMIEIAEH) XPS [& (a)PE; (b)PPL
Fig. 9 XPS plots of lithium-ion symmetric batteries
with different separators after cycling (a) PE; (b) PPL

9T MB35 S TR N ST I b 5 T A 2 P
PTENLE, SEEL T EEE 300 /N Ji 20 HL s
1T AL AT (EIS) 7 B . & 10a-b o, Pi%e
300 /N FEIA JE . PE 4 & 1 5T S B 4T C AR L i
Ak E£1400 Q, s 7 H e RHERE O BRI
S HL 26 25 1) 95 o 2] 26 VLA S 5 T (SEN) B AT R A6 A8
R SZIBBMARER R, PPLAARIIHSTE
MR RFFIEL) 19 Q BRI T XA 23 H R
MIBHAIZE 7, UER] T PPL R & RRBAN R i i Py 2
3 B (e RS TE L SR WU s o 2 ), T e T
HiFRAEREE. ST SRR SENR, MK
THER I A s, OB T ROk i m R, K
WraEisks.

@ PPL

AN(e)]

Z" )

100 200 300 400 5 10 15 20 25 30
Z' Z' Y
(a) (b)

E10 A REIFEARTE Li||Li B ith R 1E3F 300 /B S AT EIS i
(a)PE (b)PPL
Fig. 10 EIS spectra of different separators after 300
hours of cycling in Li||Li batteries (a) PE (b) PPL

3 Zi

AL X R 45 e P R A 3 e R A L 1Y) )
AR, PR T MR T CHISRIRE T SRS I AR XS AR
(Janus) E&MEIE (PPL) #it. A TR
I3 XA RS T IR AR BT R SR s T [ B4 )
PAN@LATP Wi JZ 4 5 1 1 [ (1) 40 248 g s I 3548,

THLETIEE; M A IE R i PEO-SIO, 3 1 2
EEXHERL S T A IRIEYE S5 s 1. RE
PERIRAESNRE S, ZAEXNFRIEE R 5] AR F
RIHRERM AN 2, FHARS T RIFHH
FaoE PR 51k 95 MPa LA A AR s B2 . [RIR, d s
TEHLH T F s EEH, R R R T8
4 0.80. BT LiRYBIHY S51E58) )%
I [ LAk, R PPL BRI R Li||Li XS FR it 78
0.5 mA cm 2 Fs2HL 17 1000 h K& fa e a3, It
Ah, B4 2% 1) LFP||Li 4= Fa it 7E 28 77 200 /R 78 3R
G, FERRFRTIEE|93%, A RELL T Hith
FIPERERE Dk £ BRI, AEHFEAMNGI & T —Fhid
HTREWIRGHEES RN Z R E A, Fi5
WE VA I SO ZE A TR SREAT AR FR E 11X —
WA B A R . % TAE AR = Re % ke
FG I S I RN RO BB AR K T AR AL — )
ITHISERS, £ N —Rmza. Ko IRk
JETF e A B — 5 e (2

£ & Xk

[1] J. B. Goodenough, K. S. Park The Li-lon Rechargeable Battery: A
Perspective[J]. J Am Chem Soc 2013, 135(4), 1167-1176.

[2] H. Kim, G. Jeong, Y. U. Kim, et al. Metallic anodes for next
generation secondary batteries[J]. Chem Soc Rev 2013, 42(23),
9011-9034.

[3] M. K. Aslam, Y. B. Niu, T. Hussain, et al. How to avoid dendrite
formation in metal batteries: Innovative strategies for dendrite
suppression[J]. Nano Energy 2021, 86, 106142.

[4] G. X. Li Regulatihg Mass Transport Behavior for High-
Performance Lithium Metal Batteries and Fast-Charging Lithium-
lon Batteries[J]. Adv Energy Mater 2021, 11(7), 2002891.

[5] G. X. Li, Y. Gao, X. He, et al. Organosulfide-plasticized solid-
electrolyte interphase layer enables stable lithium metal anodes
for long-cycle lithium-sulfur batteries[J]. Nat Commun 2017,
8, 850.

[6] J. X. Zheng, M. S. Kim, Z. Y. Tu,
electrodeposition morphology of lithium: towards commercially

et al. Regulating
relevant secondary Li metal batteries[J]. Chem Soc Rev 2020, 49
(9), 2701-2750.

[7] B. L. Tong, X. F. Li Towards separator safety of lithium-ion
batteries: a review[J]. Mater Chem Front 2024, 8(2), 309-340.

[8] L. P. Zhang, X. L. Li, M. R. Yang, W. H. Chen High-safety
separators for lithium-ion batteries and sodium-ion batteries:
advances and perspective[J]. Energy Storage Mater 2021, 41,
522-545.

[9]1 H. Lee, M. Yanilmaz, O. Toprakci, et al. A review of recent
developments in membrane separators for rechargeable lithium-



PRHAZNGE AR IR B R A ] % S LB < e FL L P RE AT T 11

ion batteries[J]. Energ Environ Sci 2014, 7(12), 3857-3886.

[10]J. Nunes-Pereira, C. M. Costa, S. Lanceros-Méndez Polymer
composites and blends for battery separators: State of the art,
challenges and future trends[J]. J Power Sources 2015, 281,
378-398.

[11]1Y. Feng, M. Wang, L. Gao, et al. Novel fast ionic conductor
ceramic composite separator for high-performance safe Li-ion
power batteries[J]. Journal of Materiomics 2022, 8(6), 1184-1190.

[12]C. Shi, J. Dai, S. Huang, et al. A simple method to prepare a
polydopamine modified core-shell structure composite separator
for application in high-safety lithium-ion batteries[J]. Journal of
Membrane Science 2016, 518(15), 168-177.

[13]J. H. Dai, C. Shi, C. Li, et al. A rational design of separator with
substantially enhanced thermal features for lithium-ion batteries
by the
polyolefin membranes[J]. Energ Environ Sci 2016, 9(10), 3252-
3261.

[14] C. Likitaporn, P. Prathumrat, N. Senthilkumar, et al. Engineering

polydopamine-ceramic composite modification  of

the separators for high electrolyte uptakes in Li-ion batteries[J]. J
Energy Storage 2024, 101, 113861.

[15]J. Li, L. Chen, F. Wang, et al. Anionic metal-organic framework
modified separator boosting efficient Li-ion transport[J]. Chemical
Engineering Journal 2023, 451, 138536.

[16]C. Yang, H. Tong, C. Luo, et al. Boehmite particle coating
modified microporous polyethylene membrane: A promising
separator for lithium ion batteries[J]. J Power Sources 2017, 348,
80-86.

[17]W. K. Shin, D. W. Kim High performance ceramic-coated

separators prepared with lithium ion-containing SiO, particles for
lithium-ion batteries[J]. J Power Sources 2013, 226, 54-60.

[18]Z. Yan, H. Y. Pan, J. Y. Wang, et al. Enhancing cycle stability of Li
metal anode by using polymer separators coated with Ti-
containing solid electrolytes[J]. Rare Metals 2021, 40(6), 1357-
1365.

[19] F. He, W. Tang, X. Zhang, et al. High Energy Density Solid State
Lithium Metal Batteries Enabled by Sub-5 pm Solid Polymer
Electrolytes[J]. Adv Mater 2021, 33(45), 105329.

[20]W. Zhou, S. Wang, Y. Li, et al. Plating a Dendrite-Free Lithium
Anode with a Polymer/Ceramic/Polymer Sandwich Electrolyte[J].
J Am Chem Soc 2016, 138(30), 9385-9388.

[211Y. Q. Zhu, Y. J. Gao, C. H. Cui, et al. A strong-surface-polarity
separator enables dendrite-free lithium metal anodes via
coordinated garnet electrolyte[J]. Chemical Engineering Journal
2023, 477, 147041.

[22]R. B. Suo, L. J. Xie, J. S. Liao, et al. Enhanced Charge
Separation in a PAN/ZnO Nanocomposite for Promoted
Photocatalytic Hydrogen Evolution[J]. Acs Appl Energ Mater
2024, 7(14), 5668-5678.

[23] X. L. Fan, L. Chen, O. Borodin, et al. Non-flammable electrolyte
enables Li-metal batteries with aggressive cathode chemistries
[J]. Nat Nanotechnol 2018, 13(8), 715-+.

[24]J. Bae, K. Choi, H. Y. S. Song, et al. Reinforcing Native Solid-
Electrolyte Interphase Layers via Electrolyte-Swellable Soft-
Scaffold for Lithium Metal Anode[J]. Adv Energy Mater 2023, 13

(16), 203818.



