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Abstract: Polyvinylidene fluoride (PVDF) -based polymer electrolytes hold significant
potential for solid-state lithium metal batteries (SSLMBs), yet their practical deployment is
hindered by residual N, N-dimethylformamide (DMF) originating from the preparation
process. Although residual DMF facilitates rapid ion transport, it triggers severe interfacial
side reactions with lithium metal, significantly compromising anode stability. Herein, we
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propose an additive-filler synergistic strategy integrating ionic liquid (1-butyl-3-

methylimidazolium nitrate, [BMIM][NQ,]), zinc borate (Zn,B,O,,, ZB) and multifunctional ceramic
fillers Lig,la,Zr,,Ta,sO,, (LLZTO) to anchor DMF, and fabricate a thin (40 ym) solid
composite electrolyte membrane (denoted as PBZL). Density functional theory (DFT)
calculations and molecular dynamics (MD) simulations reveal that ZB and LLZTO exhibit
strong adsorption interactions with residual DMF molecules, suppressing their migration
toward the electrodes and mitigating interfacial side reactions. The introduction of
[BMIM] [NO,] allows NO, anions to enter the primary solvation shell of Li*, thereby
weakening the Li*-DMF coordination. And it is preferentially reduced at the anode,
promoting the formation of a solid electrolyte interface (SEI) rich in inorganic substances.
Benefiting from the formation of a robust SEI rich in LiF/Li,N/Li-Zn alloy, the assembled
Li|PBZL|Li symmetric cells stably cycle over 2000 h at 0.3 mA/cm? significantly
outperforming the unmodified Li|PVDF|Li symmetric cells (30 h) under the same
conditions. Furthermore, LiNi,,Co,,Mn,,O,||Li cells deliver a high discharge capacity of 162.1
mAh/g and maintain 90.2% capacity retention after 200 cycles at 0.5 C and 30°C, and exhibit
a discharge capacity of 138.7 mAh/g at 2 C in the rate capability test, demonstrating excellent
cycling stability and rate performance. This work highlights solvent anchoring coupled with
interface reinforcement as critical approaches for stabilizing lithium metal anode and enabling
high-performance polymeric SSLMBs.

Keywords: solvent anchoring; SEI engineering; polyvinylidene fluoride (PVDF); solid polymer

electrolytes (SPEs); solid-state lithium metal batteries (SSLMBs)
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DASE T AR 5 P 1) e 5 S AR 00 (ER, T
HEAR RAR A &5 7 748 (lowest unoccupied
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Nfi# U PVDF 2 B f# i R ) “DMF H357, B
REF R T AFRIEES, WS N &R 295]
43 T e LT 5 7% B 1 DMF 43+, B80S 1
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[BMIM][NO,], icfE PB; s il 4%[BMIM][NO,] I
0.5% Zn,B,0,,, iC{EPBZ; #s114% [BMIM]INO,].
0.5% Zn,B,0,,A110% LLZTO, iZfEPBZL. HHr,
4%. 0.5% 1 10% ¥ LA PVDF-LiFSI 44 i 5t & 9
R K EIRIE A WIAE 30°C N kS HE 12 /N,
HEFRESH S BMETRER . 25, EFEHNH
il TR R4S 1) 2% L8 85 45 T 1 PET 0 |, £
60°C {25 85 K T 24 /NI, DL L BRI
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1% Fl A & 77 /A =] () D8 ADVANCE Da Vinci %
% D e X AT 5 OCHEAT X AT 5 (XRD) 43
M, DVEDNSEM, TAEHR A N40 KV, TAERTN
40 mA, HHEIEE (20) A 5°~80°, ff FIKE
oy P R S T BB (NOVA Nano
SEM 230) X FF i IR T S AN AROU &5 A 30 AT T SRALE
045 FLAR TR R R T30 . A T J5 P RO 34 )
SEAMEBmMEHE. FHERCAAM
ESCALAB Qxi B4 5 15 4% 3K 15 X 5 26 % i 1 fig 3l
(XPS), *t7E 0.1 mA/cm? L it % £ K 1§ 35 25 [
(50 /NI D i 1Y L |Li o Ak e vt 1 2 47 Bl 3% T 2k 4T
XPS £k, i 4 H3ZE T (HQT-4) {E
ZUR RO R T AT R E S Hr (TGAY,
RIS VL E N 30~700°C, THE#Z N 10°C/min.
1.3 HLFERIE
1.3.1 ETFHESRNER

K A5 1 A AR T AE S A 5
(stainless steel, SS) 4 F 2 8] 4 & 44 X 4
(SS||SS) Hith, i FH HEAk 2% T AE il 3845 HAZ i BH
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L% (electrochemical impedance spectroscopy,

EIS), Ml 1~10° Hz. HL MR I = 1 L &

# (jonic conductivity, o) A 1z (1)itE 5.
0=RLS (1)

X, LRORHMFURERE; RE/RHEIE, W
H1 EIS 3545 3 S 37 F Al 0SS 15 80 v F 425 fek
B, AR T, N B4R N 16 mm, i S HL
2.0096 cm’,

SRR, RS RE (B ATRRYE
3 i S P 1 HL 3 R ) G R ) Arrhenius A 30
[(@2)t5HAAH]

o= Aexp( - %) 2)

X, ARIRRTR 1 TRAXRE, K RZ
A EE, H08.3145 J/(mol-K).

1.3.2 BT E

AN CLI|ILD PR, A s T
YRS, il ACRT ST (R, I 7E FEL AR ¥ i i
10 mV [ E R E (AV), Fefl A [a) 2 H
AN RAEZN CREEH5000 s), il RKRAHT G
RIGE I (L) PRSI (), &5 HidsKk
EFST (R . #AJ5 R Bruce-Vincent J5 #£[ 3
@it HHE T B (f):

I,(AV - IR,
b= IOEAV ISRS)) @)

i, AT I 73 30 2 AR BT TS B A7) 4 R TR AT AS,
BHI: R M R 73 7 72 B AL Bl 5 1 #7426 A£G 25
FHHT.

1.3.3  HLAARRE & H

RO 28 % O AR % 75 (inear sweep
voltammetry, LSV) X [l 25 Fi fift o3 55 (1) FE A4k 22 72
5E & I (electrochemical stability window, ESW)
AT M. HAEENTEE (SS||LD Hth, @i #Ei
S AR 3 5300 T 25 R o IR A LSV i 2k . FL 4
VEEN0~6V (vs. LiLI"D, HHEZF N1 mVis.
1.4 EtAYLE SR S REMIR
141 IERRIR &%

R R SE ¥ 78 00 1) 4% IE AR BR v o 3 IE AR AT R
NCM811. FHiR AL 7] (PVDF) 7E N-H J&
Mg GE i (NMP) V871 h i BT st 8t 11 1R
G B BRI R 30 20845 2 1 50 1 IEAR
KR R BI SR E THE BB E

F, RIEHHKE T 80CHEHSE TIgM T, T/4%24
h 7870 KR HET IR 3BT A AR 10 mm Y IEK
B, MATERPEH.
1.4.2  Li||Li XFFR Hth () 20 2% 5 v el ik

FE 335 AT B TR B I I SR R
(critical current density, CCD) illiki;, 7£F &
FEN T Se FHEERER] I B AR R R, R RIS
AEAY: RJEEVI IR N 0.5 ecm? (& Jv, i
FH 1] & P B AR 5t 2H 2% Dy ] 285 L | L RE R o vl 32 47 0
Ko £ CCD Ml it #2 H,  Li||Li % # H s & 5 DA
0.1 mA/em? [ HLIRL S BEDE IR 5 4k, SR G AE BRI I
HAL 7 PR J5 FEL L 2 FE 34 0 0.1 mA/em?. AR TR B
WMARAEAN [F] PRI S B2 R AT o RO 7 e A
I 1A] 9 1 /NE, IR FE 9 30°C .
1.4.3 NCMB811||Li Haith s 2H 25 5 1 e il ik

R 1.4.1 57 5 ] 4% (1 NCM8A1 IE AR 1) 35 P4 4
BEFR B 113N 3.8~4.2 mg/em?. ERHA AN TE
# (O, 1% ¥ 0.01 ppm. H,O 1% T 0.01 ppm,
(1 ppm=10"°) H1 5 A AL B4 L . i FH 28 4 ) 11
%, PVDF. PB. PBZ. PBZL Hfi# )5 A1 NCM811
1EH 4 2% CR2032 A A1 i Ha it . NCM811||Li H it
B IR H EVE E N 2.8~4.3 V, WRILARBRE AN
180 mAh/g. Fir FLIth (1 9 PR R0 3% 2 M e k3 72
LAND CT3002A 54t idt4T, WEtiEE N 30°C .
1.5 IHEIEW
1.5.1 BTt i

AW 58K ] Gaussian 16 BT T & 11k
2.4+ 5 (quantum chemistry calculations) . 4t
Z5 M 7E 5] N Grimme D3 & #U% IE 1) B3LYP/6-311+
G(d,p)/K-F- EBEAT LA, B AT RS i
S, DU AR P 49 45 0 A A7 R Y. R
Multiwfn 52 575200 537 I i e B1UIE R 47 0 A
Jfif it Visual Molecular Dynamics (VMD) {2
SEIREE R B TR 2 I
1.5.2 53581

2y FEh71% (molecular dynamics, MD) A&l
B KR R 1/ 73 1 47 BEAU 28 LAMMPS® V58 B,
JAdi H 42 J5i - OPLS-AA (optimized potentials for
liquid simulations) /337, M, LirFIFSI /)
W ZHOR T CARAE ) SCERS, 5005+ 2 200)E i
LigParGen ¥ uifi A= pi™. #5404k & 1) 14 2 15 B)
Moltemplate £ J¥ (http://www. moltemplate. org/)
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1.5.3 #HEZRIIRTHE
BT % F iz M B R (density functional
theory, DFT) ¥ )& #AE 1+ 5 % H Vienna Ab initio
Simulation Package (VASP) # 1 58 i, it 5
SR AR N (PAW) 732, AR XUBS I
L (GGA) HEZHE ik H Perdew-Burke-Ernzerhof
(PBE) ZZH#AHIGZ B, gtk G A BAVESC M, S
zJT BB R N20 AMES)ZE . gt fEd
RS H B N PPN 450 eV, JET
% J1 U S bR Mk 0.02 eV/A, HL T RE B ISR E
10° eV. X T Zr Ji7 K H DFT+U L TR IE,
Hr UME R 4.57 eV [FB 5] Grimme [ DFT-D3
Ji iR AR Z b 1) E AR AR A IO B . TR B R
(adsorption energy, E..) HIit5kiEINR(4):
Eass = Eqa + agsorbate ~ Esiar = Eaasorbate (4)
K Epeadsoae M Eqa 73 AT A W B F0
W BB AR RIE T RER . Esonmae N
PSR B A0 ) P T RE
4E4r e (binding energy, E,) K HE 2 (5)it
E,=Eqm~ Ex~Es ()
X, EguNEGHRMEREE: E 5 ED
RFIHINF L R FSI L Lit %5 AH B2 55 1 e &
CIRAE BT AR R e A BT RIIZL5)

2 FR5W®

2.1 RMAHERERRIE SR E IR
£ PVDF SR SRR Rob, BTl

Fo B, AERISE A PE S 2 A AR

i IK PVDF &5 di X, 3900 dE & A X 38, AT B I
PVDF 45505 [RIR 225 52 R 10 B Bl T
B, BASTILES T R R A, IIEREEE W
PG TR, HFHBH B FER LA AL A i IR
P G WAL A5 5 FSITH & FoRZHEAEH, R T &
TIER, MIH &4 B T 5. P& E R
LLZTOE Rk 7 Wik, fe5 LiTE s &4, Bl
BRAH AR PR B 2 A B0, Ak, LLZTOILHE
LTSN Lifte 1%, %S PVDF (13553 i 96
WA, IR T GBS 7T BUZ s I PR AS S

MR E R TSR, Bk, AWFTIE A LR =
MEME NS INFRIAIIERL,  FHARYE 5] N5 PVDF Hf# R
BT HSRERAN, WHE 7 &HS s R,
Aiff 58 0T PVDF & HL AR BT o R

T MM _F B0 AR 770 e RS, SR DFT 1
HVEAS T DMF fReH o 2 A EAEA . B R
7~ T PVDF. LLZTO #1ZB %} DMF 431~ W fff &g
/No WE R, DMF £E ZB FTLLZTO 2% 1 ()W bt e
4391 4-0.702 eV #1-0.582 eV, it T 5 PVDF ()
MeFftEE (-0.196 eV). XK ZB I LLZTO %} DMF
AR, Be 884G 805 € ik B 1) DMF
el S 11 1| BN T RN QT Eop Sy s SN =2 18T}
Bl N o

0
-0.196
> -0.3F
2
5
2
=
[
3 )
<-09r {4 -
12— ' T
PVDF-DMF ZB-DMF
1 DFTitER/IPVDF-DMF. LLZTO-DMF %1ZB-DMF

YR i
Fig. 1 Adsorption energies of PVDF-DMF, LLZTO-
DMF, and ZB-DMF derived from DFT calculations

DFT 53845 LitF1 FSIT7E AN [ HL AR i 34 458 1
HI4E AR/ 2 B 5 AR oM ) PVDF Hi fig
AL, £S5 A[BMIM][NO,]. ZB A1 LLZTO f H
fil AR, LiTA FSIZ R 45 & RE3 T I%, X
B [BMIM][NO.]. ZB 1 LLZTO ¥J & % b e i3k 1T
LiFSIFf# S . T BE & SR IR EER I, &1
SR FITRER 2 RE RS

MD #3003t — 25 37~ T PVDF Al PB HLfiR 5 1) 7%
TR 2R, W3 AR, HR4EE 4+ PVDF
A1 PB HLfE 5T 4% F o3 A ki 20 (RDF) 455, NOj
I8 ) Lit R 0 AR SR SR A0 77, FFE N Lit 4]
P o X PR AL TR T IS5 T Li'-DMF i
A, MIAERE Z BB 7 (A s PR B 25 7 NO;.
PEBHES T FSI) EEMELTERE, FHA7EHTHLN
SEli— SR e f Ak .
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Eg(Li-FSI)= Eg(Li-FSI){[BMIM][NO;])= Ep(Li-FSI)(LLZTO)= Eg(Li-FSI)(ZB)=
-5.40 eV -4.95 eV —4.28 eV -3.77 eV

@) (b) © @
El2 Li'5FSI#E (a) PVDF; (b) [BMIM][NO,]; (c) LLZTO#n (d) ZB Efi#RIFEHRHIES B
Fig. 2 Binding energies of Li* with FSI" in (a) PVDF; (b) [BMIM][NO,]; (c) LLZTO; (d) ZB electrolyte environments

@ (b)
ol g FFsE ‘Lt My oL NOs A PVDF ~ L, DMF

3 (a) PVDF 7 (b) PB EEfZ R &Y MD #E#14153r R R
Fig. 3 Snapshots of MD simulation trajectories of the (a) PVDF and (b) PB electrolytes

50 60 50 60
PVDF Li*-Org- PB Li*-Orgr-
40 + _L?toDMF 40 F _L?toDMF
—— Li*-Fevor /I —— Li*-Fpyor ;
/440 —Li*0,,. /140
30F ,,f/ 30 ¢
\;, ’/,;y/ E \;, E
20 +
120
10}
\.5__,-—=,"// ‘‘‘‘‘ |
0 6 8 10
E4 (a) PVDF#1 (b) PBEEFRMER SR (RDF)
Fig. 4 Radial distribution function (RDF) plots of (a) PVDF and (b) PB electrolytes
2.2 HBERHNERSEN J i 2RI 2 AL S . 5 EE AR EC

#l % #1PVDF. PB. PBZf1PBZL [E AW MR K, X SECEMS BAER NS FEEAYE, 51k
JE RIS SO R B 5@) s . BT RO Bk BRI AR KR Byt 4 2 54, LLZTO SR N
R R A PAEF 2 B A 43 5%, PVDF B N3E7S 7 PVDF-LIFSI SRR = [1, $2m 7 K
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SPELREE, MM RRCE N . BERNREIES. M
PBZL H fif i 5 2 IR (1.3 W] LLZTO 5 5 PVDF &
AT ISR AL RN

B 5(b) A H A o3 A 48k T 1) SEM IR, R
AP T ) £ PR [ 2 P AR ORIV P2 AN R 40 pme i
1) 0 B M m DA o S A AR RIS &) . &I 5(c)
J& 7~ T PVDF 5 LLZTO J& &l ok K& LA K& ] % 1
PVDF. PB. PBZ. PBZL Hifi# i i () XRD &1k .
5 PVDF JF B R AH LG, FLAA 5T H PVDF [RREAE U
SRFE IR PG, KRB REEZRIH], -5

XSG XA T REWEERBOEs), M
W T S, 7EPBZL B R, WY
LLZTO ¥ A HH XoF LK) ARAMAT 56 e, AIE W g e S
7 AR 1) 8 S R P Oy T LA R e B . P 5(d)
MIAE T (TGA) ZRETR, HUF I A iE
gt v T R T A S AR EIX (] (16~35°C), iEE
SET ORGSR E ks BeAh, IR i 2k BOR
PBZL i fif 5t o DMF 5 B 8209 16.5%,  HAth i i
JiH 1) DMF 5% 85 & F 14%~18%, DMF & B & 1
AJ LA HERR 1 SR AT & B SEAR 45 R I T3

PVDF powders

PVDF electrolytes

PB electrolytes

PBZ electrolytes

Intensity/a.u.
Mass/%

/u\u_‘g PBZL electrolytes|
jl M “ L LAI:AZTO powders

10 20 30 40 50 60 70 80 O 100 200 300 400 500 600
26/(°) Temperature/C
(b) © (C)

5 HBRRAOFHRSEMRE: (a) PVDF, PB, PBZ#1PBZL BRI SEM BG5S ZRE; (b) B REEERNE
#HESEME%; (c) PVDF. PB. PBZF1PBZL Hf#R5PVDF, LLZTO#}* A XRD [Eli%; (d) PVDF. PB. PBZ#i
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Fig. 5 Morphological and structural characterizations of the electrolytes: (a) Top-view SEM images and optical
photographs of the PVDF, PB, PBZ, and PBZL electrolytes; (b) the cross-view SEM image showing the film
thickness; (c) XRD patterns of PVDF, PB, PBZ, and PBZL electrolytes together with PVDF and LLZTO powders;
(d) TGA curves of PVDF, PB, PBZ, and PBZL electrolytes
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Fig. 6 Electrochemical performance of the electrolytes: (a) EIS plots (25°C), (b) Arrhenius plots, (c) LSV curves
of PVDF, PB, PBZ, and PBZL electrolytes; (d) chronoamperometry curve and EIS plots (inset) before and after
the polarization of the Li|PBZL|Li cell; () summary of the Li* transference numbers of PVDF, PB, PBZ, and PBZL
electrolytes; (f) CCD test of the Li||Li symmetric cells with PVDF, PB, PBZ, and PBZL electrolytes (30°C)
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Fig. 7 Galvanostatic voltage profiles of Li|PVDF|Li, Li|PB|Li, Li|PBZ|Li, and Li|PBZL|Li symmetric cells at
current densities of (a) 0.1 mA/cm?; (b) 0.2 mA/cm?, and (c) 0.3 mA/cm? at 30°C
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Fig. 8 EIS spectra of Li||Li symmetric cells (a) before and (b) after cycling for 600 h at 0.1 mA/cm?
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Fig. 9 Voltage profiles of Li|PBZL|Li under different
current densities from 0.1 to 0.5 mA/cm? at 30°C
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Fig. 10 Characterizations of Li-electrolyte interphases: XPS spectra of (a) C 1s, (b) F 1s, (c) N 1s, (d) Li 1s, (e) O
1s, and (f) B 1s measured on cycled Li anodes disassembled from Li|PVDF|Li and Li|PBZL|Li symmetric cells
after cycling at 0.1 mA/cm?; (g) SEM images and optical photographs of Li anodes from Li|PVDF|Li, Li|PB|Li,
Li|PBZ|Li, and Li|PBZL|Li symmetric cells after cycling at 0.1 mA/cm’
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values of the molecules, along with their corresponding geometry structures
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Fig. 12 (a) Long-term cycling performance of NCM811||Li at 0.5 C, 30°C; (b) typical charge-discharge curves of
NCM811|PBZL|Li cell; (c) comparison of charge-discharge curves of NCM811|PBZL|Li and NCM811|PVDF|Li
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Fig.- 13 (a) Rate performance of NCM811||Li cells at 30°C; Corresponding charge-discharge curves of
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