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Radiation synthesis of metal-organic frameworks/poly(dimethylaminoethyl methacrylate)

gel electrolytes and the performance in lithium metal batteries

XIE Mingshu'? LI Jiugiang' PENG Jing' ZHAI Maolin'
'(Radiochemistry and Radiation Chemistry Key Laboratory of Fundamental Science, College of Chemistry and Molecular
Engineering, Beijing National Laboratory for Molecular Sciences, Peking University, Beijing 100871, China)

*(Zijin Mining Group Co., Ltd., Xiamen Zijin New Energy and New Material Technology Co., Ltd., Xiamen 361101, China)

ABSTRACT Metal-organic frameworks (MOFs), as crystalline nanoporous materials, have great potential for
applications in energy and separation fields. Herein, a UiO/PDME-Li composite gel electrolyte was synthesized via y
-ray radiation using dimethylaminoethyl methacrylate as the monomer, polyethylene glycol dimethacrylate as the
crosslinker in the 1 mol/L LiTFSI commercial electrolyte, and the MOF material UiO-66 as an additive. The
resultant composite gel electrolyte achieved an ionic conductivity of (4.65+0.10) mS/cm and exhibited good
mechanical properties, with maximum compressive strain, maximum compressive stress, and compressive modulus
of (60.9£1.2)%, (63.0£7.0) kPa, and (0.180+0.002) kPa, respectively. The addition of only 0.1% UiO-66 increased
the Li" transference number of the electrolyte to 0.59. A Li || LiFePO, lithium metal battery assembled with the
composite gel electrolyte retained a discharge specific capacity of 129 mAh/g after 200 cycles at 0.5 C,
corresponding to a capacity retention rate of 95.5%. Furthermore, a pouch battery of Li, Ti,O,, || UiO/PDME-Li ||
LiFePO, fabricated via radiation-induced in-situ preparation maintained a capacity retention rate of 77.3% after 150
cycles. The Li || LiFePO, pouch battery containing the UiO/PDME-Li electrolyte continued to work normally and
powered an LED bulb even after undergoing 100 cycles of 180° bending and shear damage over 50% of its area,
demonstrating excellent safety performance.

KEYWORDS Metal organic frameworks, Gel electrolyte, y-ray radiation synthesis, Lithium metal battery
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13 BRAKRELAKREMREREE SR ER
FREvERS & AL
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EC-DMC (1 : 1, v/v) 7 F A AR m N & FF
i . 1S B TR A AR N BB R IR
FE, ERIOTRFEEE, EREREE. &
) 100.0 Gy/min (] Frick i FrE) %104
NHETy AR, RGN 5.0 ~ 15.0 kGy, 15§
BI) (14 4% Jig WA I P K Ay 44 0 PDMEE-Li,  BARFE
HRFHI TR L.

1 PDME-Li BIR &4 r il o H0E N & Rk Ak
Table 1 Radiation synthesis conditions of the PDME-Li
gel polymer electrolyte

FEah i 5 DMAEMA PEGDMA Wil / kGy
Samples /(mol-L™") /(mol-L™") Absorbed dose
PDME-Li-1 0.500 0.07 10.0
PDME-Li-2 0.750 0.07 10.0
PDME-Li-3  1.00 0.07 10.0
PDME-Li-4 1.25 0.07 10.0
PDME-Li-5 1.50 0.07 10.0
PDME-Li-6  1.00 0.06 10.0
PDME-Li-7  1.00 0.08 10.0
PDME-Li-8 1.00 0.09 10.0
PDME-Li-9  1.00 0.10 10.0
PDME-Li-10 1.00 0.07 5.00
PDME-Li-11 1.00 0.07 7.50
PDME-Li-12 1.00 0.07 12.5
PDME-Li-13 1.00 0.07 15.0

LAk, B E SR 9 A B PDME-Li-3 18 %
FEFAE . FEREEEA B, K — 2 i & H MOFs A 2|
PDME-Li-3 %t i 28 &40 W e o Ay SRR i i, F
BN F B G 15 min, f# MOFs ¥ 5] 4> BUE EE
J2 5 G ) VR AR O R KA VA RS, T B R UR g
ITHEIE, UL E N 10.0 kGy (1D, BRIME
5t SR FL R 5T PP 2K Ay 44 9 UIO/PDME-Li. HAR &
Bk A TR 2.
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Fig.1 Schematic illustration of the synthesis of MOFs/PDME-Li composite gel polymer electrolytes

K2 UiO/PDME-Li & &R &9 AR IR AR S il 4 2
Table 2 Conditions for the radiation synthesis of the UiO/PDME-Li composite gel polymer electrolyte

FEfR S DMAEMA / (mol-L™) PEGDMA /(mol-L™) R / kGy MOFs / %o
Samples Absorbed dose

UiO/PDME-Li-1 1.00 0.07 10.0 0.5
UiO/PDME-Li-2 1.00 0.07 10.0 1.0
UiO/PDME-Li-3 1.00 0.07 10.0 1.5
UiO/PDME-Li-4 1.00 0.07 10.0 2.0
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WE (TGA) FAEKH Q600SDT TGA-DTA-
DSC #E-ZE R FE Ml e GEETAAFD Xf
T &R FE e AT 0, B E D 100 mL/min,
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FERAA ] KB RRE i B AT IR 4 S5 06 o HEIRFE i
RNIAFET, W& E N6 cm, BHAAN 14 mm,
WEZE#EF N 1 mm/min. 45N 1 (6) BIE X
WA (3D, B EZant &t prz a8 /) (F) 5HA]
WA (SO 2. RAERAE (o) e XL
(4), BIE4ant &t s R E (A 5HEG
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MEAER S (B,
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JC_E (3)
AH

e="g i AH=H-H, @
Ao,

E= - ;0.5% < e < 10% (5)

1.5 EBhZA R R MEREMK
L5.1  LiFePO, E 449 %) &

W — 52 2 (1) 354 77 PVDF i\ 2 NMP 7% 5
RSN 333%) P48 he K 1.6 gy
LiFePO, G MM ELL 0.2 g5 R 2 F16 ¢ PVDF ¥
WIMANRS KA JiER A1 D, RAE
fEHE IR T4 b, RS+ 70 °C
T 6 h, #FHETER @12 mm I F, FHRETES
WA TR 48 hEME T FEM T, S Rl
PEVIR RN (2.20£0.08) mg.

152 f=X&bes &

RS FER AR EE B, A
FHLIHL 72 08 CR2025 LA, 5 5 AT 9K A V2 Y e A4 R
70 pLo HAELFIEES R It RAE =R N ERE —
BT AR R R o iR I A . 2 SRR R R
MIE AL RE R R, BRI R N7 y 526
O, WUk & N 100 kGy, Fl B X 4
100.0 Gy/min (Jf] Frick & iHH57E)

153 #H&aEes &

Li,Ti,0,, | LiFePO, ¥t it h By A0t 5 B 4 A1k
(K2 (@) ), &HEAN~2Ah. 7T I 8 6 2% 1)
AR R N B B rp,  #0GE 5 B F BUAR H
.24 ho Li || LiFePO, # £ it 35 T b 5 B 1K 2%
K= Fibe (GE2%) RRIEAM B S250 = & A A
SEN. FETRMBMMAMAS TETEESE, K
WK 2 it . AR R Kl 4%
U ) LiFePO, HL 1) # 37 & 58 mm () x45 mm
(%), @M ANIEEZE 60 mm (£) x50 mm
(%8). #%1EW (LiFePO,) —Celgard 2325 [ fix—
BN THE R, RABBERESH/E, FEA

1.5mL B (B2 (b)) Rk R Al O 44 7 T
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Wik FE LR R, EFEEE FRERY
100.0 Gy/min [\ 47 B AT v SH AR IR, TRIGH &N
10.0 kGy.

E2 AFEEHQEEASPIEF: (@LLTi,0, || LiFePO,: (bLi || LE || LiFePO,; (c)Li Il UiO/PDME-Li || LiFePO,
Fig.2 The pictures of (a) Li,Ti,O,, | LiFePO,, (b) Li || LE || LiFePO,, and (c) Li | UiO/PDME-Li || LiFePO, pouch cells
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KE BB AL, 7Ry 5L SRR VA TR
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PEGDMA 77 /& B 3 R AR AR B, A TR
J = A B s X 4% & ) 2

N SE y 2R AR S A K PDME-Li (1 5t 2614
R4 %5 % T DMAEMA AR E . PEGDMA %2 Bk
TR FE R W AL 51 B 6 B R R ) B P L S R S
JE 451 B (R R o

K3 (@) ~ (o) NAFEZKM T PDME-Li &
i -NiAR MR . T, % DMAEMA K Tt
B (B3 (@) ), Mgk B NIy BN AR X 35,
¥, RPMMPARRESRTEREG S =M%
T, RFPUEGREE, (H[R K2 PR AR EE Bz s
REJ1, MBI ZIR . 2B PEGDMA iR 1)
SO 2 KA (B3 (b)) R 3R v A 5 AT I
HESPURARRRT), HEIMNREIREY S TR
7£.0.06 molV/LAKIRE N, BEAMIZRFAEL, J122 1k RE
B . RN 5.0 KGy B, BRI 1 58 A 3 Ik
RMNAGEA:, FEf SR, MDA = v Re
7.5 kGy I EER A FR BE S iy, ARG B2 AR XS g 7
559; FREIAF 100 kGy etk ESBETRE, 5
WA (12.5kGy. 15.0kGy) &5 RAMIT, # W
[N RN AR ¥ N o

B3 (D ~ (D RNAFE AT 5 fE R
JE 45 0.5%~10% 7425 [l P (10 82 g A i 28, &3
() ~ (D) AMHNEAiHE. 45 4& DMAEMA #
& M 0.5 mol/L 14 % 1.0 mol/L I, [ 4 B & th A 2
0.1 kPa JFEi & (0.180+£0.002) kPa, 5N fj-R AR
TR—5 RIREE R IZEANEL, N L5681 55
PR AR R R A R BE AR, 8 S (A A H A
., RS =M%, M. &2
75 PEGDMA ¥R F A5 Ak ) s i 52 e ik %, B Adi7E
ARG AR 2% JREWRE A ZIUH #6208
o, i BH A IR TR A R AN S R A AR T
W& R e M. IR E N 7.5 kGy I, B 5
LA, 5N AR X 55 Ry R AH A, 2R B Ak
RPAFIER 2 AR N AR SRR Y, A LLEE
Mo E s MU TFE 10.0 kGy Ja B B e,
Xof B 2% 5E A Tl AR 4 25 15.0 kGy B A58 B AR
AR, RURMNBETFES, BdEmAETRES
B 2% B AR SRR
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X 100 1.00 mol-L-' = 0.08 mol-L™ = 12.5 kGy J
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60+ @ /
S 5 5 40
g 2 2 ,
& 5 & 20
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S S S
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0 20 40 60 80 100 0 " °r 40 60 B0 100 0 20 40 60 80 100
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@ ©) ®
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a ——0.75 mol-L~" S ——0.07 mol-L~" . “| —10.0 kGy
X 4} ——1.00 mol-L" T 5F —0.08molL" = 12.5 kGy v
» 1.25 mol-L! o 0.09 mol-L* gQ 151 15.0 kG s
8 3t 150molL £ 4 010mol L 8 Y
7 5 4l 7
s 2 2 S 1.0f
S e 5 | 2
o 1t sk 8 £ 05
a. T : iandiahels s 1t g— .
E ol £ 53
[e] o o
S} i o Oof or |
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 &6 8 10
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¢ ) 0 o3
0.5 & 06} &
- = e - N
204 » 0.5 2
3 2 04| : 3 B2 .
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o 8 025 o
o
g 0.1 . £ 01/ £
[e] [e} = [e]
o L N BN S B < n A . | © O %50 125 150
0.50 075 1.00 1.25 1.50 0—506 007 008 009 010 ’ : ) ’

Concentration of DMAEMA / (mol-L")

&3

Concentration of PEGDMA / (mol-L-)

(a~c) /R [Al DMAEMA .PEGDMA 4 J& FIWR i 751 2 [¥] PDME-Li (1) R 45 B /11— A% i 28 ; (d~0 A~ [F] DMAEMA .PEGDMA

Absorbed dose / kGy

TR RIS 2 1) PDME-Li 75 Hs 48 B A8 54 0.5%~10% Y0 (1 e 48 182 1B AR #1128 s (g~ A~ [F] DMAEMA . PEGDMA ¢ & il
57 & (¥ PDME-Li 1) F 48 5 e (R €0 L 9 25 JO
Fig.3 Compressive stress—strain curves of PDME-Li at different (a—c) DMAEMA concentrations, PEGDMA concentrations, and
absorbed doses, (d—f) compressive stress-strain curves within the 0.5%—10% strain range, and (g—i) compressive modulus at
different DMAEMA and PEGDMA concentrations, absorbed dose (color online)

Pl B 3Rk T PDME-Li &%
LA ) 45 46 1F . 14 () JE7R T DMAEMA H.
PR P % PDME-Li & 7 HL S R 520 . B Bk
e FE M 0.50 mol/L 1 % 1.50 mol/L, &1 HL S X H
(4.64+0.14) mS/cm | [ % (3.2840.11) mS/cm. 5t
RN, AR E B A B A ) T 42 = PDME-Li i) 551
S5, (H P13 B P 248 HLARSR AN 2 5 1T i
FE R SRR 1) A W g 2 5 R B o 2 BHAS
T B, FLRANEE 7B SRS ME
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0.07 mol/L. W W7 10.0 kGy (Xf N FEfHFRiC N
PDME-Li-3, J&%:1 5 N PDME-Li) . 4t 2% 14
7 Y] PDME-Li &% i FB A 5T B K 46 B A% 29 (60.9+
1.2)%, XF B 46 B 778 (63.0£7.0) kPa, 4 155 &
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4  (a)DMAEMA AR FE %) PDME-Li B 1 HL S R (1520 (PEGDMA 4 0.07 mol/L, I Y& 571 & 10.0 kGy) ; (b)PEGDMA 3¢

156571 FE % PDME-Li & 1 FiL S 3 ({1 5211 (DMAEMA 4 1.00 mol/L , W71 & 10.0 kGy) 5 (O MU FIE X PDME-Li B 1 H S %
(1521 (DMAEMA 4 1.00 mol/L, PEGDMA 4 0.07 mol/L) ; () AN [RIWR S &~ PDME-Li [ 43 %4
Fig.4 (a) Effect of DMAEMA monomer concentration on ionic conductivity of PDME-Li (0.07 mol/L PEGDMA, 10.0 kGy); (b)
effect of PEGDMA crosslinker concentration on ionic conductivity of PDME-Li (1.00 mol/L DMAEMA, 10.0 kGy); (c) effect of
absorbed dose on ionic conductivity of PDME-Li (1.00 mol/L DMAEMA, 0.07 mol/L PEGDMA); (d) gel fraction of PDME-Li at
different absorbed doses
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MRk
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AIFUE o, R RIFHAFREM. 2 Ui0-66
B 51 N\ PDME-Li ", #ERE & MR S e 1R 15
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R P RE e . SIAIEE, BRI LITFSIM 0.22) mS/em; G3ERL & B 1 & 1.0% (R 8K E)
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TSR, Ngk—P T PDME-Li {15 7 5%, 2 1.0%0 (IR ED N UiO-66 [ 55 A V8 I &
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Al fE S K @ (4.2540.13) mS/em JF & 433+ HETHSFEAEA-EER.
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5 (a)PDME-Li.UiO/PDME-Li }? UiO-66 /] XRD i  ; () DMAEMA .PEGDMA }2 PDME-Li micro-FT-IR i{ & ; (¢ )LiTFSI
15 FH HL# ¥ . PDME-Li UiO-66 J2 UiO/PDME-Li 1] TGA Hl1 £k : () /A8 [F] UiO-66 75 5 52 A 15E I FELAR I B A4S FLAR I (LED ) 55 1
FH 52 28 CR 8 L X 288 6O
Fig.5 (a) XRD patterns of PDME-Li, UiO/PDME-Li, and UiO-66; (b) micro-FT-IR spectra of DMAEMA, PEGDMA, and PDME-
Li; (¢) TGA curves of commercial LiTFSI electrolyte, PDME-Li, UiO-66, and UiO/PDME-Li; (d) ionic conductivity of composite
gel electrolytes with different UiO-66 contents and that of liquid electrolytes (LE)(color online)

22 BUFBREROREETIBN RA B R e, T 5 R A I I 7 o
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REair. WEe () Fiow, w6 A B R AR Lt pI s, A Bh T A e W
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HOWHEA4V, XEEAE TR FEAERENE, (B ibfe % 78 5 % /Y ik i [
FR 00 PR (047 A0 S PR PR, AT AR PORRGE AR P,
TR, BIAUIO-66 5, @M 5y K& BB TE A KU e A M M A ) B B K
47 V. ZERFHEY], UiO-66 FERKRREEIE MBI i o 1T B 0 VR B S A F AP R o B
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(c)Li | PDME-Li I| Li % B f i Al A6 i S ELS st 2 AR AL R I8 A 24 5
(dLi || UiO/PDME-Li | Li X #x F it b A4 A J 1 BIS i 2k AR AL LI a2 CRZ €8 UL I 28 O
Fig.6 (a) LSV curves of LE, PDME-Li and UiO/PDME-Li; (b) EIS curves and polarization current curves of the Li || LE || Li
symmetric cell before and after polarization; (c) EIS curves and polarization current curves of the Li | PDME-Li || Li symmetric cell
before and after polarization; (d) EIS curves and polarization current curves of the Li || UiO/PDME-Li || Li symmetric cell before
and after polarization (color online)
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K3 AAHEFRETHIEREETIEBHNLL

Table 3 Comparison of the ionic conductivity and Li" transference number among different electrolytes

HLAA A B % /(mSem™)’ te EEPEN
Electrolytes Ionic conductivity Reference
NH,-UiO-66@BC 0.23 0.82 [10]
PEO-LiTFSI/ZIF-8 0.02 0.29 [29]
GF@ZIF@PEO 0.18(60 °C) 0.195 [30]
HGPE/TpPa-2 9.30 0.57 [31]
PEO-LiTFSI/MOF-2 1.25 0.36 [24]

IPPZ 0.21 0.45 [32]
UN-LiM-EMIM 0.48 0.34 [33]
UiO/PDME-Li 4.65 0.59 A TAE This work

13 +* NH,-UiO-66 /R Z FAE MK UiO-66 ; BC RN M IE 21 4 3 s PEO R BRI £t s ZIF-8 27 — b A7 WK e <53 Jm AT HLHE 2
FB; GF RoR B AT 4k ;s HGPE 7R 44 JR T SL I B & W LR 5 TpPa-2 K71 COF's #1 K TpPa-2; IPPZ 7R &5 T 4\ ZIF-8 Al
PP BB S A B s UN-LiIM-EMIM 3£ /- K28 B35 104K \MOFs B A5t e TS WM . RAR IR B AR 46 3 = iR
(25°C) o * ARARIT R IR S 1409 LiFePO, R »

Note: * NH,-UiO-66 represents aminomodified UiO-66; BC represents bacterial cellulose; PEO represents polyethylene oxide; ZIF-8
represents a zeolitic imidazolate metal - organic framework material; GF represents glass fiber; HGPE represents a heteroatombased
gel polymer electrolyte; TpPa-2 represents the COF material TpPa-2; IPPZ represents a composite electrolyte composed of ionic
liquid, ZIF-8, and a PP separator; and UN-LiM-EMIM represents a composite gel polymer electrolyte based on an imidazolium ionic
liquid and MOFs. ® Unless otherwise specified, all tests were conducted at room temperature (25 °C). ¢ Unless otherwise specified,

all tests were conducted using LiFePO, electrodes.
2.3 EhMERE
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Fig.7 (a) Voltage-time curves of symmetrical cell cycling; (b) voltage-time curves of cell cycling from 1 100 to 1 120 h; (c) rate
performance of Li || LiFePO, cells containing different electrolytes; (d) specific capacity—cycle curves of Li || LiFePO, cells;
() charge—discharge curves at different cycle numbers for Li || UIO/PDME-Li || LiFePO,; (f) specific capacity—cycle curve of
Li,Ti,O,, || LiFePO, pouch batteries (color online)
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Fig.8 (a) Photograph of the sheared LE lithium metal pouch battery; (b) photograph of the folded and sheared UiO/PDME-Li
pouch battery lighting an LED
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