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Engineering Electronic Inductive Effect of Linker in
Metal-Organic Framework Glass Toward Fast-Charging and
Stable-Cycling Quasi-Solid-State Lithium Metal Batteries

Lichao Li, Guangshen Jiang,* Kun Wang, Anping Yang, Tengfei Cao, Ourui Kong, Jijia Li,
Junpeng Zhu, Jingang Zheng, Chengguo Sun, Lixiang Li, Fei Xu,* and Baigang An*

Metal-organic frameworks (MOFs) have been corroborated as promising quasi-
solid-state electrolytes (QSSEs) matrix relying on their structural and composi-
tional traits, while low Li* conductivity (o ;") still afflicts their further advances
due to intense constraints from anions and large ionic resistance from the
grain boundary. Herein, a combination strategy of simultaneous electronic en-
gineering of linker and vitrification is adopted to optimize o;* for MOF-based
QSSEs. The introduction of an electrophilic —Cl substituent in benzimidazole
linker compels the electron to deviate from Zn?* and modulates their charge
distribution, which immobilizes bis(trifluoromethanesulfonyl)imide anions
and thus boosts Li* transference number. Meanwhile, the vitrification endows
ZIF-62 with the elimination of boundary resistance for high ionic conductivity.
Consequently, —Cl-substituted glassy ZIF-62 containing Li salt (CI-Li-G62)
showcases a high o;* 0f 4.89 X 10~* S cm~"' at 25 °C. Impressively,

Li metal batteries pair with LiFePO, cathode and CI-Li-G62 present

an initial capacity of 145.4 mAh g~ with a decay rate of 0.006% at 1C, and a
superior rate performance of 79.5 mAh g=! at 5C. The work demonstrates the
effectiveness of introducing electron-withdrawing groups into MOF glass for
enhancing ;" and offers a strategy to boost fast-charging and stable cycling
performance of MOF glass-based quasi-solid-state lithium metal batteries.

1. Introduction

With the ever-growing demands for high-energy-density yet
outstanding-safety battery technology, solid-state lithium metal
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batteries (SLMBs) are undergoing bloom-
ing development owing to the inherent
advantages of high theoretical capacity
(3860 mAh g7') and low redox potential
(—3.04 V vs the standard hydrogen elec-
trode) of Li metal and the non-flammable
nature of solid electrolytes.!!] Despite these
advantages, unfortunately, the state-of-the-
art SLMBs still suffer from several scientific
hurdles that severely preclude practical ap-
plications. The major issues include the
inferior fast-charging ability and long-term
stability due to the sluggish cation conduc-
tion and aggravated dendrites originating
from worse compatibility between the
electrode/solid-state electrolyte.?l Metal-
organic frameworks (MOFs), constructed
by organic ligands and metal ions, provide
emerging platforms for exploring SSEs
for their excellent insulation, well-defined
structures, and high modularity.’! Cur-
rently, MOFs such as ZIF-8,l HKUST-1,!
Ui0-66,!°1 MIL-10117] and MOF-74,1%] etc.,
were employed as SSE substrate and
indeed showed high conductivity (o) of
107 S cm™!, even up to 1072 S cm™! in the presence of plasti-
cizer/ionic liquid.®! Nevertheless, Li* often contributes less to
the overall ionic conductivity.['%! In this regard, Li* transference
number (t;;*), defined as the contribution fraction of electric
quantity from cation migration, is employed as an important in-
dex to evaluate Li* conduction behavior. Obviously, the simulta-
neously high ¢ and large t;* are vital to manifest the effective
sole cationic Li* conductivity (o;*, estimated by the o multiplied
by t,%),[1! which thus closely associates with the fast-charging
capability and cycling stability affected by the dendrite growth is-
sue and unstable Li anode interphases. Despite high ¢ in MOF-
based electrolytes, especially with the plasticizer/ionic liquid ad-
dition, the low #;* (<0.5)1>!%] generally gives rise to worse o ;"
mainly owing to the bulky solvation sheath around Li* with in-
tense restraint. The t;* values can be enhanced via solvation
structure modulation by MOF pore structure, but the values are
less than 0.7.113] Vice versa, a few cases reported superior t;*,
while the low o still restricts the enhancement of 6(;* for MOE-
based electrolytes.[''*1*] To the best of our knowledge, the in-
ferior o;" (<4.5 X 107* S cm ™)’ in MOF-based electrolytes
becomes a bottleneck to make a significant advancement in
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fast-charging capability and high capacity retention. Moreover,
most of the C-rate performance in MOF-based electrolyte is lower
than 75 mAh g™ at 5C until now. Consequently, it is press-
ing to explore novel MOF-based quasi-solid-state electrolytes
(QSSEs) to achieve both simultaneously superior ¢ and t;* to
further boost the fast-charging performance and cycling stability
of SLMBs.

In contrast with the crystalline MOFs, their glassy counterparts
emerge as a brand-new member of the glass family after sili-
cate glass, organic glass, and metal glass.' MOF glasses stand
out as promising QSSEs among crystalline counterparts, result-
ing from the homogeneous ionic migration rate and the absence
of grain boundary impedance.l'”l These structural advantages
of MOF glass on ionic conduction resemble sulfide and halide
glass electrolytes.'8] Compared with sulfide glass electrolytes,
MOF glass-based electrolytes have overwhelming air and humid-
ity stability.[') Our group pioneeringly ushered the application of
ZIF-4 glass electrolyte in SLMBs.*®! Subsequently, ZIF-62 glass-
based electrolytes were also exploited!?’! and our group recently
discovered “relay race” style Li* conduction behavior with fast
migration kinetics,!*! while their o,;* were also lower than 4.5 X
10~* S cm™! because of either inferior ¢ or poor t;;* induced by
the weak interactions between anions of Li salts and MOF glass
substrate. Electronic structural regulation at the molecular level
has been corroborated as an effective approach to achieve higher
t,;*, while the grain boundary in crystalline MOF hinders fur-
ther boosting ¢.1'3] Therefore, the simultaneous enhancement of
o and t;* to achieve higher o;* (>4.5 X 10™* S cm™!) is the ideal
solution yet challenging for MOF-based electrolytes. Intriguingly,
elaborately engineering the electronic indcutive effect of linkers
in vitrified MOFs is highly promising to further raise o,;* for
promoting the fast-charging performance and cycling stability of
SLMBs.

Herein, we fabricate the vitrified ZIF-62 with —Cl electron-
withdrawing substituent, i.e., glassy CI-ZIF-62 (denoted as Cl-
G62) for SLMBs. Owing to the presence of a strongly electron-
capturing —Cl group, the distorted electronic structure of Zn**
node in Cl-G62 intensifies the electrostatic attraction with
bis(trifluoromethanesulfonyl)imide anion (TFSI™) from LiTFSI
and thus enhances the t;*. Meanwhile, the isotropy and
boundary-free attributes of MOF glass permit high 6. As antic-
ipated, o;;* of glassy CI-Li-G62 reaches up to 4.89 x 107 S cm™!
at 25 °C, higher than those of the vitrified control samples H-Li-
G62 (—H substituent) and NH,-Li-G62 (—NH, substituent) and
previously reported MOF-based electrolytes. As a consequence,
the Cl-Li-G62 full cell paired with LiFePO, (LFP) releases 79.5
mAh g~ at 5C. As for long-cycling performance, high incipient
capacities of 145.4 mAh g1 at 1C and 116.3 mAh g~! at 3C with
ultrahigh capacity retentions are achieved for Cl-Li-G62, superior
to those of H-Li-G62 and NH,-Li-G62. Our work verifies the effec-
tiveness of simultaneously introducing an electron-withdrawing
group and vitrifying MOF for synergistically boosting o,;*, which
propels the implementation of MOF glass-based electrolyte in
SLMBs.

2. Results and Discussion

For vitrified MOFs, the physicochemical properties, including
ionic conductivity, depend on their linkers, metal ion nodes, and
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the linker-metal node coordination.?!! Evidently, they are also
dominated by electron-inductive effects from linkers. To clearly
exhibit the above effects, the electrostatic potentials of the asym-
metric units of R-G62 (R = —Cl, —H, and —NH,; electroneg-
ativity order: —Cl > —H > —NH,) are analyzed. To simplify
the calculation, the building unit models with the formula of
Zn[R-bIm,sIm, ] (R-G62, bIm = benzimidazole, Im = imi-
dazole) were extracted and saturated with hydrogen atoms in
Figure 1a. Blue color present in the isosurface of electrostatic po-
tential stands for intensive electron-withdrawing property (elec-
trophilicity), and red color represents strong electron-donating
ability (nucleophilicity). For Cl-G62, the —Cl electron-capturing
group displays a strong green color, and the central Zn?* do-
main takes on a dense red color. These results mean that —Cl
in 5-chlorobenzimidazole can deflect the electron cloud from
Zn?* through robust electron capture along d-r and z—= con-
jugation structures.[??) With the locally distorted positive charge
distribution, Zn?** node intensively traps more TFSI~ through
electrostatic interaction, as is illustrated in Figure 1b. This situa-
tion loosens the ion pairing interaction between Li* and TFSI-,
thus boosting Li* mobility. On the contrary, the —NH, group
showcases red color, and Zn?* displays yellow color in NH,-G62,
which implies that the —NH, electrophobic substituent in the
linker renders the electron cloud to lean toward Zn?*. The gen-
erated electron-donating inductive effect slightly impairs the in-
teraction between TFSI~ and Zn**. Correspondingly, Li* motion
is slowed down due to the strong restriction from TFSI~ anions.
The feature of electrostatic potential in H-G62 is located between
those of Cl-G62 and NH,-G62. Theoretically, ionic conductivities
in these three MOF glasses should obey the order: CI-G62 > H-
G62 > NH,-G62.

According to the above theoretical analysis, three crystalline
MOFs, i.e., Cl-ZIF-62, H-ZIF-62, and NH,-ZIF-62, with varying
electronegative substituents on the benzimidazole linker were
initially synthesized. Actually, the crystalline CI-ZIF-62 and NH,-
ZIF-C62 were first found by Thomas D. Bennett's group.!?’!
Herein, these three MOF crystals are uniformly named as Cl-
C62, H-C62, and NH,-C62 for better understanding. As for crys-
talline samples, their X-ray diffraction (XRD) patterns are par-
allel and in good agreement with that of the simulated ZIF-
62 (Figure 2a), because Cl-C62, H-C62, and NH,-C62 are affil-
iated with the ZIF-62 family.?*! They underwent the vitrifica-
tion process, and the corresponding three MOF glasses of Cl-
G62, H-G62, and NH,-G62 were finally obtained. As an exam-
ple, the main chemical materials involved in Cl-G62 prepara-
tion were tracked by a Fourier transform infrared (FTIR) spec-
trometer. In Figure 2b, the N—H band (3016 cm™!) assigned
to 5-chlorobenzimidazole and imidazole is absent, and Zn—N
(427 cm™') band emerges in crystalline Cl-C62, indicative of the
coordination occurrence between ligands and metal center."
After vitrification, C=N (1597 cm™!), C=C (1669 cm™?), C—Cl
(800 cm™') and Zn—N characteristic bands are still reserved for
Cl-G62, corroborating the absence of chemical reaction during
vitrification. A similar phenomenon also occurs to H-G62 and
NH,-G62 (Figures S1 and S2, Supporting Information). In 'H
NMR spectra, the peaks at 2.94 and 2.77 ppm, ascribed to N, N-
dimethylformamide disappear (Figure S3, Supporting Informa-
tion). The '"H NMR peaks present in Cl-C62 are all retained in Cl-
G62, but the peak at 4.61 ppm shifts to 4.50 ppm and becomes
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Figure 1. a) Isosurfaces of electrostatic potential of ZIF-62 glass from linker with varied substituents (R = —Cl, —H, —NH,); b) Schematic of varied

substituents effects on ionic conduction of CI-G62, H-G62, and NH,-G62.

broader, indicating a change of chemical coordination environ-
ment because of vitrification. After heat treatment, the three crys-
tals have completely converted into amorphous counterparts, as
verified by merely two broad peaks in their respective XRD pat-
terns (Figure 2c¢). In the differential scanning calorimetry (DSC)
curve of Cl-G62, the vitrification phenomenon with glass tran-
sition temperature (T,) of 310 °C exists in the temperature-rise
period (Figure 2d), suggesting that the as-obtained amorphous
products are glassy materials.¥l As shown in Figure 2e and
Figure S4 (Supporting Information), the vitrified CI-G62 demon-
strates deep brown bulk blocks due to fusion and is transparent
with an irregular shape under an optical microscope. As revealed
in scanning electron microscopy (SEM) images and energy dis-
persive spectra (EDS) mappings (Figure 2f), the well-distributed
C, N, Zn, and Cl elements are detected in Cl-G62. Likewise,
the other H-G62 and NH,-G62 glasses also present irregularly
shaped blocks (Figures S5, S6, Supporting Information). Owing
to the good endurance toward the elevated voltage of 200 kV,!%°
high-resolution transmission electron microscopy (HRTEM) in-
vestigation was conducted to examine the microstructure of Cl-
G62. The twisty textures rather than ordered lattices are clearly
observed in HRTEM images (Figure 2g), suggesting the glassy
structure of Cl-G62. Furthermore, the halo-like selected area elec-
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tron diffraction (SAED) pattern also proves the existence of the
glassy state.[] CO, adsorption/desorption curves of these three
samples showcase the respective Brunauer-Emmett-Teller (BET)
surface areas of 254.5, 251.1, and 240.0 m? g~! with micropores
concentrated on 0.58, 0.59, and 0.53 nm for Cl-G62, H-G62, and
NH,-G62 (Figures S7-S9, Supporting Information), respectively.
This low-porosity phenomenon is also found in previous liter-
ature and mainly arises from structural deformation and den-
sification during vitrification, accompanying the dissociation of
the Zn—N coordination bond and the exposure of open metal
sites.[?]

These three vitrified MOFs were processed into electrolyte
membranes (see the Supporting Information), and they are sepa-
rately denoted as Cl-Li-G62, H-Li-G62, and NH,-Li-G62. The elec-
trolyte films present relatively dense but not coherent monoliths,
and their thicknesses of them were controlled to ~80 um (Figures
S10 and S11, Supporting Information). The determined liquid
content is 19.42 wt.% by thermal gravimetric analysis (TGA) in
Cl-Li-G62 film (Figure S12, Supporting Information). As an im-
portant index, the ionic conductivity of QSSE at room temper-
ature is the first and foremost consideration. As portrayed in
Figure 3a, these three electrolyte films show ionic resistances
of 6.7, 8.9, and 9.7 Q in ss|QSSE|ss (ss: stainless steel) cell for
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Figure 2. a) XRD patterns of ZIF-62 with varied substitutes (R = —Cl, —H

Wavenumber (cm™)

1500 1000 500 10 20 30 40 50
2 Theta (degree)

g -

, —NH,) and simulated ZIF-62; b) FTIR spectra of imidazole, 5-

chlorobenzimidazole, CI-C62 and CI-G62; c) XRD patterns of Cl-G62, H-G62 and NH,-G62; d) DSC upscan of Cl-G62; e) Optical microscopy image
of CI-G62 block; f) SEM image of CI-G62 and its EDS mappings of C, N, Zn and Cl elements; g) HRTEM images of Cl-G62 with its SAED pattern.

Cl-Li-G62, H-Li-G62, and NH,-Li-G62 at 25 °C according to elec-
trochemical impedance spectroscopy (EIS) measurements. The
corresponding conductivities are separately 6.11 x 107*, 4.59
x 107 and 4.21 x 107* S cm™, in agreement with the elec-
tronegativity sequence of the substituents. Compared with the
previous reports, in reality, the ionic conductivities of H-Li-G62
and NH,-Li-G62 at 25 °C are already relatively high, resulting
from the grain boundary-free and isotropy attributes of the glass
phase.[?%] As for Cl-Li-G62, it has higher ionic conductivity de-
rived from the fact that the high electronegativity of the —Cl
electron-withdrawing group despoils electrons from Zn?*, apart
from the existing glassy features.[?®! The ionic conductivities of
Cl-G62 with various ClbIm/Im ratio (i.e., Zn[ClbIm, ;s Im, (] and
Zn[ClbIm, osIm, os]) and ZIF-4-CN, ,, glass were determined to
be 6.87 x 107, 5.24 x 10~ and 6.98 X 10~ S cm™!, further vali-
dating the ionic conductivity with close association with electron-
withdrawing group (Figures S13-S16, Supporting Information).
Nyquist plots at various temperatures are revealed in Figures
S17-S19 (Supporting Information), and the corresponding ionic
resistances decrease with increasing temperature for all elec-
trolytes. A linear relationship between logarithmic ionic conduc-
tivities and the reciprocals of thermodynamic temperature, obey-
ing the Arrhenius equation, is presented in Figure 3b. Represent-
ing migration barrier in SSE, the activation energy (E,) can be
calculated from the slope of the fitted line according to the Ar-
rhenius equation. The calculated E, value of Cl-Li-G62 is 0.14 eV,
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slightly lower than those of H-Li-G62 (e.g., 0.16 eV) and NH,-Li-
GO62 (e.g., 0.18 eV). The lowest E, of Cl-Li-G62 also illuminates
the dual effects from the electron-withdrawing effect and the at-
tributes of MOF glass on Li* conduction.

As is well known, t;;* directly reflects cation migration ability
and polarization degree when the batteries are running. Figure 3c
reveals that Cl-Li-G62 has the highest t;;* of 0.80 in contrast
with H-Li-G62 (e.g., 0.71) and NH,-Li-G62 (e.g., 0.31) (Figures
S20-S22, Supporting Information), hinting at the fastest Li*
transfer kinetics and the lowest polarization degree of Cl-Li-
G62, substantiated as below. Such t;;* enhancement of CI-Li-
G62 originates from the presence of —Cl electron-withdrawing
group, which further attracts the charge of Zn?*, intensifying
the chemical interaction with TFSI~ and alienates Li+.'*b] To
elucidate the underlying mechanisms of the above results, bind-
ing energy (BE) between TFSI~ and the simplified structures
representing the three MOF glasses was calculated based on
the density functional theory (DFT) simulations. As seen from
Figure 3d, Cl-G62 shows the highest BE of 3.88 eV in contrast
with H-G62 (3.22 eV) and NH,-G62 (2.00 eV). The strong in-
teractions between TFSI" and Cl-G62 are also validated by O 1s
spectra with a large amount of —S=0...Zn?* species (532.5 eV) in
Figure S23 (Supporting Information). This suggests that the de-
flected electronic structure of Zn?* induced by electrophilic sub-
stituent intensely anchors TFSI~ anions and thus promotes Li*
motion.

© 2025 Wiley-VCH GmbH

85UB01 7 SUOLUWIOD dA 181D 3[qeoldde ay) Aq peuenob ae sooiLe VO ‘85N JO Son. 1oy Aleld1T8UIIUQ AB]IA UO (SUONIPUO-PUR-SWB)ALIOY™ A8 | Im Afe.d1jBul [Uo//Sciy) SUORPUOD pue sWwie 1 8y} 88S *[5202/50/62] Uo Akeiqiauliu AB|IM D1ULyIA|0d UISSMULON Ad 00505202 WiPe/Z00T OT/I0p/W0d" A8 1M Aeiq iUl |uo"psoueApe//Sdny WoJj papeo|umod ‘0 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

'ANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

a 2 - b 3o C 3075
25°C ° i
@ 32! E.=0.14 eV Initial state
154 o0 o Sy ' = ‘E200{ - Steady state
- ° 2001 £
E °° G 3.4 g
510/ g = @ S|OE {RY e
bt 20 o h 8 *os, %0,
z O s L .36 E,=0.16 eV = /
N P oes o 5 100 0
° o . o 0 100 200 300
51 ° > CI-Li-G62 =5l CI-Li-G62 Z'(ohm)
3 o H-Li-G62 %71 e H-Li-G62 E,=0.18 eV =
§ 55 o NH,Li-G62 * NH,-Li-G62 CI-Li-G62 t,,*=0.80
0 40— . 0
\ 15 20 28 29 3.0 3.1 3.2 33 0 1 Ti 2 h 3 4
z (ohm) 1000 T (K™ ime (h)
d € s
5] g o3
E O - =
04{ v 0.2 !
—
1504 1
T3 %
o ~=0.0 |
\ X 2{% /"I Ref S1 Ref S2 Ref S3 H H | ™ |
+ b_|1 ]

-3.88 eV -3.22 eV
Cl-G62 H-G62

©c Cv @0 @On

R 5 Lh L6 A 5 5 S R 5T
S SV P PP P S R RSN
S o e e oS o oS ol al 52825245
FECELEEC S S

o

‘\/‘\
0.020 2 6"
f g 0.9 —— CI-Li-G62 h i 5
-Li- —H-Li-G62 ]
_0.015{ ClLi-ce2 _ —NHLiG62| 4. e ] 4 %
. == o
£ > %o_ﬁrwwﬂﬁﬂﬂ ! 0"%
£0.005; £0.3 S =RV RERRE c
= S o EEREREN X
(&) > >, TR -
0.000- \ 0.0- o lg g
513V —— CI-Li-G62 L o
-0.005 - : 65
1 3 3 4 5 & 04 08 12 16 2 5 o3
Potential (V vs Li/Li*) Time (h) Time (h)
| o4

~——— CI-Li-G62—— H-Li-G62—— NH,-Li-G62

0.3 mA cm? 0.3 mAh cm™
0.4 . : . :

0 250

00
Time (h)

T v T
750 1000

Figure 3. a) Nyquist plots at 25 °C and (b) Temperature-dependent conductivity plot of Cl-Li-G62, H-Li-G62 and NH,-Li-G62; c) Current-time curves
of Li|Cl-Li-G62|Li symmetric cells (inset: EIS at initial and steady states); d) Binding energies of TFSI~ with CI-G62, H-G62 and NH,-G62; e) o;*
comparisons of the reported MOF-based electrolytes and Cl-Li-G62; f) LSV of Li|Cl-Li-G62]ss cell; g) Voltage profiles of Li|QSSE|Cu; h) Voltage response
at various current densities and (i) cycling stability of Li plating/stripping for Li|QSSE|Li symmetric cells.

As to the effective conductivity, the highest 6;,* of 4.89 x 10~
S ecm™! for Cl-Li-G62 is displayed in comparison with H-Li-G62
(3.26 x 107* S cm™') and NH,-Li-G62 (1.31 x 10~* S cm™1). We
also compared o;* of the previously reported MOF-based elec-
trolytes, and our Cl-Li-G62 showcases the unparalleled o;*, as
plotted in Figure 3e. A wide electrochemical stability window

Adv. Funct. Mater. 2025, 2505700

2505700 (5 of 10)

(ESW) is meaningful to enhance the energy density of batter-
ies. In Figure 3f, CI-Li-G62 reveals a wide ESW up to 5.13 V,
which is comparable to H-Li-G62 and NH,-Li-G62 (Figures S24
and S25, Supporting Information). This implies Cl-Li-G62 owns
good antioxidation capability and can match with the high-voltage
cathode. Li||Cu cells were assembled to investigate the effect
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of different electrolytes on Li deposition behavior. As depicted
in Figure 3g, Cl-Li-G62 displays a nucleation overpotential of
30.0 mV, slightly lower than that of H-Li-G62 (e.g., 32.9 mV). Es-
pecially, the nucleation overpotential of NH,-Li-G62 is as high
as 76.4 mV, elucidating that the electron-donating effect from
linkers in the MOF glass electrolyte is adverse for Li deposi-
tion. The critical current density (CCD) is an index to assess the
maximum current that SSE can tolerate. Cl-G62 and NH,-G62
bear the same CCD values of 5 mA ¢cm™2, whereas H-G62 has
a lower CCD of 4 mA cm™2, as plotted in Figure 3h, Figures
S26 and S27 (Supporting Information). Cl-Li-G62 has the low-
est polarization voltage among these three glassy electrolytes. To
compare stripping/plating kinetics of Li, Tafel plots of symmet-
ric Li|QSSE|Li cells were recorded. The exchange current density
(Jo) is 0.81 mA cm~2 for Cl-Li-G62, higher than those of H-Li-G62
(0.66 mA cm~?) and NH,-Li-G62 (0.61 mA cm™2), as revealed in
Figure S28 (Supporting Information), which accelerates interfa-
cial charge transfer during stripping/plating processes.[?! To fur-
ther probe the Li stripping/plating behavior and the compatibility
between Li anodes and these three electrolytes, long cycling tests
were also carried out in Li|QSSE|Li cells. At 0.2 mA cm~2 and 0.2
mAh cm~2, Li|Cl-Li-G62|Li steadily operates for 1500 h and un-
dergoes a slight increasing polarization without failure during
the following 1250 h, while short circuit occurs when Li|H-Li-
G62|Li and Li|NH,-Li-G62|Li runs 2270 and 950 h, respectively
(Figure S29, Supporting Information). After the initial activation
of 0.05-0.2 mA cm~2, Cl-Li-G62 undergoes a stable cycling with
a polarization voltage of 37.6 mV for 750 h and then an increas-
ing polarization process with 110.8 mV in the subsequent 350 h
at 0.3 mA cm™? and 0.3 mAh cm~2 (Figure 3i). In comparison,
H-Li-G62 and NH,-Li-G62 showcase larger polarization voltages
of 247.6 and 167.8 mV after 850 and 480 h, respectively. Such
a phenomenon illustrates that Cl-Li-G62 bears the outstanding
modulation of Li deposition and remarkable compatibility with
Li anode.*! As to flame retardance, Cl-Li-G62 cannot catch fire
when approaching the flame within 3 s and presents a partial
blackened film once withdrawn from the flame (Figure S30, Sup-
porting Information). The presence of N species in imidazole and
5-chlorobenzimidazole from CI-C62 can impede the combustion
of Cl-Li-G62.3% Therefore, the implementation of Cl-Li-G62 into
SLMBs can boost their safety.

Encouraged by the superiority of Cl-Li-G62, the electrochem-
ical performance of full cells matching different cathodes on
the market was investigated. Rate capability, representing fast-
charging ability, was analyzed first with LFP. LFP|CI-Li-G62|Li
delivers 166.3 mAh g™ at 0.1C (1C = 170 mA g'), which
is approaching the theoretical capacity of LFP (Figure 4a). Al-
though these three samples have approximate capacities within
the range of 0.1-0.5C, the capacity gaps are particularly evident
under larger current densities. Especially, LFP|Cl-Li-G62|Li re-
leases 79.5 mAh g~! at 5C, markedly surpassing LFP|H-Li-G62|Li
(e.g., 57.0 mAh g~!) and LFP|NH,-Li-G62|Li (e.g., 44.2 mAh g1).
Impressively, the plateaus at 5C remain clearly discernible in the
charge/discharge profiles of the Cl-Li-G62 cell (Figure S31, Sup-
porting Information). We compared the rate performance dispar-
ity of UiO-66, Zn-MOF-74, NH,-UiO-66, ZIF-4 glass, and ZIF-62
glass, etc., with that of Cl-Li-G62 paired with LFP. Our fabricated
Cl-Li-G62 outperforms the best amongst the listed electrolytes,
as shown in Figure 4b. The root of the above splendid perfor-
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mance is the prominent conductivity for cations resulting from
electron-withdrawing effect plus the MOF glass attributes. As to
long-term cyclability, CI-Li-G62 cell displays a high initial capac-
ity of 145.4 mAh g~! with a capacity retention of 97.7% at 1C
over 400 cycles, overmatching H-Li-G62 (e.g., 125.4 mAh g™!)
and NH,-Li-G62 (e.g., 107.1 mAh g™!) cells (Figure 4c). The ca-
pacity of Cl-Li-G62 is also superior to that of the reported MOF-
based electrolytes, and the corresponding capacity decay rate is
only 0.006%. Such alow fade rate is markedly lower than for other
MOF-based electrolytes, apart from the higher capacity of Cl-Li-
G62 (Figure 4d), validating the merits of such a composition de-
sign of MOF glass on cycling performance. Polarization voltage
from the charge/discharge profiles of Cl-Li-G62 is 144 mV, evi-
dently lower than those of H-Li-G62 (e.g., 187 mV) and NH,-Li-
G62 (e.g., 307 mV), as revealed in Figure S32 (Supporting Infor-
mation). These results are consistent with Li|QSSE|Li symmetric
cells. Under a higher current density of 3C, the cycling capac-
ity of 111.9 mAh g~! with a retention of 96.2% is delivered after
500 cycles for Cl-substituted ZIF-62 glass electrolyte (Figure 4e).
The experimental group obviously overbalances H- and NH,-
substituted ZIF-62 glass SSEs with lower capacities of 76.5 and
56.0 mAh g~ under the same conditions. Moreover, the corre-
sponding Coulombic efficiency remains ~#100%, whether the cur-
rent density is 1 or 3C. And the corresponding charge/discharge
profiles of varied cycles nearly overlapped, further suggesting no
evident capacity fade (Figures S33 and S34, Supporting Informa-
tion).

The electrochemical performance of LFP|Cl-Li-G62|Li at high
LFP loading is one of the important references to evaluate prac-
tical applications. At LFP loading of ~13.2 mg cm™2, LFP|Cl-
Li-G62|Li runs 80 cycles with an incipient capacity of 140.6
mAh g and a retention of 97.9% at 0.5C (Figure S35, Sup-
porting Information). The cycling performance is better than
that of some reported QSSEs (Table S1, Supporting Informa-
tion). Amazingly, Cl-Li-G62 also exhibits admirable temperature
adaptation. At —20 °C, the capacity of LFP|CI-Li-G62|Li decays
in the first 10 cycles and slowly increases to 79.0 mAh g! af-
ter 100 cycles at 0.1C (Figure S36, Supporting Information). At
a higher temperature of 80 °C, it can discharge a high capac-
ity of 169.3 mAh g~! with a retention of 84.5% for 300 cycles at
1C (Figure S37, Supporting Information). Air stability is a cru-
cial factor for SSE commercialization. After 7-day exposure in
air, the XRD pattern of Cl-Li-G62 bears a resemblance to that of
the fresh Cl-Li-G62 (Figure S38, Supporting Information). Once
assembled in the cell, impressively, LFP|Cl-Li-G62|Li still func-
tions well for 300 cycles with 119.7 mAh g™ and a retention
of 99.1% at 1C (Figure 4f), suggesting that our designed Cl-
Li-G62 is insensitive to oxygen and humidity. Obviously, CI-Li-
G62 excels in air stability in comparison with oxide, sulfide, and
halide electrolytes.[*!! The excellent air stability of Cl-Li-G62 is
of paramount significance for the scalable production, transport,
and storage of SSE. Owing to the upper limit of ESW exceed-
ing 5V, high-voltage LiNi, 4Co,,Mn,; 0, (NCM 811) and LiCoO,
(LCO) cathodes were also evaluated to confirm the feasibility of
Cl-Li-G62. As showcased in Figure 4g, the NCM811|Cl-Li-G62|Li
cell releases a capacity of 155.5 mAh g~! with retention of 82.8%
for 300 cycles under 1C after stepwise activation. When it comes
to LCO, a capacity of 140.4 mAh g~! is achieved for LCO|Cl-
Li-G62|Li (Figure S39, Supporting Information). In short,

© 2025 Wiley-VCH GmbH
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Figure 4. a) Rate performance of LFP|QSSE|Li; b)

Rate performance comparisons of Cl-Li-G62 and the reported MOF-based electrolytes; c,e) Cycling

stability of LFP|QSSE|Li at 1 and 3C; d) Comparisons of specific capacities at 1C and corresponding average capacity decay rate per cycle of various
MOF-based electrolytes; f) Cycling performance of LFP|CI-Li-G62|Li at 1C after 7-day exposure in air; g) Cyclability of NCM811|Cl-Li-G62|Li at 1C.

—Cl-modulated ZIF-62 glass displays the outstanding electro-
chemical performance.

To further investigate the origin of in electrochemical per-
formance discrepancy, negative electrodes were meticulously
analyzed. Figure 5a reveals the morphology of Li anodes in
LFP|QSSE|Li after 50 cycles. SEM image of Li anode against Cl-
Li-G62 shows a rather smooth and flat surface. In sharp contrast,
Li anodes contacting with H-Li-G62 and NH,-Li-G62 present ev-
ident wrinkles with relatively coarse surface, although the flat-
ness of Li anodes in H-Li-G62 and NH,-Li-G62 cells is compa-
rable to those in the previously reported QSSEs because of the
isotropy attribute of MOF glass.>?%] The reason for the lower
Li flatness in NH,-Li-G62 with electrophobic group cells is as-
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cribed to its low t;;* due to the weak electrostatic interaction
between Zn?* with TFSI~ and thus accelerate uneven Li nu-
cleation. In the solid electrolyte interphase (SEI) film of Li an-
ode from LFP|QSSE|Li, organic components contain ROCO, Li
and RCO,Li, as shown in C 1s and Li 1s X-ray photoelectron
spectroscopy (XPS) data (Figure 5b), was derived from the de-
composition of glycol dimethyl ether, propylene carbonate and
Li salts. Organic component with a proper amount can increase
the SEI resilience to mitigate volumetric fluctuation during
charging/discharging,[®’] but excess organic ingredients lower
the ionic conductivity of the SEI layer due to the attribute of
their segment motion. Apart from organic components, LiF and
Li,O inorganic components can be observed in Li 1s and F 1s

© 2025 Wiley-VCH GmbH

85UB01 7 SUOLUWIOD dA 181D 3[qeoldde ay) Aq peuenob ae sooiLe VO ‘85N JO Son. 1oy Aleld1T8UIIUQ AB]IA UO (SUONIPUO-PUR-SWB)ALIOY™ A8 | Im Afe.d1jBul [Uo//Sciy) SUORPUOD pue sWwie 1 8y} 88S *[5202/50/62] Uo Akeiqiauliu AB|IM D1ULyIA|0d UISSMULON Ad 00505202 WiPe/Z00T OT/I0p/W0d" A8 1M Aeiq iUl |uo"psoueApe//Sdny WoJj papeo|umod ‘0 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

a

-CF, O_C-C NH,-Li-G62

www.afm-journal.de

Li1s ROCO,Li
. RCO,Li /)
==

Li,0
NH,-Li-G62

Z>. S X

o AA-U-GGZ

297 294 291 288 285 282
Binding Energy (eV)

C
49% 1% 25%
51% 17% |13%
53% 25% |11%

O Lo

1

1

1

1

1 -

1

1

1

1

: — J H-Li-G62 —— H-Li-G62
1

1 2N

1

1 -
1

1

1

1

1

1

C (=" RocO,Li

63 62 61 60 59 58 57 56 55
Binding Energy (eV)

d

NH,-Li-G62

l |
H-Li-G62 m
{ |

CI-Li-G62 m

( J

Figure 5. a) SEM images of Li anodes against Cl-Li-G62, H-Li-G62 and NH,-Li-G62; b) C Ts, and Li Ts high-resolution XPS spectra of SEI layer on the
cycled Li anodes; ¢) Composition content of LiF, Li,O, ROCO,Li and RCO, Li in three SEl layers in LFP|CI-Li-G62|Li; d) the corresponding SEI composition
models; e) Power supply of LFP|CI-Li-G62|Li pouch cell under abuse conditions.

spectra (Figure S5b; Figure S40, Supporting Information). Al-
though Li,O contents in SEI layers are approximate for these
three electrolytes, LiF content in Cl-Li-G62 significantly exceeds
those of H-Li-G62 and NH,-Li-G62 (Figure 5c). As previously re-
ported, Li,O can also facilitate cation conduction and enhance
Coulombic efficiency.**] The SEI properties, including ionic con-
ductivity and anode protection, depend on the total content of
Li,O and LiF. The higher inorganic content, up to 78%, ensures
faster Li* transfer in the SEI for the Cl-Li-G62 cell. This means
that the SEI layer combines high ionic conductivity and rigidity
from LiF and Li, O, and the resilience of organic components.>]
The composition models of SEI for the three samples are por-
trayed in Figure 5d. The structural privilege of SEI film hinders
its cracking and reconstruction, which is also conducive to high
Coulombic efficiency and remarkable stability of the Li anode.*]
Combined with the advantages of SEI and CI-Li-G62 electrolyte,
the outstanding electrochemical performance can be achieved for
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the CI-Li-G62 battery. To further illustrate the commercial poten-
tial and safety under abuse conditions of Cl-Li-G62, an LFP||Li
pouch cell was assembled, equipped with Cl-Li-G62. As exhib-
ited in Figure 5e, a pouch cell can still supply power for a light-
emitting diode under bending, puncture, and cutting abuse con-
ditions.

3. Conclusion

To summarize, we report modulating the electronic inductive ef-
fect of substituents on linkers and vitrification of MOF to opti-
mize o;* for SLMBs. The introduced —Cl electron-withdrawing
group in benzimidazole linker within ZIF-62 reinforces the dis-
torted electron distribution of Zn?*, where TFSI~ anions from
LiTFSI are intensively anchored through electrostatic interaction,
and the alienated Li* gains much mobility in MOF glass. Addi-
tionally, the glass attributes reduce ionic transport resistance in
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glassy MOF. As we expected, Cl-Li-G62 showcases o;* of 4.89 X
10~* S cm™! at 25 °C, surpassing most of MOF-based electrolytes.
Benefiting from the above advantages, LFP|CI-Li-G62|Li full cell
delivers 145.4 and 79.5 mAh g~! at 1 and 5C, respectively. Strik-
ingly, Cl-Li-G62 displays outstanding air stability and still releases
a high and steady capacity of 119.7 mAh g~! at 1C after exposure
in air. Introducing electron-withdrawing groups into MOF glass
is a promising strategy to further enhance their o;;* and offer
huge impetus for MOF glass-based solid-state lithium metal bat-
teries.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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