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ABSTRACT: Solid-state lithium metal batteries (LMBs) are still
plagued with low ionic conductivity and inferior interfacial contact,
which hinder their practical implementation. Herein, a quasi-solid-state
composite electrolyte, poly(1,3-dioxolane) (PDOL)/glassy ZIF-62
(PGZ) with fast ion transport and intimate interface contact, is
fabricated via in situ polymerization. The in situ polymerization of DOL
in an electrolyte matrix not only improves the exterior interface
between electrolyte/electrode but also optimizes the inner interfaces
among glassy particles, rendering PGZ as an uninterrupted ionic
conductor. Moreover, PGZ inherits the superior ionic conductivity and
the robust dendrite prohibition of glassy MOFs originating from their
grain-boundary-free nature, isotropy, and abundant groups containing
N species. As expected, our proposed PGZ exhibits a prominent ionic
conductivity of 6.3 × 10−4 S cm−1 at 20 °C. Li|PGZ|LiFePO4 delivers an outstanding rate performance (103 mAh g−1 at 4C)
and a stable cycling capacity (118 mAh g−1 at 1C over 1000 cycles). PGZ also presents excellent low-temperature cycling
performance with 75 mAh g−1 for 480 cycles at −20 °C and excellent flame retardance. Even at a high loading of 12.1 mg cm−2,
it can still discharge at 140 mAh g−1 for 100 cycles. Hence, PGZ prepared via in situ polymerization holds enormous prospects
as a solid-state electrolyte for high-performance and safe LMBs.
KEYWORDS: metal−organic frameworks, MOF glass, ZIF-62, solid-state electrolyte, in situ polymerization

1. INTRODUCTION
The thirst for high-energy-density and high-safety lithium
metal batteries inspires enormous endeavors in exploiting
advanced solid-state electrolytes (SSEs),1−3 while SSEs are still
subject to low ion conductivity and severe interface issues.4

Among them, composite electrolytes, integrated with the
robust rigidity and ionic conduction of inorganics and the good
flexibility of polymers, are demonstrated as competitive
candidates for solid-state lithium metal batteries (SLMBs).5,6

As one of the booming inorganic parts of composite
electrolytes, metal−organic frameworks (MOFs), linked by
metal ions and organic ligands, are electronically insulating and
readily processable.7 Moreover, coordination chemistry and
reticular design principles offer unlimited possibilities for
extending the structural diversity and properties of MOFs,8

meaning that MOFs can be modulated through the custom-
ization of chemical components and network topologies

according to task-specific demands.9 These features empower
them as a competitive inorganic matrix for composite
electrolytes.

As attractive derivatives of crystalline MOFs, glassy MOFs
rely on their grain-boundary-free nature and isotropy and thus
have no transport impedance among boundaries with the same
migration rate along all directions for fast ion conduction
besides common attributes with MOF crystals.10−12 Our
pioneering work has confirmed the effectiveness of MOF glass
as an SSE substrate conducting Li+ through structural defects

Received: November 23, 2023
Revised: May 10, 2024
Accepted: May 21, 2024

A
rtic

le

www.acsnano.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsnano.3c11725
ACS Nano XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

N
O

R
T

H
W

E
ST

E
R

N
 P

O
L

Y
T

E
C

H
N

IC
A

L
 U

N
IV

 o
n 

M
ay

 2
9,

 2
02

4 
at

 0
7:

46
:4

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shouxiang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guangshen+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yimao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chengyang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tongyang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanyan+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baigang+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baigang+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.3c11725&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11725?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11725?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11725?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11725?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11725?fig=tgr1&ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.3c11725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


and segment motion in itself with a cycling capacity of 104
mAh g−1 at 1C for 500 cycles.13 Like inorganic electrolytes,
nevertheless, the unfavorable interfacial contacts of glassy
MOF including the interface among inorganic particles
(denoted as the internal interface) and the interface between
SSE and electrodes (denoted as the external interface) obstruct
ion transport. To improve the situation above, the as-
synthesized polymers are widely appreciated by many
researchers owing to their high ionic conductivity and
flexibility. For instance, glassy titanium alkoxide networks
(TANs) were incorporated with poly(ethylene oxide) (PEO)
and delivered a capacity of 128.7 mAh g−1 at 0.5C.13,14 Despite
a certain enhancement of their rate performance, there is still
large room to boost due to the presence of insufficient interior
interface contact generated by the worse infiltrability of viscous
polymers ahead of the battery assembly. Hence, rationally

optimizing interior and exterior interfaces simultaneously is
one of the top priorities to enhance the comprehensive
electrochemical performance of solid-state LMBs.

Herein, we integrate polymers into MOF glass membranes
via an in situ polymerization strategy and achieve the
prominent performance of solid-state batteries. Like other
MOF glasses, the ZIF-62(Zn,Co) (denoted ZIF-62) glass film
bears the excellent ionic conductivity generated by grain-
boundary-free nature, isotropy, abundant groups containing N
species and mechanical robustness entitled by glass attribute,
ensuring high ion migration and splendid dendrite suppression.
The in situ introduction of flexible poly(1,3-dioxolane)
(denoted PDOL) can fill in the interspace among MOF
glass particles and gaps between SSE and electrodes, which
renders the whole SSE to be a continuous heterophase for
uninterrupted ion conduction. As a consequence, our proposed

Figure 1. Schematic synthesis route of PGZ.

Figure 2. (a) XRD patterns of glassy ZIF-62, crystalline ZIF-62, and simulated ZIF-62. (b) DSC upscans of crystalline ZIF-62. (c) IR spectra
of glassy ZIF-62 and crystalline ZIF-62. (d−f) Photo, optical microscopy, and SEM images of glassy ZIF-62 after grinding. (g) EDS
mappings of glassy ZIF-62.
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composite electrolyte PDOL/glassy ZIF-62 (denoted PGZ)
displays an outstanding ionic conductivity of 6.3 × 10−4 S cm−1

at 20 °C and runs for 1800 h at 0.3 mA cm−2 in the symmetric
cell Li|PGZ|Li. Full cells Li|PGZ|LiFePO4 deliver a good rate
performance of 103 mAh g−1 at 4C and a stable cycling
capacity of 118 mAh g−1 over 1000 cycles at 1C. PGZ also
presents prominent low-temperature cycling performance and
flame retardance. Hence, the in situ integration of PDOL into
glassy MOF membranes demonstrates a huge prospect as a
solid-state electrolyte for high-performance and safe LMBs and
holds immense commercial potential.

2. RESULTS AND DISCUSSION
The grain boundary-free and isotropic nature of glass materials
and the chemical diversity of coordination polymers empower
glassy MOFs as promising electrolyte matrices for solid-state
batteries.15,16 Although the rigidity of MOF glass can intensify
dendrite suppression, this property gives rise to poor interfacial
contact with the electrodes. Incorporating polyacrylate,17

polyether,18,19 polycarbonate,20 and poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP)21 into inorganic elec-
trolytes can improve the dilemma, as verified by many previous
reports. Nevertheless, this approach cannot optimize the poor
inner interface contact generated by the worse infiltrability of
vicious polymers and the inferior exterior interface contact

induced by ex situ polymerization before battery assembly.
Inspired by this concept, we triumphally in situ fabricate
composite solid electrolytes, i.e., MOF glass-based electrolyte
PGZ. Initially, vitrified ZIF-62 is obtained through melting−
quenching treatment from its crystalline counterpart and
undergoes a rolling process into a glassy MOF film (Figure 1).
When the battery is assembled, the as-prepared solution
c o n t a i n i n g t h e D O L m o n o m e r , l i t h i u m b i s -
(trifluoromethanesulphonyl)imide (LiTFSI), and fluoroethy-
lene carbonate (FEC) is dropped onto the vitrified MOF
membrane and infiltrates into the gaps inside the film. Under
the initiation of LiPF6 dissolved in propylene carbonate (PC),
the infiltrated DOL in voids among particles and between
electrolyte/electrodes is polymerized, and the formed polymer
fills in them. The as-obtained PGZ hybrid electrolyte bears a
continuous heterophase for uninterrupted ion conduction by
ZIF-62 glass and amorphous domains in PDOL. This means
that introducing PDOL via in situ polymerization into the
glassy MOF film synchronously improves the situation of the
interior and exterior interface contacts.22,23 As expected, the
PGZ composite electrolyte inherits superior ionic conductivity,
robust dendrite prohibition of glassy MOFs, and favorable
interfacial contact from PDOL with splendid adaptability.

Generally, MOF glass is constructed via a fast melting−
quenching process from their crystalline counterparts.24 In our

Figure 3. (a) IR spectra of PDOL, DOL, and LiTFSI. (b) Evolution of the ionic conductivity during the gelation process (inset: photograph
of the DOL gel process). (c) IR spectra of glassy ZIF-62, PDOL, and PGZ. (d) Combustion behaviors of the PGZ film and PP separator. (e)
The corresponding typical charge/discharge curves of Li||Cu cells with PGZ. (f) Nyquist plots for PGZ from −20 to 40 °C. (g) Arrhenius
plots of PGZ and PPP. (h) LSV of the Li|PGZ|SS cell.
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work, crystalline ZIF-62 is synthesized by a solvothermal
approach. X-ray diffraction (XRD) patterns record the
vitrification transition of ZIF-62. The crystalline sample has a
pattern consistent with the simulated one, while all of the
original characteristic peaks disappear in the vitrified sample
with only one broad peak located at 16.5°, illustrating the
successful achievement of glassy ZIF-62 (Figure 2a). To
further monitor the vitrification behavior of ZIF-62, the
differential scanning calorimetry (DSC) method was con-
ducted. In the first upscan, the crystalline ZIF-62 subsequently
undergoes complete desolvation and melting at 265 and 426
°C, respectively (Figure 2b). The vitrification transformation is
observed at 313 °C (Tg) during the second upscan, which is in
agreement with the earlier reports.25 This result also
demonstrates the occurrence of vitrification. As shown in
Figure S1, DMF desolvation occurs at 200 °C, and
decomposition starts at 600 °C for ZIF-62. This outstanding
thermal stability stems from the intensive coordination
interaction between the metal center and organic ligands
including imidazole and benzimidazole. After vitrification,
glassy ZIF-62 has parallel Fourier transform infrared (FTIR)
spectroscopy with the crystalline sample despite its phase
change (Figure 2c). In detail, the vitrified sample succeeds the
vibrations peaks of C�N (1674 cm−1), C�C (1602 cm−1),
C−N (1280 cm−1), and C−H (952 cm−1) from the imidazole
and benzimidazole rings of the crystalline one,26,27 implying
that no chemical reaction occurs during heat treatment. The
intensity change of peak at 1150 cm−1 may be caused by
structural tortuosity and deformation of the entire crystal
structure as well as local molecular motion during the
vitrification process and thus induce changes in the chemical
environment with some enhanced bond vibrations and some
restricted bond vibrations. The as-obtained ZIF-62 glass
presents a purple powder after grinding (Figure 2d) and
transparent and glassy blocks under optical microscopy (Figure
2e). In Figure 2f, the irregular blocks are further observed by
scanning electron microscopy (SEM). Energy dispersive
spectra (EDS) mappings display that elements C, N, Zn, and
Co are homogeneously distributed in glassy ZIF-62, as shown
in Figure 2g. According to the N2 adsorption/desorption test,
crystalline ZIF-62 has an adsorption amount of 8.7 cm3 g−1

(STP) with a Brunauer−Emmett−Teller (BET) surface area of
10.0 m2 g−1, whereas ZIF-62 glass bears a lower adsorption
amount of 7.6 cm3 g−1 (STP) with a lower BET surface area of
9.0 m2 g−1 (Figure S2). This volumetric contraction
phenomenon stems from the structural deformation and
densification after vitrification,13,16 which is the cause of
short-range disorder for glass materials.28

The polymerization of DOL with LiTFSI was investigated in
depth. After polymerization, the vibration intensity of C−H
(920 cm−1) decreases significantly, the C−O−C band (1030
cm−1) shifts, and a new peak located at 845 cm−1 representing
long-chain C−C emerges compared with the pure DOL
monomer29 (Figure 3a), corroborating the occurrence of
polymerization. In the PDOL sample, the vibration peaks of
C−F (1355 cm−1) and S�O (1200 cm−1) ascribed to LiTFSI
are observed;30 however, the S�O band shifts to a lower
wavenumber (1193 cm−1) compared with pure LiTFSI,
verifying that PDOL can interact with TFSI− and facilitates
Li+ dissociation.31 In contrast with unpolymerized DOL, new
peaks emerge in PDOL, as confirmed by 1H nuclear magnetic
resonance (1H NMR) analysis (Figure S3), which is in
accordance with the structure of the reported PDOL.32 The

number-average molecular weight determined by chromatog-
raphy gel permeation chromatography (GPC) is approximately
3203 g mol−1 with a low dispersibility index of 1.5 (Figure S4).
As shown in Figure 3b, the ionic conductivity decreases over
time until 150 min, meaning that the polymerization basically
completes. The inset of Figure 3b also shows that the primitive
LiTFSI/DOL solution turns into a transparent solid product
under initiation. To ensure full polymerization, we leave 24 h
to cells at ambient temperature before the test. The FTIR
spectra of the composite electrolyte PGZ were also examined.
PGZ keeps the characteristic bands C�N (1674 cm−1), C�C
(1602 cm−1), C−N (1280 cm−1), and C−H (952 cm−1) of
ZIF-62 glass;26,27 the peak positions of C−F (1355 cm−1) and
S�O (1190 cm−1) ascribed to LiTFSI and C−O−C (1058
cm−1) from PDOL are retained despite their slight shifts
(Figure 3c). These results demonstrate that ZIF-62 glass has
intensive interactions with LiTFSI and PDOL.

According to the formula of our designed QSSE, the
proportion of vitrified ZIF-62 is about 50 wt %, and the
proportion of PDOL is about 25 wt % in PGZ. The liquid
content of QSSE is about 16.17 wt %, as determined by
thermal gravimetric analysis (TGA, Figure S5). The composite
electrolyte PGZ appears purple with a thickness of ∼70 μm
and can be bent, folded at 180°, and then flattened into an
intact film, preliminarily demonstrating its good flexibility
(Figure S6a,b). As shown in Figure S6c, the glass MOF film is
relatively dense and flat overall. The flame retardancy of the
QSSE is an important index to evaluate its battery safety. As
shown in Figure 3d, a commercial polypropylene (PP)
separator promptly burns out with a dazzling light. On the
contrary, once the ignited PGZ film is withdrawn from fire, the
flame quickly extinguishes without the following combustion.
This sharp contrast evidently substantiates the excellent fire
resistance of PGZ due to the generated N species from the
imidazole ring and benzimidazole.33,34 On the other hand,
PGZ produces certain nitrogen-containing free radicals at high
temperatures, which can inhibit the chain reaction of free
radicals and delay the combustion of materials; during the
combustion process, on the other hand, ZIF-62 can generate
some noncombustible gases, such as N2, diluting the
concentration of the combustible substance and the oxygen
in the air.35 Therefore, the implementation of PGZ into LMBs
can enhance their security.

Glassy ZIF-62 is prepared into a membrane in advance for in
situ polymerization, which can effectively resolve the
agglomeration of inorganics happening in the traditional
solution coblending method. To probe the optimal amount
of PDOL precursors containing LiTSFI and the initiator, the
ionic resistances of composite electrolytes with various
volumes of precursors after polymerization were analyzed.
With increasing precursor volume, the corresponding resist-
ance decreases, and their differences become narrow (Figure
S7). An optimized volume of DOL (30 μL) is thus selected for
the subsequent studies. The Coulombic efficiency (CE) was
examined in the asymmetric cells with the configuration of Li||
Cu. The PGZ cell displays an initial CE of 75.65% at 0.2 mA
cm−2 and 0.2 mAh cm−2, and the subsequent CE basically
remains at ∼90% after 100 cycles (Figure S8a). The PGZ cell
has small nucleation overpotential (e.g., 29 mV), and their
plating/stripping voltage curves are always steady (Figure 3e),
signifying the preeminent stability of the solid electrolyte
interface (SEI) film, whereas the initial CE is 50% for the
control group polymerized PP (PPP) cell and dramatically
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decreases to 10% from the 40th cycle despite a slight increase
in the primary stage (Figure S8a). Their corresponding
overpotentials are ∼40 mV with large gaps among plating/
stripping profiles, higher than those of the PGZ cell (Figure
S8b). This phenomenon is ascribed to unstable SEI for the
PPP cell, suggesting that PPP fails to effectively passivate the
lithium anode and hardly hinders the occurrence of the
continuous side reactions between the Li metal and the
electrolyte.36 The ionic resistances at varying temperatures are
shown in Figures 3f and S9. According to eq 1, the
corresponding ionic conductivity can be calculated, and the
relationships between ionic conductivity and thermodynamic
temperature are depicted in Figure 3g. Intriguingly, PGZ has a
high ionic conductivity of 6.3 × 10−4 S cm−1 at 20 °C, which

meets the requirement of normal operation for solid-state
batteries. Astonishingly, it still possesses 2 × 10−4 S cm−1 at
−20 °C. PDOL/crystalline ZIF (PCZ) was also compared,
displaying a low ionic conductivity of only 3 × 10−4 S cm−1 at
20 °C (Figure S9b). By contrast, the ionic conductivity of PPP
with the same amount of precursors decreases to 1.5 × 10−5

(−20 °C) from 1.3 × 10−4 S cm−1 (20 °C). This conductivity
discrepancy, especially at low temperatures, probably originates
from the fast ion-transportation property induced by the grain-
boundary-free and isotropic nature of glassy ZIF-62,24,37 and
the new interphase formed between glassy ZIF-62 and PDOL
at the premise of their equal precursor amount of the
polymer.5 PGZ has lower activation energy (e.g., 0.052 eV)
of Li+ migration in comparison with PPP (e.g., 0.114 eV;

Figure 4. (a, b) Current−time curves of Li|PGZ|Li and Li|PPP|Li symmetric cells at 10 mV of polarization (inset: EIS at initial and steady
states), respectively. (c) Rate performance of Li plating/stripping for Li|PGZ|Li and Li|PPP|Li cells. (d) Cycling stability of Li plating/
stripping for Li|PGZ|Li and Li|PPP|Li cells at 0.3 mA cm−2. (e, f) SEM images of Li anodes against PGZ and PPP after plating/stripping
tests, respectively. (g, h) XPS analysis of C 1s and F 1s spectra of PGZ and PPP after cycling in Li/Li symmetric batteries.
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Figure 3g) calculated by the Arrhenius equation in eq 2. The
stable electrochemical window of PGZ was measured and
ranged from 2.5 to 4.6 V via the linear sweeping voltammetry
(LSV) approach (Figure 3h), implying the prominent
electrochemical stability of PGZ.

A high ion transference number (TN) can markedly reduce
the concentration polarization. As described in Figures 4a,b
and S10, PGZ has a higher TN value (0.63) than PPP (0.57)
and PCZ (0.56). One of the main reasons for triggering the
interior short circuit of batteries is Li dendrites, produced by
local uneven electric and ionic fields originating from the

Figure 5. (a) Rate performance and (d) cycling stability of LFP|PGZ|Li and LFP|PPP|Li full cells. (b, c) Charge/discharge profiles of LFP|
PGZ|Li cells at various current densities and 1C, respectively. (e) Cycling stability of LFP|PGZ|Li cells at −20 °C. (f) TEM image of PGZ.
(g) Theoretical calculation of the binding energies of Li with 2PDOL and PDOL−2Im. (h) Illustration of the fast Li+ transport mechanism
in PGZ.
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differences between the diffusion rate and deposition rate of
Li+.38 Fortunately, bearing polar N species and grain boundary-
free with isotropy nature from glassy ZIF-62 and the close
interior and exterior contact from PDOL, PGZ can realize fast
Li+ flux and uniform distribution, ensuring homogeneous Li
deposition and thus avoiding the dendrite growth.13,39,40 Given
the above advantages of PGZ, the Li plating/stripping ability of
Li||Li symmetrical cells was investigated at gradient current
densities. Evidently, PGZ has lower polarization voltages all the
time, from 0.01 to 0.06 mA cm−2 (Figure 4c). Especially at
0.08, 0.1, and 0.5 mA cm−2, Li|PGZ|Li has polarization voltages
of only 47, 87, and 280 mV correspondingly, whereas Li|PPP|
Li exhibits higher voltages of 71, 89, and 477 mV under the
same conditions (Figure 4c). To further assess the interfacial
stability, the galvanostatic cycling of Li||Li symmetrical cells
was examined. Despite fluctuating voltage over the initial 300
h, Li||Li cells deliver relatively steady cycling for another 1500
h with a polarization voltage of 148.8 mV at 0.3 mA cm−2

(Figure 4d). In stark contrast, Li|PPP|Li shows higher
polarization voltages over 800 mV after 180 h and short
circuits after 252 h under the same test conditions. After
cycling, the Li metal anode in the Li|PGZ|Li cell exhibits a
smooth surface without dendrites, whereas the counterpart in
the Li|PPP|Li cell is rather coarse with pores induced by
nonuniform Li deposition (Figure 4e,f). These results further
confirm that PGZ has excellent interfacial stability and
compatibility with the Li metal in comparison with PPP.

In C 1s spectra from the Li anode surface, the peaks located
at 286.6 and 288.7 eV are indexed to the C−O−R and O−C−
O groups of the SEI layer derived from the −
CH2CH2OCH2O− unit of PDOL (Figure 4g). The C 1s
peak (292.0 eV) ascribed to −CF3 from LiTFSI is present in
the SEI of the Li anode in contact with PGZ while not being
present in the counterpart against PPP. The F 1s peaks’ area
ratio of A(−CF3)/A(LiF) in SEI against PGZ is 19.6:1,
obviously higher than that (e.g., 0.95:1) of SEI toward PPP
(Figure 4h). Such a result also suggests that TFSI− undergoes
continuous decomposition in the PPP electrolyte with the Li
anode. These F 1s peaks offer only relative amounts of −CF3
and LiF species rather than the real amount of the respective F
species. As well known, LiF is beneficial for the stability of SEI
and the uniform Li deposition. However, this does not mean
that more LiF is better for stable SEI and uniform Li stripping/
plating. An appropriate amount of LiF can reduce the diffusion
energy barrier of lithium and stabilize SEI, while excessive LiF
can increase the interface impedance and polarization of the
battery. For PGZ batteries, the introduction of ZIF-62
effectively prevents the excessive formation of LiF, which is
conducive to the formation of a more stable solid electrolyte
interface layer with proper LiF content. These mean that the
SEI film against PPP is not unstable, and parasitic side
reactions repeatedly consume LiTFSI,29 which is consistent
with the results of SEM images (Figure 4f). Such a result
further illustrates the overwhelming advantages of PGZ over
those of PPP.

To validate the PGZ practicability in LMBs, we evaluated
the full cell LFP|PGZ|Li (LiFePO4). Rate performance was
initially investigated within the range of 0.1−4C (1C = 170
mAh g−1). Although LFP|PGZ|Li has approximate capacities
with LFP|PPP|Li from 0.1 to 0.4C, the specific capacities of
LFP|PGZ|Li are higher than those of LFP|PPP|Li at higher
current densities, especially at 4C (e.g., 103 mAh g−1 vs 78
mAh g−1; Figure 5a). When the current returns to 0.5C, the

capacity of LFP|PGZ|Li recovers to 145 mAh g−1, indicative of
the excellent physicochemical stability of PGZ. Figure 5b
depicts that LFP|PGZ|Li still bears a distinct charge/discharge
plateau at 4C, while PPP cell has a low capacity with a less
obvious plateau under the same conditions (Figure S11),
indicating the better fast-charging ability of PGZ over PPP. It
could be concluded that the high ion conductivity of PGZ
produces a splendid rate performance. Long-term cycling
performance is shown in Figure 5c,d. Although the capacity of
LFP|PPP|Li is higher in the initial 360 cycles, it decays fast at
less than 40 mAh g−1. Strikingly, LFP|PGZ|Li basically keeps a
stable capacity of 118 mAh g−1 and a near Coulombic
efficiency of 100% with a few fadings at 1C over 1000 cycles.
This vivid contrast is also embodied in galvanostatic charge/
discharge profiles (Figures 5c and S12). With the same amount
of the liquid electrolyte containing the DOL monomer, the
PPP electrolyte has small internal resistance in comparison
with the PGZ film due to the lower thickness of 25 μm for PPP
than that of PGZ (∼70 μm). With the continuous cycling, the
low ionic conductivity and the unstable SEI against PPP cause
its capacity decay subsequently. As a comparison, PCZ has a
low specific capacity of 65 mAh g−1 at 1C with markedly
fluctuating Coulombic efficiency (Figure S13). At an even
higher current density of 2C, the capacity of LFP|PPP|Li fades
fast and decreases to 0 mAh g−1 after 20 cycles (Figure S14).
In stark contrast, LFP|PGZ|Li delivers an initial capacity of 101
mAh g−1 and maintains at 70 mAh g−1 at 2 C after 800 cycles.
The charge/discharge curves of LFP|PGZ|Li also reveal
overwhelming cycling capacity at a high current density
(Figure S15). Furthermore, the comprehensive cycling
performance surpasses some of the earlier reports (Figure
S16). To examine the thermal adaptability of PGZ, LFP|PGZ|
Li was carried out in a galvanostatic cycling test at various
temperatures from 40 to −20 °C (Figure S17). LFP|PGZ|Li
delivers 160 mAh g−1 at 0.2C and 40 °C, and its capacity
decreases with the declining temperature. The energy density
of LFP|PGZ|Li is 367.57 Wh kg1− based on the cathode (at 0.2
and 20 °C). At −20 °C, LFP|PGZ|Li still delivers 70 mAh g−1,
implying a wide working temperature range. As for long-
cycling performance at low temperature, LFP|PGZ|Li exhibits a
stable capacity of 75 mAh g−1 for 480 cycles at 0.2 and −20 °C
(Figures 5e and S18). Such superior low-temperature cycling
performance is attributed to the prominent ionic conductivity
of PGZ. When the cathodic loading is 12.1 mg cm−2, Li|PGZ|
LFP delivers a high capacity of 140 mAh g−1 at 0.1C for 100
cycles (Figure S19), demonstrating the commercial potential
of PGZ. High-voltage NCM 811 as the cathode paired with Li
is also investigated. NCM811|PGZ|Li can run for 60 cycles at
0.5 C with 198 mAh g−1 and the overlapping charge/discharge
profiles (Figure S20).

In order to probe the mechanism of the performance
enhancement of ZIF-62 glass, experimental evidence and
theoretical calculations are analyzed in depth. As shown in
Figure 5f, the formed interphase with continuous and intimate
contact is clearly observed outside the glassy ZIF-62 particle,
which is derived from the intensive interaction between glassy
ZIF-62 and PDOL. According to DFT calculation results, the
binding energy of Li-imidazolate is 2.28 eV, lower than that of
Li-PDOL (2.60 eV; Figure S21). Additionally, the binding
energy of Li+ in the interphase (4.02 eV; composed of
imidazolate and PDOL) is lower than that of PDOL (4.32 eV;
Figure 5g). These further illustrate that glassy ZIF-62 weakens
the Li+ coordination and solvation from PDOL. Hence, the
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formed interphase is more conducive to the dissociation and
conduction of Li+, indictive of the lower resistance and good
rate performance of PGZ.41,42 All in all, the introduction of
glassy ZIF-62 combined with PDOL markedly enhances the
battery performance as mentioned above. Figure 5h summa-
rizes the mechanism of PGZ boosting the comprehensive
electrochemical performance. The integration of PDOL
through in situ polymerization stuffs the voids among MOF
glass particles and the concave surface between the electrolyte
and the electrode, thus optimizing the internal and external
interfaces of PGZ. Such structured hybrid SSE is a continuous
heterophase for uninterrupted ion migration by glassy MOF
and amorphous molecular chains of PDOL. Additionally, the
interior interface between glassy ZIF-62 and PDOL provides
the extra pathways for ion transport apart from MOF glass and
polymer phases.43 Combined with the above merits, the PGZ
composite electrolyte inherits robust dendrite prohibition of
glassy MOFs stemming from their rigidity and abundant
groups containing N species.

3. CONCLUSIONS
In conclusion, we report an outstanding quasi-solid-state
composite electrolyte PGZ through in situ polymerization.
Combined with the merits of grain-boundary-free and isotropic
properties ascribed to MOF glass and the flexibility of PDOL,
PGZ delivers high ion conductivity, robust dendrite prohib-
ition, and low interfacial resistance in batteries. Impressively,
our proposed PGZ runs for 1800 h at 0.3 mA cm−2, and no
dendrites in the symmetric cell Li|PGZ|Li were verified by
plating/stripping tests. Full cells exhibit a stable cycling test
over 1000 cycles at 1C with a stable capacity of 118 mAh g−1,
outperforming most of the previously reported composite
electrolytes. PGZ also presents outstanding low-temperature
cycling performance and flame retardance. Therefore, our
finding demonstrates that the PDOL/glassy MOF electrolyte
prepared via in situ polymerization shows great potential as a
solid-state electrolyte and offers promising solutions for safe
and high-performance quasi-solid-state batteries.

4. EXPERIMENTAL SECTION
4.1. Materials Synthesis. ZIF-62(Zn,Co) was synthesized

through the solvothermal method at 130 °C for 5 days, and the
precursor solution was composed of Zn(NO3)2·6H2O(99.9%),
Co(NO3)2·6H2O(99.9%), imidazole, and benzimidazole in a mol
ratio of 1:1:27:3 and dissolved in 50 mL of N,N-dimethylformamide
solvent. The purple deposit was filtered and washed three times with
ethanol. The purple product was heated at 460 °C in an Ar
atmosphere and cooled to room temperature. Finally, glassy ZIF-62
(G-ZIF-62) was achieved.
4.2. Characterization. X-ray diffraction (XRD) patterns were

collected on an Empyrean (PANalytical) diffractometer (Cu Kα
radiation, 0.15406 nm). The porosity was determined by the N2
adsorption/desorption test on an ASiQwin (Quantachrome) instru-
ment. Brunauer−Emmett−Teller (BET) theory was employed to
calculate the specific surface area. Degassing conditions were 200 °C
temperature for 12 h. The morphology investigation was carried out
on a Zeiss Gemini 1530 scanning electron microscope (SEM)
equipped with an energy dispersive spectra (EDS) analyzer. Fourier
transform infrared spectroscopy (FTIR) data were collected on a
Bruker VERTEX 70. Differential scanning calorimetry (DSC) was
conducted on a NETZSCH STA 409PC/PG from room temperature
to 435 °C. The samples were heated at a rate of 10 °C min−1 to the
target temperature during the first scan. After the sample was cooled
to room temperature, the second upscan was performed using the
same procedure as the first time. Thermogravimetric analysis (TGA)

was carried out in an argon atmosphere by a ramping rate of 10 °C
min−1. NMR analysis was performed on a Mercury VX 300
instrument by dissolving DOL and PDOL in dimethyl sulfoxide-d6
(99.9 atom % D, Sigma-Aldrich). GPC was conducted in
tetrahydrofuran at an elution rate of 1.0 mL min−1 under a Waters
Associates GPC system equipped with a Waters 1515 high-
performance liquid chromatography pump and an interferometric
UV absorption detector.
4.3. Solid-State Electrolyte Film Preparation. PGZ was

composed of G-ZIF-62. Poly(tetrafluoroethylene) (PTFE) emulsion
was used to fabricate solid-state electrolyte film with a thickness of 70
μm by the rolling approach and cut into a disk with a diameter of 19
mm. Subsequently, the as-obtained film was dried at 80 °C in a
vacuum oven for 12 h.
4.4. Cathode Preparation. LiFePO4/NCM811, Super P, and

polyvinylidene difluoride (PVDF) as a binder in a weight ratio of
8:1:1 in N-methyl-pyrrolidone (NMP) were mixed into a slurry and
coated on an aluminum foil. The coated foil was dried in a vacuum
oven at 80 °C for 12 h and then cut into a round electrode with a
diameter of 10 mm. The mass loading of LiFePO4/NCM811 on each
disk was ∼2.2 mg cm−2. A high-loading cathode was also constructed
using this method.
4.5. Battery Assembly. A 1,3-dioxane (DOL) monomer solution

(solution A) containing LiTFSI (1 M) and a proper amount of FEC
was stored in a bottle. LiPF6 (3 wt %) as an initiator was dissolved in
propylene carbonate (PC) in another bottle (solution B). A certain
amount of solution A was added to solution B and fully mixed with a
volume ratio of 20 (DOL):7(PC):3(FEC). The mixture (30 μL) was
dropped on a ZIF-62 glass film when cells were assembled. The in situ
polymerization occurs at room temperature in the cells. The formed
quasi-solid-state electrolyte is denoted PGZ. As a control group, the
same amount of the precursor was added to the propylene (PP)
separator (denoted PPP). A lithium plate and a LiFePO4 cathode
were the anode and cathode, respectively. The thickness of the metal
negative electrode used was 400 μm, and the diameter was 15 mm. All
operations were operated in a glovebox in an Ar-filled glovebox with
oxygen and moisture concentrations kept below 0.1 ppm. The cycling
stability and rate capability of Li||LFP (2.5 and 4.2 V) batteries were
evaluated using the battery testing system (CT2001A, LANHE).
4.6. Electrochemical Characterization. 4.6.1. Ionic Conduc-

tivity. The ionic conductivity was determined in the configuration of
ss|QSSE|ss (stainless steel). The alternating current (AC) impedance
investigation was carried out on a Corrtest workstation within a
frequency range from 1 MHz to 1 Hz. EIS data were collected from
−20 to 40 °C. The ionic conductivity, σ, was calculated using

= l RA/( ) (1)

where l is the thickness of the QSSEs, A is the contact area between
QSPEs and SS, and R is the resistance measured. The temperature-
dependent ionic conductivity of QSSE could be fitted with the
following Arrhenius equation

= +E RT Clog( ) /(2.303 )a (2)

where Ea is the activation energy, R is the molar gas constant, T is the
absolute temperature, and C is a constant.

4.6.2. Electrochemical Window Determination. Linear scanning
voltammetry (LSV) measurements were conducted in the config-
uration of a Li|QSSEs|SS asymmetric cell within a voltage range of 0−
6 V (vs Li/Li+) at 0.5 mV s−1.

4.6.3. Ion Transference Number. The configuration of Li|QSSEs|Li
in the CR2025 coin cell was employed to measure the Li+

transference number (tLi
+) by combining an AC impedance

measurement and a direct current (DC) potentiostatic polarization
measurement. The EIS was measured between 1 MHz and 0.1 Hz
before and after the DC polarization (a voltage amplitude of 10 mV).

4.6.4. Tests of Dendrite Inhibition. To evaluate the electro-
chemical stability between Li and QSPE, Li||Cu and Li||Li CR2032
coin cells with QSSEs were assembled and further evaluated at 0.2 mA
cm−2 and 0.2 mAh cm−2 for 100 cycles.
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4.7. Theoretical Calculations. All calculations were performed
by using the Gauss 16 package. Among them, the solvation structure
optimization, frequency analysis, and single-point energy calculation
of Li+ were all calculated using the combination of B3LYP and the 6-
311 + G (d, p) basis set. The 6-31 G (d, p) basis set was used for
small atoms. Only the most stable and optimized structures were
presented in this work.
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