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ABSTRACT: Solid-state lithium batteries have attracted great attention owing to their potential advantages in safety and energy
density. Among various solid electrolytes, solid polymer electrolyte is promising due to its good viscoelasticity, lightweight, and low-
cost processing. However, key issues of solid polymer electrolyte include poor ionic conductivity and low Li+ transference number,
which limit its practical application. Herein, a new-type of ultraviolet cross-linked composite solid electrolyte (C−CSE), composed
of ZIF-based ionic conductor (named ZIL) and polymer, is designed with enhanced ion transport. The ZIL is composed of ZIF-8
and ionic liquid, which can provide C−CSE with fast ion transport paths. Moreover, the proper pore size of ZIF-8 can restrict the
migration of embedded ionic liquid and thus construct a solid−liquid transport interface between polymer chains and ZIF-8, which
could achieve fast ion transport. In addition, ultraviolet irradiation can decrease the crystallization of C−CSE and thus increase the
amorphous region. Consequently, the C−CSE show excellent electrochemical performance including high ionic conductivity of
0.426 mS cm−1 at 30 °C, high Li+ transference number of 0.67, and good Li|Li compatibility cycle over 1040 h. Experimental and
computational results indicate that diffusion energy barrier of Li+ through ZIF-8 is smaller than that of polymer chains, which reveals
a new Li+ transport mechanism between polymer chains and ZIL, from “chain−chain−chain” to “chain-ZIL-chain”. This work
demonstrates rational design of ion transport paths at the interface of solid electrolyte could facilitate the development of solid-state
lithium batteries as a promising novel strategy.

KEYWORDS: ZIF-based ionic conductor, ultraviolet irradiation, interface design, lithium-ion transport mechanism,
composite solid electrolyte

1. INTRODUCTION

Lithium-ion batteries (LIBs) have been widely applied in
various fields such as portable electronics, electric automobile,
and large-scale energy storage because of their high output
power, low self-discharge, no memory effect, and environ-
mental friendliness.1 However, liquid organic electrolytes in
commercial LIBs are vulnerable to generate side reactions
during charging and discharging processes, which would result
in irreversible fading of battery capacity.2 Moreover, drawbacks
of flammability and volatilization in liquid organic electrolytes
are harmful to the safety and lifespan of batteries during
service.3,4 Besides, commercial LIBs are mainly composed of
graphite anode, failing to satisfy the growing demand for
energy storage devices with high energy density.5 In contrast to

liquid organic electrolytes, solid-state electrolytes (SSEs)

possess excellent performance, such as nonflammability, good

electrochemical stability, and compatibility with lithium

anode.6−8 This is why solid electrolyte is widely considered

as the most promising next-generation technology to

batteries.9−11 According to this, developing solid electrolytes
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instead of liquid electrolytes has received wide attention in
batteries with high safety and energy density.12,13

SSEs are mainly divided into two categories: solid-state
ceramic electrolytes and solid-state polymer electrolytes
(SPEs).6 Nowadays, SPEs, such as poly(ethylene oxide)
(PEO), have been generally considered as more promising
solid electrolytes for commercialization because of their good
flexibility, easy film formation, lightweight, low-cost processing,
etc.14 Nevertheless, SPEs have also been hindered in practical
application due to two key scientific issues of poor ionic
conductivity and low lithium-ion mobility.15,16 In view of these
challenges, numerous strategies have been developed to
improve the performance of SPEs, such as copolymerization,
blending, cross-linking, and complexing with inorganic
particles.17−23 Recently, some solid ceramic/polymer compo-
site electrolytes were reported that inorganic ceramic particles
could considerably enhance ionic conductivity as active
lithium-ion conductors by optimizing the interface of ion
transport.24−27 Apart from this, cross-linked copolymer
electrolytes were prepared and applied in energy storage
devices, which proves the cross-linking effect in SPEs could
enhance ion transport.28,29 Cross-linking of polymer can serve
as a feasible and effective strategy on boosting the design of
polymer networks, and hence obtaining the high performance
electrolyte with great thermal stability and improved
wettability of polymer matrix.30−33 Although these methods
have been used to enhance the performance of solid
electrolytes, it is still far from practical applications. Moreover,
there have been few reports about SPEs with both high ionic
conductivity and Li+ transference number. Thus, designing
novel strategies, interfaces, and fillers to enhance ion transport
in SSEs is of great significance in the development of high-
performance SPEs.

Metal−organic frameworks (MOFs) show great prospects in
electrolytes because they have low electrical conductivity and
tunable pore structure.34,35 For example, MOF-modified liquid
organic electrolyte has been reported to inhibit the dendrite
growth of lithium.36 Another significant finding is that a MOF-
based electrolyte was designed by mixing UIO-67 and ionic
liquid, which effectively improved the ion transport interface of
Li7La3Zr2O12 in the Li7La3Zr2O12-based SSBs.37 Unlike liquid
organic electrolytes, ionic liquids (ILs) have advantages of
nonflammability, higher ionic conductivity, wider electro-
chemical window and better electrodeposited lithium
morphologies.38−43 Thereby, introducing ILs into MOFs can
not only avoid the safety hazards from liquid organic
electrolytes but also effectively improve ionic conductivity
due to the desired interface of MOF-based electrolyte.39

Besides, appropriate pore sizes of MOFs and Lewis acid−base
interactions can limit the migration of cation/anion of ILs and
release more free Li+ participating in ion transport, which have
a positive influence on Li+ transference number.44 On account
of the above research, incorporating ILs into proper pores/
channels of MOFs and the interface design between MOFs
and composite materials are promising strategies to optimize
ion transport in solid electrolytes.
In this work, a novel ultraviolet (UV) cross-linked composite

solid electrolyte (C−CSE) based on ZIF-based ionic
conductor (named ZIL) and PEO was designed and
constructed. The ZIL is composed of ZIF-8, bis-
(trifluoromethane)sulfonimide lithium salt (LiTFSI), and
ionic liquid 1-ethyl-3-methylimidazolium-bis(trifluorome-
thylsulfonyl)imide (EMIM-TFSI). The porous ZIF-8 hosts
serve as stable 3D frameworks to absorb (EMIM0.83Li0.17)TFSI
and limit the migration of EMIM+ and TFSI−, thus construct a
solid−liquid transport interface between polymer chains and
ZIF-8 in C−CSE. Based on the introducing of ZIL as the Li+

Figure 1. (a) Schematic illustration for the design of UV cross-linked composite solid electrolyte and Li+ migration path. (b) van der Waals
volumes of EMIM+ (light blue sphere: H atom, black sphere: C atom, blue sphere: N atom). (c) van der Waals volumes of TFSI− (purple sphere: F
atom, black sphere: C atom, yellow sphere: S atom, blue sphere: N atom, orange sphere: O atom). (d) The structure of ZIF-based ionic conductor
after incorporating (EMIM0.83Li0.17)TFSI into ZIF-8 framework (Vp indicate pore volume of ZIF-8).
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active filler, the inhibition effect of ZIF-8 micropores size on
EMIM+, and Lewis acid−base interactions between the ZIF-8
host and anions, the ionic conductivity and Li+ transference
number are enhanced. The UV irradiation can decrease the
crystallization of polymer and thus increase the amorphous
region, which can promote the fast and continuous ion
transport. Moreover, the cross-linked polymer matrix can also
restrict the migration of large-size anions and provide the C−
CSE with excellent electrochemical and mechanical stability.
Meanwhile, we proposed a unique Li+ transport mechanism on
the solid−liquid transport interface of polymer chains and ZIL
from “chain−chain−chain” to “chain-ZIL-chain”. Owing to the
superior structure and effective Li+ transport, the obtained
electrolyte exhibited a high ionic conductivity of 0.426 mS
cm−1 and high Li+ transference number of 0.67 ± 0.08.
Besides, it also exhibited a wide potential window and excellent
lithium metal compatibility.

2. EXPERIMENTAL SECTION
2.1. Preparation of the ZIL. The ZIF-8 was prepared via a mild

solution stirring method.45 The experimental drugs were purchased
from Aladdin without further treatment. First, 1 mmol of zinc nitrate
hexahydrate [Zn(NO3)2·6 H2O] and 8 mmol of 2-methylimidazole
(C4H6N2) were added in 14 mL of methanol, respectively. Then, the
mixture was stirred and mixed for 24 h. Second, ZIF-8 was obtained
by centrifugal washing with methanol. By heating the ZIF-8 at 120 °C
for 12 h, the activated ZIF-8 can be obtained. Third, based on the
concentration of lithium salt and the relationship between viscosity of
ionic liquid and ionic conductivity, the (EMIM0.83Li0.17)TFSI was
prepared by mixing 2.5 mmol of LiTFSI and 5 g of (EMIM)TFSI
through magnetic stirring (the molar ratio of EMIM+: Li+ was
5:1).46,47 A different amount of (EMIM0.83Li0.17)TFSI was added to
the activated ZIF-8, separately. Finally, the mixing materials of
activated ZIF-8 and (EMIM0.83Li0.17)TFSI were heated at 120 °C in
an oven for 12 h to obtain ZIF-based ionic conductor.
2.2. Preparation of C−CSE. The related drugs were purchased

from Aladdin without further treatment. First, LiClO4 was grinded by
ball milling to obtain the smaller particle of LiClO4 at a rotate speed
of 250 r/min for 24 h. Then PEO (MW = 600 000), LiClO4, and ZIL
were mixed and grinded in an agate mortar by ball milling. Then, a
mold (the diameter is 17 mm) was used to obtain the CSE membrane
at 20 MPa by hot pressing. Cross-linked fluid was composed of
LiTFSI (1M), 4-methylbenzophenone (MBP; 0.5 M), and tetra-
ethylene-glycol-dimethyl-ether (TEGDME; 2.2 mmol). Then 10 μL
of cross-linked fluid was added in CSE, and that was evenly
distributed into CSE after 12 h. Finally, ultraviolet irradiation was
executed to acquire C−CSE by cross-linking the CSE membrane in
10 min. After that, the C−CSE was placed in a glovebox for 1 day

before further characterization and testing. The detailed character-
ization, electrochemical measurement, and theoretical calculations are
shown in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Morphology and Structure Characterization of

Solid Electrolyte. The C−CSE was prepared by UV
irradiation combined with hot pressing. The structure and
components of C−CSE are illustrated in Figure 1a, including
PEO chain, ZIL and LiClO4, where the blue dotted line is
denoted as the Li+ migration path between ZIL and PEO
chains in the as-obtained C−CSE. ZIL (Figure 1d) composed
of ZIF-8 and (EMIM0.83Li0.17)TFSI was prepared by thermal
mixing, encapsulating the (EMIM0.83Li0.17)TFSI component in
the ZIF-8 framework. The (EMIM0.83Li0.17)TFSI was selected
as Li+ conductive guest, where EMIM+ is the 1-ethyl-3-
methylimidazolium cation (Figure 1b) and TFSI− is the
bis(trifluoromethylsulfonyl)amide anion (Figure 1c).48 ZIF-8
crystals have a pore volume of 0.663 cm3 g−1 and the 3D
framework with the sodalite topology constructed from the
Zn2+ and MeIm− ligands (a large apertures of 11.6 Å and a
small pores of 3.4 Å).45,49 ZIF-8 was chosen to be the host of
(EMIM0.83Li0.17)TFSI due to its high porosity, proper pore
size, and chemical stability. The micropore size of ZIF-8 can
limit the migration of EMIM+ (7.6 Å of length and 4.3 Å of
width) and TFSI− (7.9 Å of length and 2.6 Å of width).50

What’s more, based on the Lewis acid−base theory, TFSI− is a
Lewis base, while the Zn2+ in nanosized ZIF-8 behaves as a
Lewis acid, offering ZIF-8 the feature to restrain the TFSI−

from moving in ZIL and releasing more free Li+ to participate
in the ion transport.51 The cross-linked PEO matrix was
synthesized by using the PEO as polymer chain, MBP as the
photo initiator (the light-induced hydrogen abstraction
mediator), and tetraglyme molecule including dissolved MBP
as the active plasticizer via UV irradiation. In the process of UV
irradiation, MBP abstracts acidic protons from −CH2−
(methylene groups) in PEO and creates a free radical with
active domain. Then, numerous free radical could combine
other free radical from the identical molecule chain or other
PEO segments to form a cross-linked polymer. Moreover,
tetraglyme could also form oligomers, or link to the
neighboring PEO segments by the same hydrogen abstraction
from methylene groups in tetraglyme. So the whole cross-
linked processing included the realignment of PEO segments,
the cross-linking of PEO and tetraglyme, and the oligomeriza-
tion of tetraglyme.52,53 Finally, the ultraviolet cross-linked PEO

Figure 2. (a) XRD patterns of ZIF-8, PEO, CSE, and C−CSE3. (b) FTIR spectra of ZIF-8, (EMIM0.83Li0.17)TFSI and ZIL.
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matrix is mainly amorphous and possesses the good flexibility
and mechanical strength because of the interpenetrating
architecture and the generation of oligomers.
Scanning electron microscopy (SEM) image of ZIF-8 is

shown in Figure S1a. The diameter of ZIF-8 can be observed
from transmission electron microscope (TEM), which is
calculated to be about 25 nm (Figure S1b). Figure S2 exhibits
the X-ray diffraction (XRD) pattern of ZIF-8, and the peaks
located in 011, 002, and 112 are coincident with those in the
reported literature, indicating the successful synthesis of ZIF-
8.38 After introducing the (EMIM0.83Li0.17)TFSI into ZIF-8,
homogeneous ZIL is shown in SEM image (Figure S1c), which
is free of cracks and possesses a smoother surface compared
with ZIF-8. In order to explore the effect of ZIL components
and UV irradiation on solid electrolytes, different samples were

prepared, like C−CSE1 (wt. 20% of ZIL with UV irradiation;
Figure S3a), C−CSE2 (wt. 40% of ZIL with UV irradiation;
Figure S3b), C−CSE3 (wt. 60% of ZIL with UV irradiation;
Figure S3c) and C−CSE4 (wt. 80% of ZIL with UV irradiation;
Figure S3d), CSE (wt. 60% of ZIL without UV irradiation;
Figure S3e). All samples of SEM images show the solid
electrolyte has good miscibility and homogeneity. Further
evidence of the energy dispersive spectrometer of C−CSE3 is
displayed in Figure S4. The uniform distribution of elements
C, O, Zn, Cl, and S demonstrates that PEO, ZIF-8, LiClO4,
and TFSI− have good miscibility. In C−CSE3, the interaction
of Lewis acid sites in ZIF-8 and Lewis base centers in PEO
chains could promote the dissociation of metal salts and
decrease the crystallinity in PEO by reducing ionic coupling.54

Figure 3. (a) EIS of UV cross-linked electrolyte (C−CSE3) within frequency of 0.1 Hz−1 MHz at temperature from 20 to 80 °C, inset: magnified
high frequency region. (b) Arrhenius plots of C−CSE3, CSE, and PEO-LiClO4. (c) Electrochemical windows of C−CSE3, CSE, and PEO-LiClO4
with a scan speed of 5 mV s−1 at 25 °C. (d) Li+ transference number of C−CSE3 and CSE. (e) Lithium compatibility cycling of lithium|C−CSE3|
lithium and lithium|cross-linked PEO-LiClO4|lithium symmetrical cells.
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Thus, ZIF-8 as the framework of ZIL can improve the
miscibility of the C−CSE3.
XRD patterns of ZIF-8, PEO, CSE, and C−CSE3 are

displayed in Figure 2a, proving the decreased crystallinity of
the polymer in the presence of ZIL and after UV irradiation. As
is shown in the pattern, the PEO shows the sharp peaks of
crystallization. After adding ZIL into PEO, the intensity of
peaks decreases to some extent. Just like ceramic particles, the
ZIF-8 in nanosized ZIL has Lewis acid sites, while the polymer
PEO possesses Lewis base centers, based on the Lewis acid−
base theory, the interaction in the nanocomposite electrolyte
result in reduced crystallinity in PEO.54 After the UV
irradiation, the interpenetrative architecture, the disordered
network, and oligomers were formed by the UV-derived cross-
linking reaction; thus, UV irradiation can decrease the
crystallization of PEO.53 The XRD results demonstrate that
both ZIL components and UV cross-linking can reduce the
crystallinity of C−CSE3 and increase the proportion of
amorphous region. Besides, XRD patterns of C−CSE1, C−
CSE2, C−CSE3, and C−CSE4 are shown in Figure S3f. With
the increasing amount of ZIL, the crystallization intensity of
peaks weakens and the width of PEO peaks decreases, implying
the lower crystallization in C−CSE3. For PEO-based SSEs, the
lower crystallinity can lead to high ionic conductivity and
facilitate lithium-ion transport between PEO chains, because
lithium-ion adsorption and transport mainly occur in
amorphous regions.55

In order to investigate the interaction of (EMIM0.83Li0.17)-
TFSI and ZIF-8 framework, XRD, nitrogen gas adsorption, and
FTIR were tested at room temperature. (EMIM0.83Li0.17)TFSI
was incorporated into ZIF-8 framework to obtain the ZIL with
different mass ratio [ZIF-8: (EMIM0.83Li0.17)TFSI = 1:1 and
ZIF-8: (EMIM0.83Li0.17)TFSI = 1:1.5], where (EMIM0.83Li0.17)-
TFSI theoretically occupied the different micropores volume of
the ZIF-8 framework. These mixtures were transferred into an
oven and then stored for 12 h to enhance the diffusion of
(EMIM0.83Li0.17)TFSI in micropores of ZIF-8 framework. XRD
patterns of ZIL and ZIF-8 (Figure S2) show that the structure
of ZIF-8 remained stable even after mixing with
(EMIM0.83Li0.17)TFSI and subsequent heating. With the
increasing of (EMIM0.83Li0.17)TFSI mass fraction, the peak
intensity of 011 decreased while 013 increased (Figure S2).
These results indicate the change of electron density in
micropores of ZIF-8 after incorporating the (EMIM0.83Li0.17)-
TFSI into ZIF-8 framework.38,48 In addition, the Type-I
adsorption is observed in nitrogen gas adsorption (Figure
S5).56 The pore volume (0.666 cm3 g−1) of ZIF-8 was tested
by Brunauer−Emmett−Teller (BET), which is consistent with
the literature.45 After adding 0.665 mL of (EMIM0.83Li0.17)-
TFSI into ZIF-8, the pore volume of this ZIF-8 framework is
reduced by 100%, and this agrees with the theoretical
calculated value. The result shows the pore volume of ZIF-8
framework is filled of (EMIM0.83Li0.17)TFSI. Besides, FTIR
spectra of (EMIM0.83Li0.17)TFSI, ZIF-8 and ZIL are shown in
Figure 2b. These marked peaks at 1060, 619, and 516 cm−1

(red dot dash line) in ZIL should belong to the
(EMIM0.83Li0.17)TFSI (blue dot dash line).35 The blue shift
from (EMIM0.83Li0.17)TFSI can be explained by the disag-
gregation of ion pairs, because ions enter in ZIF-8 micropores,
which indicates ZIL possesses a more stable structure after
introducing the (EMIM0.83Li0.17)TFSI into ZIF-8.38 There is
limited space to accommodate less than three ion pairs in each
micropore of ZIF-8, which can be confirmed by using the van

der Waals volumes of EMIM+ and TFSI−.57 Based on the
XRD, BET, and FTIR, these results demonstrate that
(EMIM0.83Li0.17)TFSI can be successfully incorporated in
micropores of framework without destroying the structure of
ZIF-8.

3.2. Electrochemical Performance of Solid Electro-
lyte. In view of the pore volume of ZIF-8, the mass ratio of
ZIF-8: (EMIM0.83Li0.17)TFSI = 1:1, was selected in the
electrochemical characterizations. The C−CSE was assembled
into a closed battery and used the model of stainless steel|solid
electrolytes|stainless steel for the measurement of electro-
chemical impedance spectroscopy (EIS). The EIS results of
C−CSE3 (Figure 3a), CSE (Figure S6a), and PEO-LiClO4
(Figure S6b) were tested in frequency from 0.1 Hz to 1 M Hz
at the temperature from 20 to 80 °C. The C−CSE3 shows the
minimum bulk resistance (48 Ω) compared with the CSE (716
Ω) and PEO-LiClO4 (11633 Ω) at 30 °C. The ionic
conductivities of C−CSE3, CSE, and PEO-LiClO4 were 4.26
× 10−4, 2.22 × 10−5, and 2.99 × 10−6 S cm−1 at 30 °C,
respectively, which was calculated by eq S1. The Arrhenius
plots of the C−CSE3, CSE, and PEO-LiClO4 can be acquired
according to ionic conductivity and are shown in Figure 3b.
The corresponding activation energies (Ea) of lithium-ion
transport are 0.25, 0.53, and 0.77 eV, respectively. Meanwhile,
the Arrhenius plots of C−CSE1, C−CSE2, and C−CSE4 are
demonstrated in Figure S7, and the detailed data comparison
of ionic conductivity and Ea are shown in Table S1. These
display that C−CSE3 have the highest ionic conductivity and
the lowest Ea. With the increase of ZIL components, the ionic
conductivity rise up because more ZIL provide faster Li+

transport paths in contrast with PEO in C−CSE3. While ZIL
components increase to 80%, the ionic conductivity is lower on
account of a discontinuous Li+ pathway of independent ZIL
particles. Less PEO chains in C−CSE4 was insufficient to
afford the interparticle ion transport because PEO chains can
provide the lithium-ion transport at the gap between ZIF-8 in
solid electrolytes. Thus, the C−CSE3 has an effective ion
transport based on the optimal dosage of ZIL components and
UV crossslinked PEO. In addition, the cross-linked PEO
matrix can provide the C−CSE3 with mechanical stability,
because it can realize stronger support compared with the
individual ZIL particle.
The electrochemical stability of solid electrolyte was tested

by linear sweep voltammetry (LSV). The electrochemical
window ranging from open-circuit voltage to 6.5 V is presented
to investigate the electrochemical stability of solid electrolytes
(Figure 3c). The electrochemical window of pristine PEO-
LiClO4 is 4.2 V, expanding to 4.5 V with ZIL as fillers, with the
help of UV irradiation, ending up with an increase to 5.2 V.
The above results prove that combining ZIL and UV cross-
linking can significantly provide positive synergies to improve
the electrochemical stability of solid electrolytes, offering a
potential application of high-voltage cathode materials and
high energy density batteries.
The Evans method was used to measure the Li+ transference

number (tLi
+) of solid electrolytes in lithium|solid electrolyte|

lithium symmetric battery by applying a constant polarization
potential of 10 mV at 25 °C (eq S2).58 Figure S8 shows the
polarization curve of C−CSE3 at the potential of 10 mV at 25
°C and the inset is EIS of lithium|C−CSE3|lithium symmetric
battery before and after polarization. The comparison of tLi

+ for
different electrolyte materials were shown in Figure 3d in order
to study ion transport. The tLi

+ of C−CSE3, CSE and
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(EMIM0.83Li0.17)TFSI is 0.67 ± 0.08, 0.36 ± 0.09 and 0.11,
respectively.37 The pristine (EMIM0.83Li0.17)TFSI electrolyte
shows a low tLi

+ contributed from the EMIM+ and TFSI−

rather than Li+.40 When mixing ZIL, PEO, and LiClO4, the tLi
+

of CSE is 0.36 ± 0.09. While combining the ZIL and UV
irradiation, the C−CSE3 shows the highest tLi

+ (0.67 ± 0.08).
The ZIF-8 as scaffold can not only limit the migration of
EMIM+ because of the embedded EMIM+ into micropores of
ZIF-8, but also immobilize anions by Lewis acid−base
interactions, which helps to release more free Li+ to participate
in the ion transport. The result shows that the cross-linked
PEO matrix and ZIL can enhance tLi

+ by the inhibition effect of
ZIF-8 micropores on EMIM+, Lewis acid−base interactions
between the ZIF-8 hosts and anions, and the restriction of
cross-linked polymer matrix on anions.50,59

The lithium compatibility test of C−CSE3 was executed with
a current of 0.1 mA at 25 °C and the result is shown in Figure
3e. The polarization potential of the symmetric battery is 100
mV, which is sustained of 2 h for each full cycle of charging
and discharging process. No short circuit is observed and the
polarization potential is consistent (red curve) over 1040 h.
The detailed cycling of lithium compatibility is shown in
Figure S9. The result demonstrates the adding of ZIL
components can provide stable interface between C−CSE3
and lithium metal. This may be attributed to uniform dispersal
of ZIL in the PEO matrix, which can construct a symmetrical
and efficient ion transport network on the interface between
C−CSE3 and lithium metal to prevent the growth of lithium
dendrites.44,60 As a contrast, the cross-linked PEO-LiClO4
without ZIL was prepared, and the voltage of the symmetric
cell extends to 300 mV after cycling 300 h (blue curve), which
implies an unstable Li+ transport on the interface.
3.3. Li+ Transport Mechanism and Batteries Perform-

ance of Solid Electrolyte. For the purpose of the analysis of
the Li+ transport mechanism, EIS plots of solid electrolytes

were studied. C−CSE3 possesses the highest ionic conductivity
and lowest bulk resistance due to the synergies of ZIL and UV
irradiation, which can be proved by the smaller semicircle of its
EIS plot in Figure 3a compared with CSE (Figure S6a) and
PEO-LiClO4 (Figure S6b). In C−CSE3, the polymer chains are
entirely filled with nanosized ZIL particles, which can act as
highways for the Li+ transport between polymer chains. In
addition, the uniformly dispersed ZIL particles in C−CSE3 can
make direct contact with polymer chains through open
channels of ZIF-8 framework (Figure 4a). In PEO-based
SPEs, the migration of Li+ is achieved by the segmental motion
of polymer by the complexation and decomplexation of lithium
ions and etheroxy groups.61 While in C−CSE3, lithium ions at
the surface of polymer chains are first solvated by TFSI−, and
then go into ZIL where equal amount of lithium ions are
desolvated and transported to other PEO chains.62 The whole
interfacial process seems like a solid−liquid transport interface,
facilitating the Li+ transport in C−CSE3. Such a “solid-liquid
transport interface” mechanism is schematically illustrated in
Figure 4a and the new-model Li+ transportation from “chain−
chain−chain” to “chain-ZIL-chain” is shown in Figure 4b.
Thus, the solid−liquid transport interface between polymer
and ZIL is actually wetted by (EMIM0.83Li0.17)TFSI at the
atomic scale and beneficial to the effective Li+ transport. In
order to demonstrate the Li+ transport in solid electrolytes, the
delayed first transmission (DFT) was used to study the
diffusion energy barrier of Li+ in this electrolyte (Figure 4c,d).
The DFT results show that the diffusion energy barrier of Li+

through ZIF-8 is smaller than EMIM+ and TFSI−, even smaller
than that of PEO chains, which demonstrates that the Li+

transport can be enhanced after introducing the ZIF-8 into
polymer chains. This conforms to the lowest Ea and highest
Li+ of C−CSE3. Furthermore, oxygen atoms in TFSI− and
hydrogen atoms in ZIF-8 are easily formed into hydrogen
bonds, providing the ZIL with a more stable structure (Figure

Figure 4. (a) Schematic illustration for the Li+ transport mechanism on a solid−liquid transport interface. (b) The new-model Li+ transport
mechanism from “chain−chain−chain” to “chain-ZIL-chain”. (c) Diffusion energy barrier of EMIM+, TFSI−, and Li+ through ZIF-8 (blue color:
diffusion energy barrier of Li+ between PEO chains). (d) Optimized configuration of ZIF-8, in which pink, brown, light-blue, and gray colors are for
H, C, N, and Zn atoms, respectively. (e) The charge and discharge performance of LiFePO4|C−CSE3|lithium batteries at different current rate of
0.05, 0.1, 0.2, and 0.5 C. (f) Cycling performance and Coulombic efficiency of the LiFePO4|C−CSE3|lithium battery at a 0.1 C charge/discharge
rate.
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4d), which is coincident with the blue shift in Figure 2b. It is
reasonable that UV cross-linked polymer chains will change
this configuration to depress TFSI− diffusion, realizing higher
tLi

+.
In order to explore the potential application of solid

electrolytes, batteries of LiFePO4|C−CSE3|Li were assembled
and tested. The discharge capacities of 167, 160, 130, and 105
mA h g−1 are obtained and the low polarization voltages at
around 0.105, 0.153, 0.247, and 0.431 V under the different
current density of 0.05, 0.1, 0.2, and 0.5 C (1 C = 155 mA
g−1), respectively (Figure 4e). The low potential polarization
and well-defined potential plateau at different current densities
demonstrate that the electrode and solid electrolyte possess the
superior conductivity, structural integrity, and good reversible
cycling process, which was corresponding to the typical two-
phase behavior of the cathode material (Fe2+/Fe3+ reversible
redox reaction).11,26 Besides, the assembled batteries show
good cycling performance with capacity retention of 76.8%
beyond 120 cycles, and the capacity degradation is calculated
to be about 0.19% for every cycle (Figure 4f). In terms of the
Coulombic efficiency, it is 78% in the first cycle of batteries,
and then increases to about 95% after 10 cycles. The
performance of different types of MOF-based electrolytes is
listed in Table S2, which aimed to compare the C−CSE3 with
other reported works. The findings suggest that the obtained
C−CSE3 have excellent comprehensive performance including
ionic conductivity and tLi

+ based on the superior structure,
effective Li+ transport, and a unique solid−liquid transport
interface mechanism. All of the results demonstrate that the
C−CSE3 can be used as a promising solid electrolyte to apply
in the field of lithium batteries.

4. CONCLUSIONS
In summary, a novel composite solid electrolyte was obtained
by using a ZIF-based ionic conductor as filler combined with
UV irradiation. The ZIF-8 host existed in the ZIF-based ionic
conductor as a porous 3D framework has the ability to
establish direct interface contact between inner solidified
(EMIM0.83Li0.17)TFSI and polymer chains, providing the
electrolyte with a high selectivity of Li+ transport. The UV
irradiation can decrease the crystallization of the polymer thus
increasing the amorphous region, which can promote the
continuous ion transport and increase ionic conductivity.
Hence, the C−CSE3 demonstrates the expanding potential
window (vs Li/Li+; >5.2 V), higher ionic conductivity (0.426
mS cm−1), high tLi

+ (0.67 ± 0.08), and excellent compatibility
with lithium metal over 1040 h. Finally, the new-model Li+

transport mechanism on the solid−liquid transport interface,
which is between polymer chains and ZIL from “chain−chain−
chain” to “chain-ZIL-chain”, is demonstrated according to the
experimental and computational results of Li+ diffusion energy
barrier. All of the results suggest that this work contributes to
the increase of ionic conductivity and tLi

+ of SPEs, which will
shed light on the design of efficient solid electrolytes with
enhanced ion transport by rational design of the interface.
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