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activity is achieved only with limited 
loading of active materials and energy 
density of SSBs.[7,8] Therefore, developing 
an optimized SSE with the advantages of 
liquid electrolytes which can be highly con-
ductive for ions both in the bulk phase and 
at the contact interfaces is essential for the 
broad applications of SSBs.

To this end, in this Communication we 
propose a novel solid-like electrolyte (SLE, 
Li-IL@MOF) based on a metal–organic 
framework (MOF) and a Li+ containing 
ionic liquid (Li-IL), in which the porous 
MOF host provides a stable 3D open solid 
framework and the Li-IL guest serves as 
the Li+ conductor. The Li-IL encapsulated 
in the MOF lattice loses its primitive 
liquid characteristics including the “free-
flowing” behavior but preserves the high 
ionic conductivity. Distinguished from 
the conventional SSEs with solid–solid 
hard contact interfaces, the MOF host 
featuring a 3D open framework provides 
many direct-contact points at atomic level 

for the active materials with the confined Li-IL, forming abun-
dant nanowetted interfaces to favor the Li+ transport kinetics. 
Moreover, the Li-IL@MOF SLE also demonstrated a reasonable 
electrochemical window, good thermal and mechanical stability, 
as well as excellent compatibility with Li metal. The Li-IL@
MOF SLE was further employed in a LiFePO4 (LFP) solid-state 
battery using Li metal as the anode and a composite of LFP, 
Li-IL@MOF and acetylene black as the cathode. Owing to the 
synergistic effect of a high ionic conductivity and nanowetted 
interfaces, an effective 3D-connected Li+ transport network was 
established throughout the cathode. Even under a very high 
LFP loading of 25 mg cm−2 with a total cathode thickness of 
210 µm, the Li|Li-IL@MOF|LFP battery showed remarkable 
electrochemical properties, such as increased Li+ transference 
number of 0.36, a wide operating temperature range (−20 to 
150 °C) with good capacity retention, etc. Through the Li-IL@
MOF nanocomposite design and the nanowetted interface 
mechanism, we have demonstrated a feasible approach to 
develop high energy density SSBs. Although the concept of 
utilizing Li+ conductive MOFs as solid-like electrolytes was pre-
viously proposed by Long[9] and Kitagawa[10] groups, the prac-
tical application of MOF based SLEs in a rechargeable battery 
system is demonstrated for the first time in this report.

Solid-state batteries (SSBs) are promising for safer energy storage, but their 
active loading and energy density have been limited by large interfacial imped-
ance caused by the poor Li+ transport kinetics between the solid-state electro-
lyte and the electrode materials. To address the interfacial issue and achieve 
higher energy density, herein, a novel solid-like electrolyte (SLE) based on 
ionic-liquid-impregnated metal–organic framework nanocrystals (Li-IL@MOF)  
is reported, which demonstrates excellent electrochemical properties, 
including a high room-temperature ionic conductivity of 3.0 × 10-4 S cm-1, 
an improved Li+ transference number of 0.36, and good compatibilities 
against both Li metal and active electrodes with low interfacial resistances. 
The Li-IL@MOF SLE is further integrated into a rechargeable Li|LiFePO4 
SSB with an unprecedented active loading of 25 mg cm-2, and the battery 
exhibits remarkable performance over a wide temperature range from −20 up 
to 150 °C. Besides the intrinsically high ionic conductivity of Li-IL@MOF, the 
unique interfacial contact between the SLE and the active electrodes owing to 
an interfacial wettability effect of the nanoconfined Li-IL guests, which creates 
an effective 3D Li+ conductive network throughout the whole battery, is con-
sidered to be the key factor for the excellent performance of the SSB.

Solid-State Batteries

Lithium solid-state battery (SSB) has been considered as a 
promising candidate for the next-generation energy storage as 
it can avoid the potential risks of volatilization, leakage, and 
fire, which often happen to the conventional Li-ion batteries 
with liquid-type electrolytes.[1,2] Moreover, benefiting from the 
intrinsic solid characteristic of the solid-state electrolyte (SSE), Li 
dendrite growth can be suppressed, thus directly employing Li 
metal as the anode to achieve a higher energy density becomes 
possible.[3,4] The major fundamental issue obstructing the 
practical applications of SSBs is the large interfacial resistance 
caused by the poor physical contact between the SSEs and the 
electrode materials.[5,6] The solid–solid hard contact substantially 
limits the overall Li+ transport, and an adequate electrochemical 
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A unique solid-state battery system was designed and its 
working mechanism is illustrated in Scheme 1. The ionic 
liquid we selected is [EMIM0.8Li0.2][TFSI] (about 1 m LiTFSI in 
[EMIM][TFSI]), where EMIM is 1-ethyl-3-methylimidazolium 
and TFSI is bis(trifluoromethylsulfonyl)amide. [EMIM0.8Li0.2]
[TFSI] is a highly conductive, nonvolatile, and nonflammable 
electrolyte with low viscosity and acceptable chemical window, 
and it is commonly used in Li-ion batteries.[11,12] The sizes of 
[EMIM]+ and [TFSI]− ions have been calculated to be 7.9 and 
7.6 Å, respectively, in the longest dimension.[13] The MOF 
host material we selected is MOF-525(Cu)[14] which is a highly 
porous open framework constructed by Zr6(IV)O4(OH)4 clus-
ters and [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin]Cu(II) 
(CuTCPP) organic linkers, as shown in Scheme 1. The aper-
ture size of MOF-525(Cu) is about 12 × 7 Å, capable of allowing 
Li-IL ions to pass through. Such a pore structure can also 
impose confinement to the internal [EMIM]+ and [TFSI]− ions, 
lowering their mobility, and thus increasing the Li+ transfer-
ence number. Moreover, MOF-525(Cu) crystals have been 
proved to be electrochemically stable against Li metal at a high 
potential,[15] which is essential for electrolyte applications.

The as-synthesized MOF crystals were nearly spherical 
with a diameter of about 50 nm, as indicated by the scanning 
electron microscopy (SEM) morphologies (Figure S1a, Sup-
porting Information). X-ray diffraction (XRD) pattern of the as-
synthesized MOF is consistent with the simulated one based 
on reported structure,[14] indicating acceptable phase purity, 
as shown in Figure S2 (Supporting Information). Occupancy 
rate of Li-IL ions in the pores of the MOF host directly deter-
mines the ionic conductivity of Li-IL@MOF SLE.[10] In order 
to maximize the Li-IL loading and achieve higher ionic con-
ductivity, the content of Li-IL in the Li-IL@MOF composite 
was first optimized before other tests. The activated MOF 
nanocrystals were mixed with different amount of Li-IL and 
heated under vacuum overnight. Through this process, the 
residual guest molecules in the MOF crystals were evacuated 

from the pores for better Li-IL infiltration. 
The Li-IL@MOF composites were pressed 
into pellets (Figure S3, Supporting Infor-
mation) afterward for ionic conductivity 
determination, which was performed by 
electrochemical impedance spectroscopy 
(EIS) with silver-coated stainless steel (SS) 
electrodes at a temperature ranging from 
30 to 100 °C. The Arrhenius plots for the 
ionic conductivity of Li-IL@MOF SLEs 
with different Li-IL contents are shown in 
Figure 1a. As can be seen, pristine MOF 
was close to an insulator, showing a very low 
intrinsic conductivity. With a fixed mass (1.2 g)  
of MOF, the ionic conductivity raised with 
the Li-IL loading amount increasing. Appar-
ently, the ionic conductivity of the composite 
strongly relies on the conductive paths for the 
ions, which increase with the concentration 
of the guest ions in the MOF host.[16] The 
highest ionic conductivity was observed in 
the sample with 2.0 mL Li-IL, and the value 
is close to that of the pristine Li-IL reported 

previously.[10,17] However, the sample with 2.0 mL Li-IL felt 
like a wet gel, indicating that the Li-IL could not be absorbed 
completely by the MOF host. With the Li-IL content less than 
1.5 mL, the composites appeared to be “free-flowing” dry 
powder (see Video S1, Supporting Information), meaning that 
the Li-IL was completely encapsulated in these samples. X-ray 
photoelectron spectroscopy (XPS) tests were further carried 
out on the Li-IL@MOF samples, as shown in Figure S4 (Sup-
porting Information). It should be noted that when excess Li-IL 
covered the surface of MOF (sample: 2.0 mL Li-IL@1.2 g MOF), 
the Cu(II) in the MOF ligands could not be detected by XPS. 
The strong Cu(II) signals observable only in the samples with 
Li-IL content less than 1.5 mL provided additional proof for 
complete Li-IL impregnation. Based on the results given above, 
an optimized ratio (1.5 mL Li-IL@1.2 g MOF, that is, 10.1 wt% 
LiTFSI, 55.4 wt% [EMIM][TFSI], and 34.5 wt% MOF were con-
tained in the composite) was finally determined and was used 
in the following studies.

The BET surface area of the MOF nanocrystals was 
1630 m2 g−1 and the total pore volume was 1.92 cm3 g−1 according 
to the N2 adsorption/desorption isothermal tests (Figure S5a, 
Supporting Information), confirming the high porosity of MOF 
host. The BET surface area declined to 21 m2 g−1 (Figure S5b, 
Supporting Information) and the total pore volume declined to 
0.05 cm3 g−1 for Li-IL@MOF composite as a result of the Li-IL 
impregnation. The significant decrease of the BET surface area 
and the pore volume indicates that the pores of the MOF have 
been almost filled by the Li-IL ions. The MOF host appeared to 
be chemically stable against Li-IL because no significant change 
in the XRD profiles was observed after Li-IL impregnation, as 
displayed in Figure S2 (Supporting Information). It is worth 
noting that the diffraction peaks of the Li-IL@MOF pellet 
became broad and could not be distinguished at 2θ > 7°, indi-
cating that the periodicity of some fine structures within the 
MOF framework was lost, which we speculate was caused by 
the inner stress of MOF crystals after mechanical pressing[18,19] 
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Scheme 1.  Schematic illustration for the architecture and nanowetted interfacial mechanism 
of the solid-state battery with a magnification showing crystal structures of the MOF. [EMIM]+ 
and [TFSI]− ions in space-filling model are randomly displayed in the pores of the MOF. The 
migrating Li+ ions are highlighted by glowing pink spheres. Hydrogen atoms are omitted in MOF  
structure for clarity.
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due to its big and semi-rigid organic ligands. The crystallinity 
of MOF could recover to some degree when the pellet was pul-
verized. The space group of MOF-525 is Pm3m, so the loca-
tion of the first diffraction peak (2θ = 4.56°) of XRD represents 
the size of its unit cell and also the dimension of its pore. In 
detail, the first peak ({100}) of Li-IL@MOF pellet located at  
2θ = 4.56°, and d = λ/2/sinθ = 19.38 Å (λ = 1.5418 Å), 
which is equal to the reported cell parameter of MOF-525 
(a = b = c = 19.3930 Å), demonstrating that the unit cells and 
the pores of the MOF host were actually intact after pressing. 
Furthermore, the morphology of Li-IL@MOF remained 
unchanged after pressing as proved by the cross-sectional 
SEM image of the SLE pellet (Figure S1b, Supporting Infor-
mation), which also reveals a dense aggregation of the Li-IL@
MOF nanocrystals. To further study the chemical stability of 
MOF with the Li-IL, the pulverized SLE was suspended into 
deionized water (1 wt%) for 12 h and then the supernatant 
liquid was collected for ultraviolet–visible (UV–vis) absorption 
test. As shown in Figure S6 (Supporting Information), using 1 
ppm CuTPPCOONa (ligand of MOF) for reference, no absorp-
tion peak (at about 418 nm) corresponding to the ligand was 
detected, and the absorption peak at about 218 nm was caused 
by [EMIM]+ ions, confirming a high chemical stability of 
MOF host against the Li-IL. The UV–vis result also provided 
additional evidence for the structural stability of MOF after 
pressing. Dense packing of the highly porous MOF nanocrys-
tals with a high content of encapsulated Li-IL promise a high 

ionic conductivity.[20] Figure 1b shows the EIS of Li-IL@MOF at 
temperatures from −20 to 100 °C and Figure 1c shows the cor-
responding Arrhenius plot of ionic conductivity. High ionic con-
ductivities of 2.2 × 10−5, 3.0 × 10−4, and 4.9 × 10−3 S cm−1 were 
observed at −20, 25 (room temperature), and 100 °C, respec-
tively, which indicates stable battery electrochemical perfor-
mance under a wide temperature range. Apparently, the ionic 
conductivity of Li-IL@MOF SLE relies on the bulk phase trans-
port within Li-IL@MOF nanocrystals because it varied signifi-
cantly with the Li-IL loading content, as shown in Figure 1a. 
However, only a conductive bulk phase is insufficient to explain 
the Li+ transport mechanism between two adjacent MOF crys-
tals. Also, the very small charge transfer resistances observed in 
the middle frequency region of Figure 1b demonstrated char-
acteristics similar to liquid electrolytes[21,22] rather than solid 
ones.[7,23] As illustrated in Figure S7 (Supporting Information), 
when pressed into a dense aggregate, the MOF nanocrystals 
were packed together enabling the direct interfacial connection 
of the inner Li-IL through the highly porous open framework, 
that is, the interfaces were partially wetted by Li-IL at atomic 
level favoring Li+ transport. The nanowetted interfaces existing 
in the Li-IL@MOF composite should also contribute a lot to 
the high ionic conductivity and the small charge transfer resist-
ance of SLE pellet. Evidence for such nanowetted interfaces can  
be found by XPS, which offered abundant information about 
the surface (3–5 nm) of the Li-IL@MOF nanocrystals. As shown 
in Figure S4 (Supporting Information), strong F1s and S1s signals 
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Figure 1.  a) Arrhenius plots for the ionic conductivity of Li-IL@MOF SLEs with different Li-IL loading amount. b) EIS of Li-IL@MOF (1.5 mL: 1.2 g) 
at temperatures from −20 to 100 °C, inset: magnified high-frequency region, and c) corresponding Arrhenius plot of the ionic conductivity. d) CV 
(−0.5 to 3 V) for the first three cycles and LSV (3–7 V) profiles of Li|Li-IL@MOF|SS asymmetric cell under room temperature at a scan speed of 
0.2 mV s−1.

 15214095, 2018, 2, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201704436 by U
niversity T

ow
n O

f Shenzhen, W
iley O

nline L
ibrary on [15/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1704436  (4 of 7)

www.advmat.dewww.advancedsciencenews.com

belonging to the Li-IL were observed in the samples (Li-IL load-
ings of 0.5, 1.0, and 1.5 mL) with complete Li-IL impregnation, 
suggesting that Li-IL ions preferentially occupied the near-
surface region of the MOF nanocrystals and the nanowetted 
interfacial phenomenon is observed for all Li-IL loading 
amount. Electrochemical window of the Li-IL@MOF SLE was 
further determined by the cyclic voltammetry (CV) and linear 
sweep voltammetry (LSV) profiles measured from a Li|Li-IL@
MOF|SS asymmetric cell at room temperature, as illustrated 
in Figure 1d. A stable electrochemical window between 2 and 
4.1 V was observed for the Li-IL@MOF SLE, almost identical 
to that of pristine Li-IL (Figure S8, Supporting Information), 
because the MOF host is stable against Li metal under a wide 
potential range.[15] In addition to the Li plating/stripping peaks, 
one small reduction peak located at about 1.3 V in the first sev-
eral cycles of CV was observed, and it could be attributed to the 
Cu2+ → Cu+ reaction of MOF host. To prove this, we scanned 
the Li asymmetric cell of Li-IL@MOF to 0 V by CV test and 
then disassembled the cell to perform XPS on the material. Cu+ 
XPS peak at 932 eV[24,25] was detected, and it could not be found 
in the pristine Li-IL@MOF, as shown in Figure S9 (Supporting 
Information). The Li+ transference number (tLi+) of Li-IL@
MOF was measured using a Li|Li-IL@MOF|Li symmetric cell 
by Evans method[26] with a constant polarization potential 
of 10 mV at room temperature. The tLi+ of pristine Li-IL was 
only 0.14 (Figure S10a, Supporting Information) because the 

majority of the ionic conductive species in Li-IL are [EMIM]+ 
and [TFSI]− rather than Li+. A significantly increased tLi+ (0.36) 
was observed for Li-IL@MOF SLE as shown in Figure S10b 
(Supporting Information), which we speculate was caused by 
the confinement of the [EMIM]+ and [TFSI]− ions by the MOF 
host.[27] The pores of the MOF are uniform with an aperture 
of about 12 × 7 Å, which is comparable to the sizes of IL ions 
(7.9 and 7.6 Å, respectively). The mobility of [EMIM]+ and 
[TFSI]− ions were limited in MOF lattice while the movement 
of Li+ ions was less affected due to their small size (0.76 Å), 
resulting in an increased tLi+ of 0.36.

The direct current (DC) Li plating/stripping experiment 
was carried out to evaluate the impedance and Li-ion transport 
capability across the Li-IL@MOF SLE and Li metal interface. 
Figure 2a shows the time-dependent voltage profile of the Li|Li-
IL@MOF|Li nonblocking cell under current densities of 0.05 
and 0.2 mA cm−2. The cell was run for 1 h with each cycle at room 
temperature. Small polarization voltages of ±40 and ±70 mV  
were observed for 0.05 and 0.2 mA cm−2, respectively, indi-
cating low interfacial impedance between the Li-IL@MOF SLE 
and the Li metal. Moreover, the voltage profile in each cycle was 
quite smooth and remained stable over 1000 h (1000 cycles), 
which represented a stable interface between the Li-IL@MOF 
SLE and the Li metal during cycling. As a comparison, cycling 
performance of a Li symmetric cell with glass fiber separator 
and pristine Li-IL electrolyte was tested in parallel. As shown in 
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Figure 2.  a) Voltage profiles for the Li|Li-IL@MOF|Li symmetric cell at current densities of 0.05 and 0.2 mA cm−2. b) EIS of the Li|Li-IL@MOF|Li 
symmetric cell before and after the Li-plating/stripping cycles. c) Schematic illustration for the improved interfacial contact after Li-plating/stripping 
cycles.
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Figure S11 (Supporting Information), the polarization suddenly 
increased after cycling for about 450 h, and the cell became 
short-circuited near 640 h, which demonstrated inferior perfor-
mance to the SLE Li symmetric cell. The improvements on the 
interfacial stability and compatibility of Li-IL@MOF SLE have 
some connections with the increased tLi+ of the electrolyte, as 
previously explained by Wang and co-workers.[27] EIS Nyquist 
plots of the Li|Li-IL@MOF|Li cell before and after Li plating/
stripping experiment were compared, as shown in Figure 2b. 
The total resistance of the cell is about 130 Ω before cycling and 
it became smaller (120 Ω) after the cycling process. To clarify 
this, morphologies of the Li|Li-IL@MOF interface were fur-
ther investigated by SEM. As shown in Figure S1c (Supporting 
Information), before cycling, gaps were found between the Li 
metal and the Li-IL@MOF layer due to the roughness and mis-
matching of the two surfaces. However, these gaps were filled 
after the Li plating/stripping cycles, forming a seamlessly con-
nected interface (Figure S1d, Supporting Information) with 
reduced resistance. We found that the original gaps were actu-
ally filled up by a growth-inhibited “Li dendrite” layer. As shown 
in Figure S12 (Supporting Information), after Li platting/strip-
ping cycles, the surface of the Li metal reveals a smooth and 
dense morphology. Instead of vertical Li dendrites, many tiled 
pancake-like nanostructures can be observed at a high magnifi-
cation (inset of Figure S12, Supporting Information), for which 
we believe the uniform Li deposition[28] induced by nanowetted 
interfaces and good mechanical stability[29] of the Li-IL@MOF 
SLE layer should be responsible. Thus, the good compatibility of 
Li-IL@MOF SLE with Li metal, along with the small interfacial 
resistance between them can be well explained. Such interfacial 
mechanism is schematically illustrated in Figure 2c. Besides 
the long-term Li plating/stripping cycling, Li-IL@MOF SLE 
was also cycled in depth to test its reliability in a high energy 
density battery system. As shown in Figure S13 (Supporting 
Information), the current density was kept at 0.2 mA cm−2 
for 2 d with each cycle. Then a large Li deposition amount of  
4.8 mAh cm−2 was achieved for each half cycle. The voltage 

plateau became stabilized at about ±0.12 V and the total resist-
ance was nearly unchanged after cycling, demonstrating a high 
electrochemical stability of the interface between the SLE and 
the Li anode even under large Li plating/stripping amounts.

The advantage of our Li-IL@MOF SLE was further evaluated 
in a Li|LFP rechargeable solid-state battery system. Commer-
cially available LiFePO4 was mixed with Li-IL@MOF and acety-
lene black to form the cathode, and the mixture was pressed 
sequentially with additional Li-IL@MOF electrolyte into a 
double-layered structure, as shown in Figure 3a,d. Charge/
discharge behaviors of the electrodes with different cathode 
combinations were first studied to determine a reasonable LFP: 
Li-IL@MOF: C composition. The total loading of active LFP 
was fixed as high as 25 mg cm−2. As displayed in Figure S14  
(Supporting Information), discharge capacities of about 
90, 128, 145, and 147 mAh g−1 were observed in the samples 
with LFP:Li-IL@MOF:C ratios of 5:1:2, 5:3:2, 5:5:2, and  
5:7:2 (by weight), respectively, and the overpotential decreased 
with the Li-IL@MOF content growing. Considering maximizing 
the capacity and ensuring acceptable active content in electrode, 
the cathode composition of 5:5:2 was used in the following 
tests. Figure 3b demonstrates the SEM morphology for the 
cross section of such cathode|SLE bilayer pellet. In combination 
with the corresponding energy-dispersive spectrometer (EDS) 
elemental mappings (Figure 3c,e,f), a 210 µm cathode layer 
and a 350 µm electrolyte layer can be clearly distinguished. 
These two layers are seamlessly laminated as demonstrated 
in Figure 3b. In the cathode layer, the LFP grains are homog-
enously wrapped with conductive carbon and Li-IL@MOF SLE 
nanocrystals to form a dense 3D-connected structure (inset of 
Figure 3b), indicating good conductivity for both electrons and 
ions. Usually increasing the thickness of the cathode layer will 
dramatically increase the total resistance of batteries.[5] How-
ever, our Li|Li-IL@MOF|LFP SSB with such a thick cathode 
had a total resistance of only about 410 Ω before cycling 
(Figure S15, Supporting Information). The low resistance can 
be explained by the unique nanowetted interfacial mechanism 
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Figure 3.  Photos of the a) cathode and d) electrolyte layers. b) SEM morphology for the cross section of the double-layer structure (the inset shows 
the interface between the two layers at a higher magnification) and c,e,f) corresponding EDS elemental mappings.
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of Li-IL@MOF, which enhanced the Li+ ions transport kinetics 
across the interfaces between the LFP and the SLE, and created 
a fast 3D-connnected Li+ pathway throughout the cathode, as 
illustrated in Figure S7 (Supporting Information), ensuring 
excellent battery performance even with very high active 
loading of 25 mg cm−2 and a total cathode thickness of 210 µm. 
The wetting ability of Li-IL@MOF SLE on the LFP cathode and 
Li anode was further proved by EDS mappings and XPS. As 
shown in Figure S16 (Supporting Information), after a freshly 
prepared coin cell (not cycled) being disassembled, S belonging 
to Li-IL was detected on both surfaces of the cathode (prepared 
by coating method with polyvinylidene fluoride (PVDF) binder) 
and the Li anode without MOF (Zr or Cu) residues, which sug-
gested that the surfaces of the electrodes can be wetted by Li-IL 
through contacting with Li-IL@MOF SLE. Charge/discharge 
cycling performance of the SSB at 0.1 C (1 C = 170 mA g−1) 
rate under room temperature is shown in Figure 4a. An initial 
discharge capacity of 145 mAh g−1 was observed, and it slightly 
decreased to 132 mAh g−1 after 100 cycles (0.9‰ cycle−1), and 
the total resistance of the cell increased to about 550 Ω with it. 
After cycling, the cell in the discharged state was disassembled 
and the interface between SLE and Li was studied by SEM and 
EDS. As shown in Figure S17 (Supporting Information), an SEI 
layer was found on the Li anode according to the EDS map-
pings. SEM morphology also suggested that after long-term 
cycling the SLE layer still maintained good contact with the Li 
anode. Figure S18 (Supporting Information) displays the ther-
mogravimetric analysis (TGA) of the Li-IL@MOF SLE, showing 

a high degradation temperature over 300 °C. In view of the out-
standing thermostability coupled with high ionic conductivity 
of our Li-IL@MOF SLE, we expected the cell could operate at 
both low and high temperatures. The Li|Li-IL@MOF|LFP SSBs 
were then cycled at selected temperatures of −20, −10, 0, 25, 
80, and 150 °C, and the capacities with corresponding charge/
discharge curves are shown in Figure 4b. Typically, an accept-
able capacity of 67 mAh g−1 was obtained at a rate of 0.05 C at 
−20 °C while the polarization became extremely small at 80 and 
150 °C, resulting in a reversible capacity of about 145 mAh g−1  
at 0.5 C. Such a wide operating temperature range has been 
rarely reported in the previous solid-state battery systems, sug-
gesting the advantage of our MOF-based SLE over the conven-
tional SSE counterparts. In order to further increase the energy 
density and decrease the total resistance of SSB, the research 
about reducing the thickness of SLE layer is also carrying out 
and some preliminary results can be seen in the Supporting 
Information and Figure S19 (Supporting Information).

In this Communication, we demonstrated a novel solid-like 
electrolyte based on an ionic liquid impregnated metal–organic 
framework. Featuring a unique nanowetted interfacial mecha-
nism with a dense morphology, the Li-IL@MOF SLE showed a 
high ionic conductivity of 3.0 × 10−4 S cm−1 at room tempera-
ture. It also exhibited good compatibility with both the active 
LiFePO4 cathode with small interfacial resistance, and the Li 
metal anode as a result of uniform Li deposition and excel-
lent mechanical stability. On top of that, with a super-high 
active loading of 25 mg cm−2 and a 210 µm thick cathode, high 

Figure 4.  a) Cycling performance and Coulombic efficiency of the Li|Li-IL@MOF|LFP SSB with 0.1 C charge/discharge rate at room temperature.  
b) Temperature-dependent cyclability of the Li|Li-IL@MOF|LFP SSB with corresponding charge/discharge curves.
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electrochemical activity and good capacity retention over a wide 
temperature range (−20 to 150 °C) were observed in the Li|Li-
IL@MOF|LFP SSB owing to the effective 3D-connected Li+ 
transport network enabled by the high ionic conductivity and 
the nanowetted interfaces of Li-IL@MOF SLE. This work has 
provided a general and promising approach to the design of 
high energy density solid-state batteries. Not only with Li bat-
teries, such strategy can be extended to other battery systems 
like K, Na, Mg, and Al batteries by changing the ion species in 
the ionic liquid, and these works are undergoing which will be 
reported in the near future.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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