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A B S T R A C T

Concerning the large interfacial resistance of materials within solid-stated batteries (SSBs) caused by the un-
stable solid contact, an assistant ionic conductor is introduced to improve the interfacial Li+ transport of SSBs.
The assistant ionic conductor is achieved by impregnating an ionic liquid (Li-IL) into a porous metal-organic
framework (MOF) host. When integrated with LLZO solid-state electrolyte (SSE), the solidified Li-IL guest can
make direct contact with the LLZO particles through the open channels in MOF host, which changes the original
unstable solid-solid contact into “nanowetted” interfaces to boost Li+ transport. Benefited from the unique
nanowetted interfaces, the hybrid SSE demonstrates a high ionic conductivity of 1.0× 10−4 S cm−1 with a wide
electrochemical window of 5.2 V, and also exhibits excellent compatibility with Li metal anode. Furthermore,
the LLZO based LiCoO4 and LiFePO4 SSBs with the ionic conductor additive to favor the interfacial Li+ transport
achieve high capacity retention of 97% after 150 cycles with reasonable rate capability. The good electro-
chemical performance is attributed to the effective Li+ transport networks established inside the SSBs by the
ionic conductor through the nanowetted interfacial mechanism, which is proved to be a promising approach to
the safe and high-power energy storage.

1. Introduction

Lithium-ion batteries (LIBs) have dominated the market of portable
electronic devices over the past two decades [1,2], but the low energy
density and the safety issues like leakage and fire concerned with liquid
organic electrolytes make LIBs difficult to satisfy the demand of high-
power applications such as electronic vehicles and grid energy storage
[3,4]. Solid-state batteries (SSBs) which replace liquid organic elec-
trolytes with safer solid-state electrolytes (SSEs) and directly use high-
capacity lithium metal anode, are considered to be promising candi-
dates for future energy storage [5–7]. However, due to the rigid and
brittle nature of the ceramic SSEs, the interfacial issue is a great chal-
lenge hindering the practical application of SSBs [8,9]. Li+ transport
kinetics across the solid-solid interfaces (both between SSE particles
and SSE-electrode interfaces) is much poor compared with that of tra-
ditional LIBs with liquid-solid interfaces, thus limiting the active
loading and the rate capability of SSBs. Targeting the interfacial pro-
blem, many efforts have been made in recent years. Taking garnet
Li7La3Zr2O12 (LLZO) SSE as an example, the interpaticle structure of the
LLZO grains can be optimized through a post-sintering treatment to

achieve a high bulk ionic conductivity, but such a strategy was proven
inapplicable to the heterogeneous SSE-electrode interfaces due to the
poor interface match and the harsh processing conditions [10–12]. The
poor contact interfaces between LLZO and Li metal anode can be
ameliorated by introducing an artificial transition layer such as Al [13],
Al2O3 [14], or ZnO [15] to boost the Li+ transport. However, some
liquid organic electrolytes were still needed in the cathode region to
realize a normal battery performance, and thus the safety risks of fire
and volatilization still remain. Therefore, it is urgent and meaningful to
explore new strategies to solve the interfacial issue.

Additional ionic conductors at the interfaces of SSBs may help to
promote the interfacial Li+ transport kinetics and the metal-organic
frameworks (MOFs) are excellent platforms for building ionic con-
ductors because they are electrical insulators with highly tunable
porous structure for fast ion movement [16]. Li+ conductive MOFs
were firstly reported by Long's group and their Mg-MOF-74 [17] and
UIO-66 [18] based materials demonstrated a conductivity of
3.1× 10−4 S cm−1 and 1.8×10−5 S cm−1 at room temperature, re-
spectively. In 2015, Kitagawa [19] and co-workers developed a Li+

conductive ZIF-8 by filling its pores with ionic liquids. Recently, Dincă
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[16] and co-workers reported a series of single-ion conductors based on
the post-synthetic modified MIT-20. Despite much progress has been
made, due to the conductivity and the electrochemical stability issues,
the application of MOF electrolytes in real batteries is still hard to
realize. Earlier this year we first used MOF-525 based electrolyte in the
LiFePO4 SSBs and achieved stable cycling performance [12], but its
electrochemical window was too narrow (2–4.1 V) due to the redox-
active Cu(II) centers, which was not applicable to the high-voltage
layered oxide cathodes.

In this work, we designed a novel electrochemically stable MOF
ionic conductor, which was applied to the LLZO-based SSBs to effec-
tively promote the interfacial Li+ transport kinetics. The assistant ionic
conductor (LI-IL@MOF, named as LIM) was a host-guest composite of a
porous MOF and a Li+ containing ionic liquid (Li-IL). The Li-IL guest
was solidified by being encapsulated into the pores of MOF host, and
preserved its high ionic conductivity without forming external liquid
phase. As an ionic conductive agent for SSBs, LIM provided abundant
direct contact points through its 3D opening crystal structure for the
LLZO and the cathode particles with the inside Li-IL ions at atomic
scale, which turned the primitive solid-solid contact into “nanowetted”
interfaces to decrease the interfacial resistance of the SSBs significantly.
Without a sintering procedure, by simply mixing LLZO powders with
20 wt% LIM, the hybrid SSE (LI-IL@MOF-LLZO named as LIM-L) de-
monstrated a high ionic conductivity of 1.0× 10−4 S cm−1 with a wide
electrochemical window of 5.2 V at room temperature, and also ex-
hibited excellent compatibility with Li metal anode. When the LIM ionic
conductor was introduced to the LiCoO2 (LCO) and LiFePO4 (LFP) SSBs,
efficient Li+ transport networks could be established inside the bat-
teries, leading to stable cyclability with acceptable rate capability at
very high active loadings of 15.9 and 12.4 mg cm−2, respectively.

2. Experimental section

2.1. Materials

UIO-67. UIO-67 was synthesized according to the reported proce-
dures [20] with a little modification. Typically, 80mg 4,4′-biphe-
nyldicarboxylic acid (BPDC) ligand was dissolved in 30mLN,N-di-
methylformamide (DMF) and then 0.54mL triethylamine was added to
the ligand solution. For the metal solution, 80mg ZrCl4 with 3.4 mL
acetic acid was dissolved in 24mL DMF. The two solutions were mixed
and stirred at room temperature into a homogeneous solution which
was loaded in a 100mL autoclave and heated at 85 °C for 24 h. UIO-67
was collected by centrifuging and washed with methanol and then ac-
tivated by heating at 120 °C in dynamic vacuum overnight. The acti-
vated UIO-67 was stored in an Ar glove-box for further use.

2.1.1. LIM ionic conductor
0.223 g LiTFSI was dissolved in 1mL [EMIM][TFSI] obtaining Li-IL

ionic liquid, which was heated at 120 °C overnight before use. Different
amount of Li-IL was added to the activated UIO-67 separately, milled
into homogeneous mixtures and heated at 120 °C in the vacuum over-
night to obtain LIM ionic conductor. All the above procedures were
carried out in an Ar glove-box. The LIM pellet for the electrochemical
tests were prepared by pressing the LIM powder into a pellet with a
diameter of 1.2 cm under 8 T force.

2.1.2. LLZO
Cubic phase LLZO powder with Al3+ doping (Li6.25Al0.25La3Zr2O12)

was prepared according to the procedure reported elsewhere [21].
Typically, LiOH·H2O, La(OH)3, ZrO2, and Al2O3 with the molar ratio of
7.7: 3: 2: 0.25 were mixed by ball milling in a speed of 400 r min−1 for
8 h. The mixture was then sintered at 950 °C for 8 h in a ZrO2 crucible to
produce the LLZO powder. For electrochemical tests, LLZO powder was
pressed into a 1.2 cm pellet under 8 T force. The sintered LLZO pellet
was prepared by sintering the pristine LLZO pellet buried in LLZO

powder at 1100 °C for 5 h. The sintered LLZO pellet was polished before
test.

2.1.3. LIM-L hybrid SSE
LIM-L hybrid SSE was prepared by mixing LLZO powder with dif-

ferent amounts of LIM ionic conductor in an Ar glove-box which was
then pressed into 1.2 cm pellet under 8 T force for the electrochemical
tests.

2.1.4. Battery assembling
Commercial LCO, LIM, and acetylene black were mixed in the

weight ratio of 5: 4: 1 as the cathode mixture. 16mg cathode mixture
was pressed into a 0.8 cm pellet under 3 T force, and then pressed se-
quentially with another 60mg LIM-L into a 1.2 cm bilayer pellet under
8 t force. Solid-state batteries were assembled in Ar glove-box and
tested in Swagelok cells using Li foil as anode and the bilayer pellet as
cathode and separator. Similar procedures were followed to assemble
the LFP SSB except that the cathode composition was 5: 5: 2 and 15mg
cathode mixture with 55mg LIM-L hybrid SSE were used for the bilayer
pellet.

2.2. Methods

Powder X-ray diffraction (XRD) data were recorded by a Bruker D8
Advance diffractometer using Cu Kα, λ=1.541 Å. The scanning elec-
tron microscopy (SEM) morphology and energy dispersive spectrometer
(EDS) mapping were investigated using ZEISS Supra 55 scanning elec-
tron microscopy with an Oxford AZtec energy dispersive spectrometer.
N2 adsorption-desorption isothermal was recorded on a Micromeritics
ASAP 2020 HD88 tool. Thermo gravimetric analysis (TGA) was carried
out in a N2 atmosphere at a scan speed of 10 °Cmin−1 on a Mettler
Toledo TGA/DSC STAR system. X-ray photoelectron spectroscopy (XPS)
analysis was performed on an ESCALAB 250XL instrument in a scan
step of 0.1 eV. The cyclic voltammetry (CV, 0.2mV s−1), linear sweep
voltammetry (LSV, 0.2 mV s−1) and electrochemical impedance spec-
troscopy (EIS, 1–1MHz) data were collected with a CHI600E electro-
chemical workstation. The Li plating-stripping cycles and battery cy-
cling performance were obtained with a LAND battery cycler.

3. Results and discussion

The constructional details and working mechanism of the SSB with
LIM as ionic conductive agent are illustrated Scheme 1. UIO-67 [22]
constructed by Zr6(IV)O4(OH)4 nodes and biphenyl-4,4′-dicarboxylic
acid (BPDC) linkers was used as the solid MOF host considering its high
porosity, proper pore size (about 12 Å for each octahedral cage), and
excellent chemical stability. Nano-sized UIO-67 crystals were synthe-
sized following the established procedure [20] with a little modifica-
tion, and their phase purity was confirmed by the X-ray diffraction
(XRD) pattern which was well consistent with the simulated one based
on the reported crystal structure, as shown in Fig. 1a. Scanning electron
microscopy (SEM) image in Fig. 1c suggested that the as-prepared UIO-
67 crystals were 80–150 nm in size with a spherical shape. An imida-
zolium-based ionic liquid electrolyte (0.8M LiTFSI in [EMIM][TFSI],
where TFSI is bis(trifluoromethylsulfonyl)amide and EMIM is 1-ethyl-3-
methylimidazolium.) was selected as the Li+ conductive guest (Li-IL)
for its high ionic conductivity, low vapor pressure, low viscosity, and
wide electrochemical window [23,24]. As the Li-IL content in LIM di-
rectly determines its ionic conductivity [19], the optimal loading
amount of Li-IL should be identified before other tests. A series of LIM
ionic conductors was prepared through mixing the activated MOF host
with different amounts of Li-IL guest in an Ar filled glovebox followed
by a heating process in vacuum to assist Li-IL impregnation. These LIM
samples were mechanically pressed into pellets afterwards and sand-
wiched between two silver coated stainless steel electrodes for con-
ductivity tests. Arrhenius plots for the ionic conductivity are shown in
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Fig. 2a, and the values of 1.46×10−5, 1.14×10−4, 3.12×10−4, and
8.71×10−4 S cm−1 were observed at 30 °C for the samples of 1.0 g
MOF host impregnated with 0.5, 1.0, 1.5, and 2.0 mL Li-IL guest, re-
spectively. With the content of Li-IL growing, the ionic conductivity of
LIM rose up as a result of the increasing ion conductive paths inside the
MOF host, and the highest conductivity close to that of pristine Li-IL
electrolyte [19,25] was achieved with 2.0 mL Li-IL addition. However,
this sample took on a wet-gel state indicating an excess amount of li-
quid Li-IL which could not be absorbed by the MOF host. The other
three composites with Li-IL contents less than 1.5 mL were completely
solidified and remained as “free-flowing” dry powders (Fig. S1), which

could eliminate the risk of liquid leakage. Accordingly, LIM with the
optimized composition of 1.0 g MOF: 1.5 mL Li-IL was used in the fol-
lowing experiments, and the electrochemical impedance spectroscopy
(EIS) of this sample in the range of 30–100 °C is displayed in Fig. 2b.
According to the 77 K N2 adsorption-desorption tests (Fig. S2), the BET
surface area of pristine UIO-67 MOF host was 2169m2 g−1 demon-
strating its high porosity, and it dropped to 8m2 g−1 for the LIM ionic
conductor suggesting a high occupation rate of Li-IL guest in the pores
of MOF host. The XRD pattern of LIM in Fig. 1a shows identical re-
flection peaks with pristine UIO-67, indicating that the structure of the
MOF host was intact after Li-IL uptake and subsequent heating. Drop in

Scheme 1. Schematic illustration for the architecture of
the solid-state battery with LIM ionic conductive agent
and its working mechanism. The particles with green,
yellow, blue, and black color represent the cathode ma-
terial, LLZO, LIM, and conductive carbon, respectively.
Zr6(IV)O4(OH)4 clusters in UIO-67 are shown by blue
polyhedrons. The migrating Li+ ions are highlighted by
the glowing pink spheres and the [EMIM]+ and [TFSI]-

ions are randomly distributed in the pores of UIO-67 in
Space-Filling model. Hydrogen atoms are omitted in the
UIO-67 structure for clarity.

Fig. 1. a) XRD patterns of the synthesized UIO-67 MOF host compared with the simulated result, the LIM ionic conductor and its pellet form pressed under 700MPa.
b) XRD patterns of the synthesized ceramic LLZO powders and the standard Li5La3Nb2O12 (ICSD #68251) phase. SEM images of c) the synthesized UIO-67 MOF host
and d) the LIM ionic conductor.
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the intensity of the first reflection peak was probably caused by the
disordered Li-IL guest ions [26]. The chemical stability of MOF against
Li-IL was further proved by the SEM image of LIM, which demonstrated
a similar morphology to the pristine UIO-67, as shown in Fig. 1d. The
crystal structure of LIM was unchanged after being pressed under
700MPa pressure as proved by the XRD of LIM pellet, demonstrating its
high mechanical stability. Thermo-gravimetric analysis (TGA) in N2

atmosphere was performed on the LIM ionic conductor to examine its
thermal stability, and the degradation temperature was over 360 °C as
shown in Fig. S3, which promised a wide operating temperature range
for SSBs.

LLZO was selected as the main body of the SSE layer because of its
high ionic conductivity and Li+ transference number (tLi+ = 1 theo-
retically) [27]. It can also effectively block Li dendrite growth by virtue
of its rigid ceramic nature and good chemical stability against Li metal
[28]. Cubic phase LLZO powders with Al3+ doping
(Li6.25Al0.25La3Zr2O12) to stabilize the structure were prepared ac-
cording to the procedure reported elsewhere [21], and the phase purity
was confirmed by its XRD pattern in Fig. 1b. The synthesized LLZO
powders were pressed into pellets and sintered at 1100 °C to perform
conductivity test. Arrhenius plots for the ionic conductivity of the LLZO
pellet before and after sintering are shown in Fig. 2c. The sintered LLZO
pellet exhibited a reasonable ionic conductivity of 5.3× 10−5 S cm−1

at 30 °C, while only 1.5×10−6 S cm−1 was achieved for the pristine
LLZO pellet. To understand this, SEM morphologies of the pellets were
further investigated. As displayed in Fig. S4, large gaps between LLZO

grains can be observed on the pristine LLZO pellet, but the sintered one
revealed a much dense packing morphology instead. It thus follows
that, the large interfacial resistance caused by the poor grain contact
should be responsible for the low conductivity of pristine LLZO pellet
and the grain boundary fusion after sintering could effectively promote
the interfacial Li+ transport leading to a higher ionic conductivity.
Unfortunately, the sintering process was not applicable to the hetero-
geneous SSE-electrode interfaces due to the poor interface match and
the harsh processing conditions.

As an alternative strategy, LIM ionic conductor was introduced to
the LLZO SSE to reduce its interfacial resistance. By simply mixing LLZO
powders with different amounts of LIM and pressing into pellet without
sintering, a series of LIM-L hybrid SSEs was prepared and tested. As
shown in Fig. 2c, the pristine LLZO revealed a low conductivity of
1.5× 10−6 S cm−1 at 30 °C, which were increased to 4.1×10−5,
7.1× 10−5, 1.0× 10−4, and 1.3× 10−4 S cm−1 when 5wt%, 10 wt%,
20 wt%, and 30wt% LIM was added, respectively. As another important
parameter for electrolyte materials, Li+ transference number (tLi+) of
the LIM-L hybrid SSEs was estimated using a Li|LIM-L|Li symmetric cell
by Evans method [29] with a constant polarization potential of 10mV
at room temperature. The comparison of tLi+ for different materials is
displayed in Fig. 3b. As can be seen, the pristine Li-IL electrolyte with
the use of a glass fiber separator demonstrated a very low tLi+ of 0.11
because the majority of the conducting ions in Li-IL were [EMIM]+ and
[TFSI]- rather than Li+ [30]. After impregnating the Li-IL into the MOF
host, a slightly increased tLi+ of 0.13 was observed on LIM, which we

Fig. 2. a) Arrhenius plots for the ionic conductivity of the LIMs with different Li-IL loading amounts. The MOF host in each sample was fixed as 1.0 g. b) EIS within
frequency of 1–1MHz of the LIM sample with 1.5 mL Li-IL at temperatures from 30° to 100°C, inset: magnified high frequency region. c) Arrhenius plots for the ionic
conductivity of the pristine LLZO, the sintered LLZO, and the LIM-L hybrid SSEs with different LIM contents. d) EIS within frequency of 1–1MHz of the LIM-L
(containing 20wt% of LIM) at temperatures from 30° to 100°C, inset: magnified high frequency region.
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speculated was caused by the interactions between the MOF host and
the large [EMIM]+ and [TFSI]- guest ions [31]. Theoretically, the tLi+
of LLZO SSE is 1, and it dropped to 0.31, 0.21, 0.18, and 0.15 upon
mixing with 5wt%, 10 wt%, 20 wt%, and 30wt% of LIM, respectively.
A low tLi+ implies poor rate performance and limited power output of
the SSBs. So on the basis of an applicable ionic conductivity, the LIM
content in LIM-L should be kept low and thus 20 wt% LIM with 80wt%
LLZO was chosen as an optimized composition for LIM-L hybrid SSE.
The EIS results before and after polarization with the potentiostatic
polarization current curve to calculate tLi+ of this sample are displayed

in Fig. 3c. The significantly increased ionic conductivity of the LIM-L
hybrid SSEs proved that the LIM ionic conductor could effectively re-
duce the interfacial resistance of LLZO SSE as indicated by the much
smaller semicircle of its EIS diagram in Fig. 2d compared with that of
pristine LLZO (Fig. S5). SEM image for the cross-section view of LIM-L
hybrid SSE is shown in Fig. S6. The gaps between the micron-sized
LLZO grains were fully filled with nano-sized LIM crystals which acted
as “highways” for the Li+ transport between LLZO grains. The crystal
structure of MOF host was an open 3D scaffold and the Li-IL ions inside
could directly make contact with the surface of LLZO grains through the

Fig. 3. a) Schematic illustration for the nanowetted interfacial mechanism. Li+ ions and other ions in Li-IL are presented by pink and orange spheres, respectively. b)
Li+ transference numbers of pristine Li-IL, LIM ionic conductor, and the LIM-L hybrid SSEs with different compositions. c) EIS of the Li|LIM-L|Li (containing 20 wt%
of LIM) symmetric cell before and after polarization, inset: variation of current with time during polarization at an applied voltage of 10mV at room temperature. d)
Electrochemical windows of pristine Li-IL, pristine LLZO, LIM ionic conductor and LIM-L hybrid SSE with a scan speed of 0.2 mV s−1 at room temperature. e) Li
plating-stripping performance of the Li|LIM-L|Li symmetric cell under a current density of 0.1 mA cm−2 with a deposition amount of 1.2 mAh cm−2 for each half
cycle at room temperature.
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open tunnels of LIM crystals and thus the LIM-LLZO interface was ac-
tually wetted with the Li-IL guest at atomic scale. In pristine LLZO SSE,
the energy barrier was high for Li+ ions to go across the solid-solid
interface from one LLZO grain lattice into another. But in LIM-L hybrid
SSE, such Li+ transport became much easier. The Li+ ions at the surface
of one LLZO grain were firstly “solvated” by [TFSI]- ions, and then went
into LIM where equal amount of Li ions was “desolvated” and inter-
calated into another LLZO grain at the same time [32]. The whole in-
terfacial process was just like that in a liquid electrolyte system which
was fast and favored the Li+ transport inside the LIM-L hybrid SSE.
Such “nanowetted” interfacial mechanism is schematically illustrated in
Fig. 3a. The contribution of LLZO main body to the high conductivity of
LIM-L was also studied by comparing with an Al2O3-LIM mixture. 80 wt
% α-Al2O3 with similar particle size to the LLZO powders was combined
with 20wt% LIM ionic conductor, and was pressed into pellets to
perform conductivity test. According to the EIS in Fig. S7, the mixture
represented a low ionic conductivity of about 4.3×10−6 S cm−1 at
30 °C, indicating that the LLZO with a high bulk conductivity also
played an essential role in the high conductivity of the LIMIL hybrid
SSE. LLZO has been reported to be stable against ionic liquid species
[28], and the chemical stability of the nanowetted interfaces in this
work was further confirmed by the wide electrochemical window (EW)
of the LIM-L hybrid SSE. The EWs of Li-IL, LLZO, LIM and LIM-L were
tested using Li asymmetric cells with an inert stainless steel electrode.
As shown in Fig. 3d, pristine LLZO showed a very high oxidation po-
tential over 8 V [27,33] and Li-IL began to decompose when the voltage
scanned to 5.2 V. The EWs of LIM and LIM-L were also determined to be
5.2 V, providing additional evidence for the high chemical stability of
the Li-IL-MOF-LLZO ternary system, which were adequate to the ap-
plications of high energy density SSBs containing high-voltage cath-
odes.

One important feature of the ceramic SSEs is their ability to block Li
dendrites, which enables the use of Li metal anode in SSBs to achieve
higher energy densities. However, the compatibility of pristine LLZO
SSE and Li metal is very poor due to the loose contact with micro-gaps
[13,14]. The closely contacted LLZO micro-particles and LIM nano-
particles can be expected to effectively block the growth of Li dendrites.
Benefitted from the nanowetted interfacial mechanism of the LIM ionic
conductor, LIM-L hybrid SSE exhibited a significantly improved com-
patibility with Li metal. To examine the reliability of LIM-L hybrid SSE
for lithium SSBs, Li|LIM-L|Li symmetric cell was assembled for the
galvanostatic Li plating-stripping test at a current density of 0.1mA
cm−2 and a deposition amount of 1.2 mAh cm−2 at room temperature.
As shown in Fig. 3e, the polarization voltage of the symmetric cell was
about 60mV, which was stabilized over 12 h for each half cycle with a
smooth profile. Moreover, after about 40 days cycling, no short-circuit
was observed on the cell and the polarization voltage was nearly un-
changed for each cycle. These results implied a small interfacial re-
sistance and a stable interface of LIM-L hybrid SSE against Li metal and
also confirmed its ability to block Li dendrite growth under a large Li
deposition amount. As a comparison, without LIM ionic conductor, the
Li|LLZO|Li symmetric cell demonstrated a fluctuating potential with
large voltage polarization (Fig. S8) indicating an unstable Li+ transport
through the interfaces. To better understand the function of LIM in the
stable Li plating-stripping process, the Li|LIM-L|Li cell was dis-
assembled after cycling, and the Li metal was washed with fresh di-
methyl carbonate (DMC) and then examined by SEM. As shown in Fig.
S9a, the surface of Li metal anode after cycling was still flat and smooth
without vertical dendrites. At higher magnification (Fig. S9b and S9c), a
homogenous Li deposition layer could be distinguished, which was
composed by many plate-like nanostructures. Obviously, the vertical
growth of these nanostructures was depressed by the hybrid SSE layer
and such homogenous Li deposition would effectively protect the bat-
tery form short circuit. The composition of the deposition layer was
further studied by X-ray photoelectron spectrometer (XPS). As dis-
played in Figs. S9d and S9e, the S and F elements belonging to the Li-IL

were detected on the surface, indicating a solid electrolyte interphase
(SEI) formed on the Li deposition layer, which was probably caused by
the decomposition of IL ions.

Due to the limited ionic transport within the cathode material,
carbon, and binder, the interfacial issue in the cathode region of SSBs is
much more crucial. Here, the LIM ionic conductor with nanowetted
interfaces was used in the cathode instead of conventional SSEs. SSBs
with commercial LiCoO2 and LiFePO4 were assembled and tested to
demonstrate the capability of LIM to favor the Li+ transport. Typically,
the cathode material was mixed with desired amount of LIM ionic
conductor and acetylene black as the cathode mixture, which was se-
quentially pressed with LIM-L hybrid SSE into a double-layer mem-
brane. Li metal foil was used directly as the anode. Fig. S10 demon-
strates the SEM image with corresponding energy dispersive
spectrometer (EDS) elemental mappings for the double-layer structure
of LCO SSB. The seamlessly laminated LCO cathode and LIM-L hybrid
SSE could be clearly distinguished, which were about 139 µm and
120 µm in thickness, respectively. In the cathode part, LCO particles
were homogeneously surrounded by LIM and acetylene black forming
3D-connected networks which implied both good ionic and electronic
conductivity. The LCO active loading was as high as 15.9mg cm−2 with
a cathode composition of 50 wt% LCO, 40 wt% LIM, and 10wt% acet-
ylene black. Similar results could be observed on the LFP SSB with an
active loading of 12.4mg cm−2, as shown in Fig. S11. Fig. 4 displays
the battery performance of the SSBs. At 0.1 C (1 C=140mA g−1 for
LCO, and 170mA g−1 for LFP) current rate, discharge capacities of
about 130 and 140 mAh·g−1 were observed on the LCO and LFP SSBs,
respectively, and they dropped to 33 and 37 mAh·g−1 when the current
rate was increased to 0.8 C. The room-temperature rate performance of
the SSBs was inferior to their LIB counterparts with liquid electrolyte
due to the relatively high polarization as indicated by the charge-dis-
charge profiles, which can be further improved by optimizing the
cathode composition and reducing the LIM-L hybrid SSE thickness in
the future. For long-term cycling at 0.1 C rate, both of the LCO and LFP
SSBs showed excellent cyclability with capacity retention of about 97%
over 150 cycles and the capacity degradation was 0.29‰ and 0.27‰
for each cycle, respectively. The Coulombic efficiency for the first cycle
of LCO and LFP SSBs was 94% and 97%, respectively, which increased
to about 98% in the following cycles. The relatively large irreversible
capacity fading of LCO cathode in the first cycle was probably caused
by the formation of passivation layer at the LCO/LIM interfaces due to
the high charge voltage [34,35]. Such a good battery performance
could be hardly achieved by the SSBs without LIM ionic conductor. As
the LIM in the cathode part was replaced with an equal amount of
LLZO, the SSB revealed almost no discharge capacity according to our
experiment result, which is caused by the large inner resistance. The
superior cycling performance of the SSBs was ascribed to the presence
of the LIM ionic conductor, which could establish abundant nanowetted
interfaces around solid particles including LLZO and cathode to boost
overall Li+ transport. Based on the battery performance in this work,
the specific energy and energy density were calculated with optimized
parameters (Tab. S1 and Tab. S2), delivering 196.9Wh kg−1 and
377.0Wh L−1 for LCO battery and 151.3Wh kg−1 and 304.1Wh L−1

for LFP battery, demonstrating such a configuration of SSB with LIM
ionic conductor is promising for practical applications. The active
loadings and cycle performance in this work were further compared
with the recently reported SSBs, which were summarized in Tab. S3.

4. Conclusions

In this work, a novel ionic conductor was designed by impregnating
a Li+ containing ionic liquid into a MOF host and was used in the LLZO
based solid-state batteries to reduce the interfacial resistance. The MOF
host featuring an open 3D scaffold crystal structure enabled the direct
contact of inner solidified Li-IL with LLZO and cathode particles to form
the “nanowetted” interfaces and favored the interfacial Li+ transport.
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The hybrid SSE composed by the ionic conductor and LLZO demon-
strated a high ionic conductivity of 1.0× 10−4 S cm−1 with a wide
chemical window of 5.2 V. The hybrid SSE also exhibited good com-
patibility with Li metal anode owing to the nanowetted interfacial
mechanism and the Li dendrite growth could be effectively diminished
by the homogenous Li deposition. When the ionic conductor was in-
troduced to the LCO and LFP SSBs, efficient Li+ transport networks
were established inside the batteries leading to acceptable rate cap-
ability and excellent cyclability. The unique concept for the assistant
ionic conductor with “nanowetted” interfaces to boost interfacial Li+

transport we proposed here is an alternative way to realize the up-scale
manufactures and applications of SSBs.
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