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ABSTRACT The intrinsic drawbacks of electrolytes and the
growth of lithium dendrites limit the development of com-
mercial lithium batteries. To address the aforementioned
challenges, a novel biomimetic brain-like nanostructure
(BBLN) solid polymer electrolyte was created by manipulating
the shape of the incorporated nanoparticles. Our designed
BBLN solid polymer electrolyte was created by incorporating
spherical core-shell (UIO-66@67) fillers into polymer elec-
trolyte, which is significantly different from traditional poly-
mer-based composite electrolytes. UIO-66@67 spherical
nanoparticles are highly favorable to eliminating polymer
electrolyte stress and deformation during solidification, in-
dicating a great potential for fabricating highly uniform BBLN
solid polymer electrolytes with a substantial number of con-
tinuous convolutions. Furthermore, spherical nanoparticles
can significantly reduce the crystalline structure of polymer
electrolytes, improving polymer chain segmental movement
and providing continuous pathways for rapid ion transfer. As
a result, BBLN solid polymer electrolyte shows excellent ionic
conductivity (9.2 x 10™*S cm™), a high lithium transference
number (0.74), and outstanding cycle stability against lithium
electrodes over 6500 h at room temperature. The concept of
biomimetic brain-like nanostructures in this work demon-
strates a novel strategy to enhance ion transport in polymer-
based electrolytes for solid-state batteries.

Keywords: brain structure, spherical nanoparticles, continuous
interphase, nanophase separation, MOF-in-MOF

INTRODUCTION

With the dramatic increases in electric vehicles and portable
electronic devices, traditional lithium-ion batteries (LIBs) with
organic liquid electrolytes are facing difficulties in terms of
safety concerns and energy density [1-7]. Solid-state LIBs based
on solid electrolytes have received increased attention as
potential next-generation rechargeable batteries capable of sig-
nificantly overcoming the limitations of traditional LIBs [8-14].
Furthermore, solid electrolytes based on polymer or hybrid solid
electrolytes are considered ideal choices for LIBs due to their

wide voltage windows, easy fabrication, and excellent flexibility
[15-22]. Various approaches have used metal-organic frame-
works (MOFs) as a solid electrolyte in LIBs to enhance the
transport of Li*, strengthen the mechanical properties, and
improve the electrochemical stability against electrodes [23-27].
Moreover, developing solid-state electrolytes with low interfacial
resistance, high ionic conductivity, and the ability to suppress
the formation of lithium dendrites is highly desirable and con-
tinues to be a significant challenge.

Interwoven and intercommunicating structures play an
important role in many scientific fields like materials science,
medicine, and information technology due to their versatile
functionality. Brain-like nanostructures are being extensively
researched as an intriguing class of interconnected systems for
improving mass and information transport. The brain is an
extraordinarily complex system of interlaced, inter-
communicating cells with diameters ranging from 5 to 50 pm;
brain tissues function as porous channels for nutrient and drug
transport. Diffusion is the main delivery mechanism in the
brain: aside from transporting oxygen and glucose from the
vasculature to brain cells, it further transports the information
between cells [28,29]. Several studies, on the other hand, have
shown that the brain structure is the best way to deliver infor-
mational substances and mass between various components
[30-36].

The mixing of different materials is one of the most common
methods for creating such structures. The shape and physical
properties of the incorporated particles generally affect the
morphology and deformation degree of the component during
solidification, consequently affecting the properties of the new
material [37]. Zhu et al. [38] used an aniline/citric acid salt
template and chlorine gas as the oxidant in a gas/solid reaction
to prepare a brain-like polyaniline nanostructure with numerous
convolutions and diameters ranging from 140 to 170 nm. Seo et
al. [39] successfully synthesized “brain-coral-like” materials
based on ZIF chemistry, with high sulfur loading, excellent
cyclic stability, and efficient lithium polysulfides adsorption. To
the best of our knowledge, no study has designed and fabricated
the brain-like nanostructure by adding spherical nanoparticles.
Our group investigated the possibility of creating an electrolyte

! State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, School of Materials Science and Engineering, Wuhan University of

Technology, Wuhan 430070, China

% Foshan Xianhu Laboratory of the Advanced Energy Science and Technology Guangdong Laboratory, Xianhu Hydrogen Valley, Foshan 528200, China
* Mining and Metallurgical Department, Faculty of Engineering, Al-Azhar University, Cairo 11884, Egypt

 These authors contributed equally to this paper.

" Corresponding authors (emails: linxu@whut.edu.cn (Xu L); mlq518@whut.edu.cn (Mai L))

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022 1


mater.scichina.com
link.springer.com
https://doi.org/10.1007/s40843-021-1940-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-021-1940-2&amp;domain=pdf&amp;date_stamp=2022-02-11

ARTICLES

SCIENCE CHINA Materials

with a brain-like nanostructure by controlling the shape of the
embedded nanoparticles to mimic the above properties of brain
structure.

In this work, inspired by the brain structure, we propose
biomimetic brain-like nanostructures (BBLN) for solid polymer
electrolytes with fast ion transport. By incorporating MOF-in-
MOF spherical nanoparticles into polyethleneoxide-lithium bis-
trifluoromethanesulfonimide (PEO-LiTFSI), highly uniform
BBLN solid polymer electrolyte was created. Spherical nano-
particles with smooth edges are highly appealing for reducing
stress and deformation in polymer electrolytes during solidifi-
cation, indicating a high potential for fabricating highly uniform
BBLN solid polymer electrolytes. Besides, spherical nano-
particles not only increase the surface area of the polymer by
transferring it to a continuous brain-like nanostructure, but they
also produce nanostructured phase separation, which sig-
nificantly reduces the crystallinity of polymer electrolytes.
Moreover, the larger surface area of spherical nanoparticles
compared with other shapes improves the contact area with
polymer, increasing the strength of polymer electrolytes. Finally,
the surface morphology of BBLN has a significant impact on
electrolyte performance, indicating that the rough surface
improves lithium-ion transport by increasing the effective con-
tact area between the electrolyte and electrodes. Based on the
above, the as-prepared BBLN polymer electrolyte showed a
superb electrochemical property such as an excellent ionic
conductivity of 9.2 x 10™* S cm™ at room temperature, and high
lithium transference number (f1;*) of 0.74. In addition, the
assembled LIBs based on the BBLN solid polymer electrolyte
demonstrated an excellent capacity of 155mAh g™ for 200
cycles at 25°C.

EXPERIMENTAL SECTION

Synthetic procedures

Biphenydicarboxylic acid (99%) and 1,4-benzenedicarboxylic
acid (99%) were purchased from Macklin. Zirconium (IV)
chloride (98%), 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide (EMIM-TESI, 97%), LiTESI (97%),
glacial acetic acid (99.7%), benzoic acid (99%), hydrochloric acid
(36%-38%), and N,N-dimethyl formamide (DMF, 99%) were
purchased from Aladdin. All of the reactants and solvents were
analytical grade and used without further purification.

UIO-66 was prepared based on the previous report [40].
Briefly, ZrCl, (340 mg) and DMF (40 mL) were mixed in a
Teflon-lined autoclave by sonication for about 15 min. Ter-
ephthalic acid and acetic acid were combined, and then soni-
cated for 15 min until completely dissolved. The autoclave was
placed in an oven at 120°C for 24 h. After cooling, the nano-
crystalline MOF was collected by centrifuging at 10,000 r min™"
for 8 min, and washed three times sequentially by DMF (3 x
30 mL) and EtOH (3 x 30 mL) before being dried in vacuum at
60°C.

UIO-67 was prepared based on the reported method [41].
Briefly, 502 mg of ZrCl,, 2.63 g of benzoic acid, and 520 mg of
nitroterephthalic acid (H,BPDC) were dissolved under sonica-
tion in a mixing solution (50 mL DMF with 0.152 mL HCI) for
20 min. The homogeneous mixture was transferred at room
temperature to a Teflon-lined hydrothermal autoclave before
being heated at 130°C for 48 h. After cooling in air to room
temperature, the resulting white precipitate was centrifuged at

1000 r min~* for 8 min and repeatedly washed and dried using
the same procedure as UIO-66.

UIO-66@67 core-shell nanoparticles were fabricated by a
solvothermal method with two linkers. Briefly, 140 mg of UIO-
66 nanoparticles, 93.2 mg of ZrCly, 97.6 mg of H,BPDC, 488 mg
of benzoic acid, 0.8 mL of glacial acetic, and 50 mL of DMF were
sonicated for 30 min in a Teflon-lined hydrothermal autoclave
to achieve a homogeneous mixture before being heated at 130°C
for 36 h. The precipitate was collected by centrifuging at
10,000 r min™' for 8 min, and then washed repeatedly with the
same procedure as UIO-66, and the obtained MOF was activated
at 200°C for 1 h at a heating rate of 1°C/2 min.

Preparation of Li-ionic liquid (IL)/MOEF: LiTFSI (0.6975 g)
and EMIM-TFSI (2.5 mL) were mixed using a magnetic stirrer
for 1 h at room temperature before heating at 120°C/12h to
obtain Li-IL. The activated UIO-66@67, UIO-66, and UIO-67
were added separately to Li-IL and mixed by mortar and pestle;
then, the resulting mixture was heated at 120°C/12 h to get Li-
IL/MOF filler.

Preparation of PEO-LiTFSI/UIO-IL composite electrolyte:
membrane of PEO-LiTFSI/UIO-IL solid electrolyte was pre-
pared by the solution casting process. (i) PEO (Mw = 600,000;
Aladdin) and LiTFSI (98% Aladdin) were dissolved into anhy-
drous acetonitrile with an EO/Li ratio of 18 and stirred at room
temperature for 3 h. (ii) Nanostructured UIO/Li-IL fillers were
added to the obtained (PEO-LiTFSI) mixture with various ratios
(0%, 10%, 20%, 30%, and 40%), and then stirred to get a
homogeneous mixture. (iii) The obtained mixture (PEO-LiTFSI/
UIO-IL) was poured onto polytetrafluoroethylene molds and
stabilized at 25°C for 24 h to evaporate the solvent slowly before
drying at 60°C overnight under vacuum to get the PEO-LiTFSI/
UIO-IL composite electrolyte.

Preparation of the cathode: commercial LiFePO, (Shenzhen
Dynanonic Co., Ltd), acetylene black, and UIO-66@67-IL with a
ratio of 5:2:5 were dissolved in an appropriate volume of N-
methyl-2-pyrrolidone with a magnetic stirrer overnight at room
temperature to obtain a homogenous solution. The resulting
mixture was cast over aluminum foil before being heated at
120°C for 12 h. The weight of the active material in the cathode
is 4 mg cm™2.

Materials characterization

Field emission scanning electron microscopy (SEM) images of
UIO-66, 67, 66@67, and PEO-LiTFSI/UIO-IL samples were
collected by a JEOL 7100F microscope with an acceleration
voltage of 20 kV. An Oxford IE250 system was used to generate
energy-dispersive X-ray spectra (EDS). Transmission electron
microscopy (TEM) images were collected using a JEM-2100
TEM microscope with a 200 kV acceleration voltage. The crys-
tallographic characterization was conducted using a BRUKER
2ndGen diffractometer with a Cu tube radiation and 26 from 5°
to 40°. Raman spectra were collected with a Renishaw RM-1000
Raman microscopy system. The Brunauer-Emmett-Teller
(BET) specific surface area was determined by using a Micro-
meritics ASAP 2020 instrument at 77 K. Fourier transform
infrared (FTIR) spectroscopy analyses were done via a Nicolet
6700 IR spectrometer with the wave range of 400-4000 cm™'.
Differential scanning calorimetry (DSC) was conducted from
—50 to 90°C under Ar atmosphere using a DSC Q2000 simul-
taneous analyzer. Netzsch STA 449C simultaneous analyzer was
used for the thermogravimetric analysis (TGA) from 30 to 700°C
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with a heating rate of 10°C min™ in argon atmosphere.

Electrochemical measurements

The ionic conductivity of stainless steel/PEO-LiTFSI/UIO-IL/
stainless steel was measured using electrochemical impedance
spectroscopy (EIS) with a frequency range from 0.1 to 10° Hz by
Auto-Lab PGSTAT302N. The activation energy (E,) was deter-
mined by measuring the ionic conductivity at various tem-
peratures and calculated based on the Arrhenius equation. #;;* of
Li/PEO-LiTFSI/UIO-IL/Li has been measured by a combination
of alternating current (AC) impedance and direct current (DC)
polarization measurements using A NOVOCONTROL spec-
trometer system with a DC potential of 10 mV. The electro-
chemical stability (ESW) of stainless steel/PEO-LiTFSI/UIO-IL/
Li was measured by linear sweep voltammetry (LSV) using a
NOVOCONTROL spectrometer workstation from 0 to 6 V with
a scan rate of 5mV s™'. The galvanostatic cycling (Li plating/
stripping) of PEO-LiTFSI/UIO-IL solid electrolyte against
lithium metal anodes was investigated by a Li symmetrical cell
using the multichannel battery testing system LANHE CT2001A.
Cathode mixture, PEO-LiTFSI/UIO-IL solid electrolyte, and
lithium metal anode were assembled into the CR2016 cell to
measure the cycle performance and rate capacity.

RESULTS AND DISCUSSION
Two steps were used to construct UIO-66@67 spherical nano-
particles with heterogeneous pore structures. In brief, Zr forms a
bond with the first ligand H,-BDC to form the core structure
(UIO-66), which is followed by the second ligand H,-BPDC,
which forms the shell framework (UIO-67). The presence of the
UIO-66@67 core-shell structure was determined using X-ray
diffraction (XRD), FTIR, SEM, and TEM characterizations.
Comparative XRD analysis in Fig. Sla (Supplementary infor-
mation) suggests that XRD patterns of pure MOFs (UIO-66 and
UIO-67) are possessed in the patterns of UIO-66@67. In addi-
tion, FTIR analysis (Fig. S1b) confirms the presence of coordi-
nation between metal sets and linkers in the MOF structure via
the bridges. This is attributed to the linker deprotonation, which
is verified by the evanescence of the OH™ stretching vibrations
from the organic ligands between 2500 and 3000 cm™. More-
over, compared with the vibration of original linkers, a sig-
nificant shift in stretching vibration of C=0 at 1680 cm™ in the
MOFs is detected. Based on differences in shape and contrast,
SEM and TEM characterizations were also used to confirm the
morphology of the UIO-66@67 core-shell. Pure MOFs UIO-66
and UIO-67 have cubic and octahedron shapes, respectively,
with particle sizes of around 100 nm, as shown in Fig. Slc, d,
whereas the morphology of UIO-66@67 is spherical nano-
particles (Fig. Sle). Furthermore, the contrast between the shell
and core structure differentiates UIO-67 growth on the surface
of UIO-66 (Fig. S1f). Based on the above results, we successfully
prepared UIO-66@67 nanoparticles with a size around 140 nm.
As shown in Fig. S1g, UIO-66@67 has a high specific surface
area (2000 m” g™!), which increases the dissolution amount of
Li-IL. Furthermore, depending on the confinement of [TFSI]~
and [EMIM]* by core structure nanopores due to the equality
between the sizes of the [TFSI]~ and [EMIM]* ions (7.9 and
7.6 A, respectively) [42], the Li* is free in UIO-66@67-IL fillers
as illustrated by FTIR (Fig. Slh). Therefore, we successfully
obtained UIO-66@67-IL fillers with high ionic conductivity
reaching 2.1 x 107 S cm™ at 27°C (Fig. S1i).

The mechanism of BBLN solid polymer electrolyte formation
is illustrated in Fig. la. Surprisingly, the SEM image (Fig. 1b)
shows that the surface of BBLN solid polymer electrolyte has a
significant number of convolutions with average diameters
(150 nm) that are similar to the cerebral cortex convolutions in
the brain (Fig. 1c). As a result, when compared with the sharp
edge of UIO-66 and UIO-67 (cubic and octahedral) fillers
Fig. Slc, d, UIO-66@67 spherical nanoparticles (Fig. Sle, f) are
highly appealing to minimize stress and deformation of polymer
electrolytes. As shown in Fig. S2, the polymer solution casting
technique was successfully used to produce stable and flexible
BBLN solid polymer electrolytes. Cross-section SEM images of
BBLN solid polymer electrolyte at various magnifications
revealed continuous convolutions, similar to those found in the
brain, throughout the electrolyte (Fig. S3a, b). The polymer
electrolyte in Fig. S3c—f has a highly uniform distribution of Zr,
S, F, and C elements, indicating that the UIO-66@67-IL fillers
are uniformly distributed in the polymer electrolyte matrix.

Thermal property is a key parameter to guarantee the safe
operation of lithium batteries at various temperatures. We used
TGA to determine the thermal stability of BBLN solid polymer
electrolytes. The plots of UIO-66@67 nanoparticles, UIO-
66@67-IL fillers, PEO-LiTFSI, and BBLN solid polymer elec-
trolyte film are shown in Fig. S4. PEO-LiTFSI breakdown begins
at 360°C, whereas BBLN solid polymer electrolyte decomposi-
tion occurs at 420°C. This effect is caused by the incorporation
of UIO-66@67 spherical nanoparticles, which have high thermal
stability of up to 560°C. These findings also imply that UIO-
66@67 can reduce polymer/LiTFSI crystallinity. Based on the
foregoing, BBLN solid polymer electrolytes can be used in solid-
state LIBs without risk.

The ionic conductivity of the solid electrolyte is a crucial
parameter for its practical application in solid-state batteries.
Arrhenius plots of solid polymer electrolytes with varying
compositions were investigated to control the amount of
incorporated UIO-66@67-IL fillers that result in higher ionic
conductivity. Fig. S5a shows that the PEO-LiTFSI solid elec-
trolyte has a low ionic conductivity of 5.5 x 107 S cm™, owing
to polymer crystalline domains that restrict the mobility of the
ions. On the other hand, the ionic conductivity of BBLN solid
polymer electrolyte gradually increased by increasing the

@ UI0-66@67 spherical nanoparticles

== Continuous interphase == PEO-LITFSI

Figure 1 (a) Schematic diagram of the architecture design of BBLNS.
(b) SEM image of BBLN solid polymer electrolyte. (c) Schematic of brain
structure.
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amount of UIO-66@67-IL fillers, and reached 9.2 x 107* S cm™
at 40% UIO-66@67-1L fillers. Based on the ionic conductivity,
stretchability, and visual appearance, we decided to use an
electrolyte containing 40% UIO-66@67-IL fillers. Fig. S5b
depicts the relationship between the ionic conductivities and
temperature of a BBLN solid polymer electrolyte containing 40%
UIO-66@67-IL from —20 to 100°C. As can be seen, the con-
ductivity increases with the temperature. This is due to the
improved interface between UIO-66@67 spherical nanoparticles
and polymer electrolyte after heating, which provides an early
indication of the stability of BBLN solid polymer electrolyte at
high and low temperatures. Moreover, the BBLN solid polymer
electrolyte with different concentrations presents higher ionic
conductivity at the same temperature than PEO-LiTFSI solid
electrolyte, as displayed in Fig. S5c. This phenomenon can be
attributed to the following factors: UIO-66@67 spherical nano-
particles provide a significant number of continuous convolu-
tions by reducing polymer electrolyte deformation, resulting in a
highly conductive pathway along the polymer/UIO-66@67

100

interphase. Besides, UIO-66@67 spherical nanoparticles with a
high surface area can dramatically reduce the crystallinity and
enhance the segmental movement of polymer-LiTFSI (Fig. S6),
raising the ionic conductivity. Moreover, the uniform distribu-
tion of highly conducive UIO-66@67 fillers in polymer electro-
lytes results in fast and optimal ion transport pathways.

Further characterization indicates the BBLN solid polymer
electrolyte is typically constituted of linked labyrinthine net-
works with diameters ranging from 140 to 160 nm (Fig. S7a),
while the morphologies of polymer-LiTFSI/UIO-66-IL and
polymer-LiTFSI/UIO-67-IL  consist of spotted structures
(Fig. S7b, c). The BBLN solid polymer electrolyte improves the
ionic conductivity compared with polymer-LiTFSI/UIO-66-IL (1
x 107* S cm™), polymer-LiTFSI/UIO-67-IL (1.9 x 10™*S cm™),
and recent studies as shown in Fig. 2a, b, ¢, Table S1, and other
phase separation studies [43-46].

PEO-LiTFSI/UIO-66-IL, PEO-LiTFSI/UIO-67-IL, and BBLN
solid polymer electrolytes were subjected to LSV experiments at
25°C to investigate the electrochemical stability window of
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Figure 2 Electrochemical characterization of solid electrolyte. (a) Comparison among AC impedance spectra of BBLN, PEO-LiTFSI/UIO-66-IL, PEO-
LiTFSI/UIO-67-IL solid electrolytes at room temperature. (b) Arrhenius plots of BBLN solid polymer electrolyte, PEO-LiTFSI/UIO-66-IL, PEO-LiTFSI/UIO-
67-1IL solid electrolyte with different compositions at room temperature. (c) Comparison of Arrhenius plots of BBLN solid polymer electrolyte (red) with other
reported electrolytes such as cross-linked composite solid electrolyte (C-CSE) [47], P(STFSILi)-PEO-P(STFSILi) [48], MIL-101(Cr)-DETA-Li [49], SEP-PI-
ZIF8 [50], supper ionic conductor hierarchical poly(ionic liquid)-based solid electrolyte (HPILSE) [51], gel blending polymer electrolyte PPC/PVDF-HFP
[poly(vinylidenefluoride-hexafluoropropylene)-poly(propylene carbonate)] [52], P(STFSILi)-PEO-P(STFSILi) [53], ceramic textile electrolyte Li;LasZr,O1,
[54], LisLasZr,O1, nanowire-PEO [55], LATP nanoparticle/PEO [56], and LLZTO (CIP)(PIC) electrolytes [57].
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electrolytes. As displayed in Fig. S8a-c, the stable voltage win-
dows of PEO-LiTFSI/UIO-66-IL and PEO-LiTFSI/UIO-67-IL
are 1.2-4.5V and 1.8-5.5V, respectively, which are narrower
than that of BBLN solid polymer electrolyte (0.0-5.5 V). Com-
pared with PEO-LiTFSI/UIO-66-IL and PEO-LiTFSI/UIO-67-
IL, BBLNs have higher stability against cathodic reduction and
anodic oxidation reactions. This result can be attributed to
BBLNs’ high surface area, which can improve impurity
absorption from the electrode/electrolyte interface, as well as the
high interaction between UIO-66@67-IL and polymer-LiTFSI.
As a result, the electrochemical stability window of BBLN solid
polymer electrolytes is appropriate for application in LIBs.

The lithium-ion transference number (#;;*) of solid electrolytes
needs to be high enough because it can prophesy the formation
of lithium dendrites. A high lithium-ion transference number is
necessary for solid electrolytes because the moving of anions
highly affects Li* polarization during the charging and dischar-
ging processes. t;;* was calculated by the DC polarization curve
at 25°C. BBLN solid polymer electrolyte exhibits a high ;" of

0.74, as shown in Fig. 3a. This result is higher than that of
polymer-LiTFSI/UIO-66-IL (t1;* = 0.37) and also much higher
than that of polymer-LiTFSI/UIO-67-IL (#;*= 0.25) as illustrated
in Fig. 3c, e, respectively. The high lithium-ion transference
number of BBLN solid polymer electrolyte can be attributed to
the large number of highly uniform continuous convolutions of
BBLNs, resulting in a highly conductive pathway along the
polymer/UIO-66@67 interphase (Fig. 3b), as opposed to poly-
mer-LiTFSI/UIO-66-IL (Fig. 3d) and polymer-LiTFSI/UIO-67-
IL (Fig. 3f). Besides, the repression of the free movement of ionic
liquid ions (TFSI7) by UIO-66@67 pore channels leads to the
splitting of the lithium salt ion pairs and increases the content of
Li*. The dissociation degree of the lithium salt in BBLN solid
polymer electrolyte and polymer-LiTFSI electrolyte was inves-
tigated using Raman spectra. As a result, the dissociation degree
of Li salt in BBLN solid polymer electrolyte is 85.8%, which is
higher than that in polymer-LiTFSI (65%), as shown in Fig. S9
[58]. Moreover, the confinement of ionic liquid ions by incor-
porated UIO-66@67-1L fillers constructs solid-liquid interphase
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Figure 3 (a, ¢, e) DC polarization curve of BBLN solid polymer electrolyte, PEO-LiTESI/UIO-66-IL, and PEO-LiTFSI/UIO-67-IL, respectively, at room
temperature. (b, d, f) Schematic illustrating the transport of lithium ions with (b) BBLN solid polymer electrolyte, (d) PEO-LiTFSI/UIO-66-IL solid electrolyte,

and (f) PEO-LiTFSI/UIO-67-IL solid polymer electrolytes.
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between UIO-66@67-IL and polymer chains. These findings
imply that the high lithium-ion transference number of BBLN
solid polymer electrolytes could be beneficial for Li* deposition
by inhibiting the growth of lithium dendrites and reducing the
interfacial resistance with lithium electrodes.

The behavior of an electrolyte’s Li plating and stripping is a
critical parameter in determining the lifetime of Li batteries,
especially when long-term cycling is anticipated. These experi-
ments were carried out in Li symmetric cells with BBLN solid
polymer electrolytes. The Li/BBLN/Li cell was charged and
discharged with various current densities (200, 400, and
600 pA cm™2) at 25°C. As shown in Fig. 4a, the BBLN solid
polymer electrolyte exhibited excellent stability for over 750 h
and low polarization of 0.0192, 0.0468, and 0.0682 V, respec-
tively. Another experiment with BBLN solid polymer electrolyte
in symmetric Li/Li batteries was carried out for further inves-
tigation at a current density of 400 pA cm™. As shown in
Fig. 4b, the BBLN solid polymer electrolyte maintains low vol-
tage polarization 0.0383 V with excellent stability over 6500 h at
25°C. Subsequently, the comparative experiment among BBLN
solid polymer electrolyte, polymer-LiTFSI/UIO-66-IL, and
polymer-LiTFSI/UIO- 67-IL was implemented at a current
density of 200 pA cm™. Solid polymer electrolytes containing
UIO-67-IL and UIO-66-IL show a short circuit after 730 and
650 h, respectively, as shown in Fig. 4c.

0.12

Non-uniform deposit of Li* on the surface of Li anode in the
cells with polymer-LiTFSI/UIO-66-IL and polymer-LiTFSI/
UIO-67-IL (Fig. 4d, e) compared with BBLN solid polymer
electrolyte (Fig. 4f) leads to the growth of Li dendrites pene-
trating the electrolyte. This refers to the lack of mechanical
strength, which is insufficient to prevent the formation of
lithium dendrites. Moreover, spherical nanoparticles with a
smooth UIO-66@67 edge, as opposed to sharp edges of other
structures (cubic, octahedral, etc.), can protect the electrolyte
surface from deformation during lithium plating/stripping. By
contrast, the BBLN solid polymer electrolyte showed a very low
polarization of 0.02 V with a smooth plateau for more than 1150
cycles without a short circuit. Fig. 4f shows the excellent stability
of BBLN solid polymer electrolyte compared with polymer-
LiTFSI/UIO-66-IL and polymer-LiTFSI/UIO-67-IL. Further-
more, the lithium anode remained shiny after the operation,
with no obvious dendritic structure, indicating that BBLN solid
polymer electrolyte effectively inhibits lithium dendrite growth
when compared with polymer-LiTFSI/UIO-66-IL and polymer-
LiTFSI/UIO-67-1L. In addition, the calculated resistance based
on Ohm’s law approximately equals 130 Q cm™, which is in
good agreement with the AC impedance of CSIL solid electrolyte
before and after cycling at 200 A cm™ (Fig. $10). The above
results confirm that the BBLN solid polymer electrolyte effec-
tively enhances the transport of Li* and evenly distributes the Li*
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Figure 4 Lithium compatibility cycling of lithium/solid electrolyte/lithium symmetrical cells. (a) Galvanostatic cycling of BBLN solid polymer electrolyte
solid electrolyte at different current densities (200, 400, and 600 pA cm™>). (b) Galvanostatic cycling of BBLN solid polymer electrolyte at a current density of
400 pA cm™ at room temperature. (c) Comparison for voltage profiles of BBLN solid polymer electrolyte, PEO-LiTFSI/UIO-66-IL and PEO-LiTFSI/UIO-67-
IL at 200 pA cm™ at room temperature. SEM images of Li metal in (d) PEO-LiTFSI/UIO-66-IL, (e) PEO-LiTFSI/UIO-67-1L, and (f) BBLN solid polymer

electrolyte.
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were conducted at room temperature.

on the Li metal.

Furthermore, to check the utility of BBLN solid polymer
electrolytes, the electrochemical performance test was conducted
with Li metal as anode and LiFePO, (LFP) as a cathode. As
depicted in Fig. 5a, the LFP/BBLN solid polymer electrolyte/Li
batteries at 0.2 C rate showed a high specific capacity of
155mA h g™!, excellent long-term cycling stability over 200
cycles with capacity retention of 99%. This result is much higher
than LFP/polymer-LiTFSI/UIO-66-IL/Li (130.2 mAh g™ with
retention of 78.6%) and LFP/polymer-LiTFSI/UIO-67-IL/Li
(135.4 mA h g™" with retention of 43.5%). Also, from Fig. 5a, we
observed that the capacity of polymer-LiTFSI/UIO-66-IL and
polymer-LiTFSI/UIO-67-IL decreased gradually during cycling.
When compared with BBLN solid polymer electrolyte, these
results can be attributed to low ionic conductivity, low Li-ion
transport, high interfacial resistance, and low stability against
electrodes.

As shown in Fig. S11a, b, the lithium metal anode contacting
the BBLN solid polymer electrolyte after cycling remains shiny
with no dendritic structure, indicating that the BBLN solid
polymer electrolyte effectively inhibits the formation of Li den-
drites. Additionally, the BBLN solid polymer electrolyte after
cycling remained intact as the original electrolyte, and no
obvious Li dendrites were observed (Fig. Sllc, d). The LFP
cathode after charge/discharge cycling is more homogeneous
than the cathode before cycling, implying that the interface
between the BBLN solid polymer electrolyte and the LFP elec-
trode will improve with cycling (Fig. Slle, f). Based on the

findings, BBLN solid polymer electrolyte has much better
cycling stability and effectively inhibits the growth of lithium
dendrites than other recent studies using MOF solid polymer
electrolytes (Table S2). This is attributed to the high mechanical
strength of the UIO-66@67 spherical nanoparticles, and the
homogeneous deposition of lithium on the electrode surface.
Furthermore, when compared with the sharp edge particles in
UIO-66, UIO-67, and previous works, the smooth edge of UIO-
66@67 spherical nanoparticles can protect the surface of BBLNs
from distortion caused by the stress of lithium electrode
expansion and shrinkage during cycling.

The capacity of cathodes with BBLN solid polymer electrolyte
at various rates ranging from 0.2 C to 5 C is depicted in Fig. 5b,
c. The cathodes present an excellent specific charge and dis-
charge capacity of 161, 145, 133, 124, 110, and 160 mA h g™},
respectively. Furthermore, the batteries at 0.2 C exhibit a flat
potential plateau during charging and discharging cycles at 3.48
and 3.40 V. This means that the batteries maintain a low
polarization of 0.08 V while cycling. It is worth noting that when
the rate was reversed back to 0.2 C, the specific capacity of Li
batteries almost recovered (160 mA h g™'), indicating that LFP/
BBLNY/Li batteries have excellent stability. We also carried out a
cycling test at 3 C to explore the cycling stability and lifetime of
LFP/BBLN/Li batteries at high current density, as shown in
Fig. S12. After 700 cycles, we found that 88.42% of the initial
capacity was retained, indicating that the BBLN solid polymer
electrolyte effectively functions as a Li-ion conductor for solid-
state LIBs. Overall, the novel BBLN solid polymer electrolyte
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appears to be a promising candidate for room-temperature
solid-state LIBs.

CONCLUSIONS

In conclusion, we successfully designed and fabricated an
interesting BBLN solid polymer electrolyte using integrated
spherical nanoparticles. The proposed solid polymer electrolyte
has the potential to significantly reduce the interfacial resistance
between the electrode and the electrolyte. Meanwhile, it inhibits
the formation of lithium dendrites. Besides, BBLN solid polymer
electrolyte improves Li* transport and maintains a uniform
deposition of Li* on the surface of the Li electrode. Benefiting
from these merits, BBLN solid polymer electrolyte exhibits an
excellent ionic conductivity of 9.2 x 10™* S cm™, high #,;* of 0.74
at 25°C, and superior stability against lithium metal over 6500 h
at 400 pA cm™. Furthermore, after 200 cycles at 0.2 C, room
temperature, integrated solid-state LIBs based on BBLN solid
polymer electrolytes demonstrated an excellent capacity of
155 mA h g™'. Finally, our designed electrolyte opens up a new
avenue for using brain-like nanostructures for solid polymer
electrolytes to improve electrochemical performance.
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