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A Thin and Ultrahigh-lonic-Conductivity Composite
Electrolyte With 3D Aramid Nanofiber Networks Toward
Ambient-Temperature Lithium Metal Batteries

Dongmei Zhang, Xianglong Meng, Wendi Zhang, Jinshan Mo, Qian Zhao, Baoyi Wang,
Qianxiao Fan, Lehao Liu,* Tianrong Yang, Yilong Jin, Rongmin Zhou, Mengxuan Zhang,
and Meicheng Li*

The low ambient-temperature ionic conductivity and undesired compatibility
with electrode materials are hindering the practical application of solid-state
electrolytes in high-safety and high-energy-density lithium metal batteries.
Herein, an ultrahigh ionic conductivity composite electrolyte is prepared

by introducing a 3D aramid nanofiber (ANF) framework in succinonitrile
(SN)-lithium bis (trifluoromethylsulphonyl) imide (LiTFSI) electrolytes.
Theoretical calculations and experimental characterizations reveal that the

ANF framework-based composite electrolyte (CPE) has dual fast-ion pathways:

one Li* pathway along the 3D ANF frameworks with the coordination
interaction between the amide groups and Li* (especially Lit pathway
between SN and ANF), and another Li* pathway along the SN molecules

in the form of Li(SN), * cluster. Meanwhile, the hydrogen bonding interaction
between the -NH groups of the ANF and the cyano groups of SN captures
the free SN molecules, improving the chemical compatibility with Li metal.
The well-designed CPE membrane with a small thickness of 24 pm exhibits

a high Li* conductivity of 1.69 x 10-3 S cm~". Notably, the Li|CPE|LiFePO,

the flammable liquid electrolytes with
solid-state electrolytes are considered a
promising electrochemical energy stor-
age device to meet the ever-increasing re-
quirements for high energy density and
high safety.>®! SSEs are commonly di-
vided into inorganic electrolytes and poly-
mer electrolytes. Inorganic electrolytes
usually have high ionic conductivity at
ambient temperature, wide electrochem-
ical windows, and fabulous chemical sta-
bility to lithium metals, while they suf-
fer from high resistance at the elec-
trode/electrolyte interfaces because of the
poor solid/solid contact, severely limiting
their practical application.’”®] In addi-
tion, the thickness of the inorganic solid-
state electrolyte pellets is large (usually
several hundred micrometers), which re-
sults in the increase of the resistance and

cell shows a long cycle life at 30 °C (0.5 C, >300 cycles, a capacity retention
of 94.3%). The all-solid-state Li||LiNi, ;Co,,Mn, ;O, battery with an ultrahigh
active mass loading of 20 mg cm~2 also displays excellent cycle performance.

1. Introduction

Lithium-ion batteries are used in a few important fields including
transportation, grid storage, and residential backup power.'*l
However, the safety risks triggered by the flammable liquid
electrolytes hinder further commercial applications of lithium-
ion batteries. All-solid-state lithium metal batteries by replacing
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the decrease of the energy density of the
solid-state batteries.!®12] Compared with
the inorganic electrolyte counterparts,
solid polymer electrolytes have attracted
much attention by virtue of light weight,
flexibility, good processability, low electrolyte/electrode interface
resistance, and low price.[>13-18] However, the application of solid
polymer electrolytes is greatly hindered by insufficient ionic con-
ductivity at room temperature, mechanical strength, and lithium
dendrite inhibition ability."! Thus, it is of significance to develop
thin electrolyte membranes with high ionic conductivity and
good compatibility with lithium metal toward room-temperature
solid-state metallic lithium batteries for their practical
application.

Solution infusion is considered as one of the most impor-
tant routes to prepare thin solid-state composite electrolyte
(CPE) membranes by infusing the electrolyte solution/slurry into
porous substrates and then evaporating the solvents.[223] The
ionic conductivity of the CPE films is greatly affected by the
electrolyte matrices, while the thickness mainly relies on the
porous substrates.[?12426] The CPE membranes with porous ce-
ramic electrolyte substrates exhibit high ionic conductivity!?’];
however, these CPE membranes are brittle, and the thickness
is commonly higher than 100 um. To reduce the thickness,
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Figure 1. Schematic diagram of the preparation process and characterization of the composite electrolyte membranes. a) Schematic illustration of the
preparation of the composite electrolyte membranes by a solution infusion method. b) Schematic illustration of the interaction between the amide
groups in the ANF and SN-LiTFSI electrolyte matrix for facilitating Li* conduction and anchoring free SN molecules. ¢) Cross-sectional SEM images
of the ANF framework films and d) the composite electrolyte membranes with the corresponding EDS element mappings of the N and F elements.

e) Optical photograph of the composite electrolyte membranes with high flexibility.

porous organic skeletons such as nonwoven fabrics, polyimide
nanofibers, and polyethylene separators are further utilized to
prepare CPE membranes.[>*26:28-30] Nevertheless, the organic
substrates do not provide rapid Li* transport pathways, decreas-
ing the overall ionic conductivity of the CPE films. Thus, it is
necessary to develop a high-strength organic substrate with con-
tinuous Li* transport pathways to increase the ionic conductivity
of the thin CPE films.

Aramid nanofibers (ANFs) with abundant polar amide groups,
large aspect ratios, high mechanical strength, and low electro-
conductivity have been used as multifunctional nanofillers to
improve the electrical and mechanical properties of the solid
polymer electrolytes.1-**! In this work, we prepare a thin, ul-
trahigh ionic conductivity CPE membrane by filling succinoni-
trile (SN)-lithium bis(trifluoromethyl sulphonyl) imide (LiTFSI)
electrolytes in 3D porous ANF framework films via a facile and
scalable solution infusion method (Figure 1a). The introduction
of the ANF frameworks effectively reduces the crystallization of
the electrolyte matrix, accelerating the Li* transport in the elec-
trolyte matrix. Apart from the fast-ion pathways in the SN-LiTFSI
phase, the 3D continuous ANF networks with abundant amide
groups coordinate with Li* and function as additional fast-ion
pathways, thus greatly improving the ambient-temperature ionic
conductivity (1.67 x 107 S cm™') and Li* transference number
(0.57). In addition, the coordination interaction between the —-N—
H groups of the ANF and the —C=N groups of the SN prevents
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the side reactions between the lithium metal and SN by captur-
ing SN molecules to restrict their movement toward the lithium
electrodes (Figure 1b). Therefore, the CPE-based Li||LiFePO, and
Li||LiNi, 5Co,y,Mn, 5O, cells with an ultrahigh active mass load-
ing exhibit excellent cycling stability and rate performance at
room temperature. This work offers a facile and scalable method
to prepare thin, ultrahigh-conductivity electrolyte membranes
with a 3D multifunctional framework structure for their practical
application in solid-state metallic lithium batteries.

2. Results and Discussion

2.1. Preparation of the Composite Electrolyte Membranes

The schematic preparation process of the porous ANF frame-
work films and the CPE membranes is shown in Figure 1a.
First, we prepared the ANF solution by dispersing the aramid mi-
crofibers in dimethyl sulfoxide (DMSO) with the deprotonation
of the ANFs (Figure S1, Supporting Information). The solution
was then deposited on glass slides via a blade-coating method,
and the thickness of the coating layers was controllable by adjust-
ing the gap of the scraper. After that, the ANF coating layers were
immersed in deionized water to protonate ANF for forming 3D
continuous ANF frameworks by hydrogen bonding between the
amide groups and then put into a mixture of deionized water and
tert-butyl alcohol for easy freezing of the solution.[**] Finally, the
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3D porous ANF films (thickness of 89 pm) were prepared by the
freeze-drying process (Figure 1c). The cross-sectional SEM im-
ages of the ANF framework films revealed the 3D interconnected
pore structure. The nitrogen adsorption-description isotherm
further demonstrated that the ANF films had a large number of
pores. The ANF framework films exhibited a type IV adsorption-
description isotherm with a mixed hysteresis loop of H2 and H3,
indicating the existence of micropores, mesopores, and macrop-
ores. The corresponding inset in Figure S2 (Supporting Informa-
tion) also confirmed that the pore size distribution followed the
Barrett-Joyner Halenda (BJH) model. The average diameter of the
pores was 51.3 nm (pore diameter range from 44.2 to 67.6 nm)
and 76.0 nm (pore diameter range from 67.6 to 91.6 nm). The
proper pore size of the ANF framework films was helpful for
the electrolyte matrix filling without degrading the mechanical
strength.

In this work, the SN-LiTFSI electrolyte matrix was prepared
by mixing SN and LiTFSI with a molar ratio of 20:1 to guarantee
high ionic conductivity (Figure S3, Supporting Information).2!
After that, the molten SN-LiTFSI electrolyte was filled in the
porous ANF framework films to obtain the CPE membranes in
a vacuum condition (Figure 1la). After the solution immersing
process, the color of the films changed from bright yellow to
dark yellow (Figure S4, Supporting Information). As shown in
Figure S5 (Supporting Information), the porous ANF framework
films were completely filled with the SN-LiTFSI matrix without
any obvious pores on the surface. The CPE membranes had a
high content of the SN-LiTFSI matrix (~94.4 wt.%) (Tables S1,
andS2, Supporting Information). Meanwhile, the cross-section
SEM images and the corresponding energy-dispersive spectral
(EDS) mapping images of the CPE membranes further veri-
fied that the SN-LiTFSI matrix was completely filled in the ANF
frameworks (Figure 1d), and the thickness of the CPE mem-
branes was 24 pm (~1/4 of the thickness of the porous ANF
framework films) due to the deformation of the flexible porous
ANF films during the filling and drying processes. Besides, the
CPE membranes with the 3D continuous ANF frameworks also
had high flexibility, and thus the membranes can be folded and
unfolded many times without fracture (Figure 1e).

2.2. Electrochemical, Mechanical, and Thermal Properties of the
Electrolytes

The ionic conductivities of various electrolytes at temperatures
ranging from 30 to 80 °C are shown in Figure 2a. The curve char-
acteristic of CPE showed a slight inflection point (50-80 °C) above
the melting temperature of the SN (>50 °C), which could be at-
tributed to the change in the state of SN.**37] The SN in plas-
tic crystal state was fully filled in the pores of the ANF frame-
works at room temperature, but the molten SN-LiTFSI can easily
move in the CPE and the ion transport pathways in the SN-LITFSI
matrices became incontinuous, resulting in the decrease of the
ionic conductivity at 60 °C. However, the 3D ANF frameworks in
the CPE can anchor the molten SN to prevent further movement
and the leakage of the SN-LiTFSI matrices, because of the hydro-
gen bonding between the amide groups and the cyano groups.
Thus, the ionic conductivity of the CPE increased again at higher
temperatures.[?38 The CPE membranes also exhibited an ultra-
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high ionic conductivity of 1.69 x 1073 S cm~! at 30 °C, which was
3 orders of magnitude higher than the traditional polyethylene
oxide (PEO)-based electrolytes (5.35 X 10° S cm™!) (Table S3,
Supporting Information). The effect of the porous ANF frame-
works on the ionic conductivity of the CPE membranes was in-
vestigated by X-ray diffraction (XRD) patterns (Figure 2b). There
were no obvious characteristic peaks of SN (~19° and 29°) in
the curve of the CPE electrolyte, meaning that the whole SN-
based electrolyte matrix was mostly amorphous. The decrease in
crystallinity indicated an accelerated SN molecules isomer tran-
sition rate from gauche to trans and an increased defect den-
sity, which could facilitate Li* transport and enhance the ionic
conductivity. Differential scanning calorimetry (DSC) measure-
ments also revealed the roles of the porous ANF frameworks
in the CPE membranes. There were two endothermic peaks at
—37.4 and 39.2 °C in the curve of the SN-LiTFSI electrolytes, cor-
responding to the transition temperature (T,) from normal crys-
tal to plastic crystal phase and the melting point (T,,), respectively
(Figure 2c). In the CPE membranes, the T, peak almost disap-
peared, again demonstrating that the crystallinity of SN was ef-
fectively reduced. In addition, the T, was also found to occur at
—37.2 °C, indicating that the addition of the ANF frameworks
showed little effect on this transition peak. These test results fur-
ther implied that the crystallization of SN in the CPE membranes
at low temperatures was restrained due to the potential inter-
action between the SN-LiTFSI electrolyte matrix and the ANF
frameworks.

The Li* transference number (t;,) of the electrolytes is also
a crucial factor in evaluating the mobility of Li* and is mea-
sured with the combination of chronoamperometry (CA) and
electrochemical impedance spectroscopy (EIS). Due to the inter-
action between the TFSI™ anions and the amide groups of the
ANFs, the mobility of the anions was limited and the CPE mem-
branes delivered a higher Li* transference number of 0.57 than
the SN-LiTFSI/glass fiber composite electrolyte (denoted as Glass
fiber, 0.34) and the conventional PEO-based polymer electrolyte
(0.22, Figure 2d; Figure S6, Supporting Information).3!! These
results illustrated that the ANF frameworks could promote to
release of more Lit from LiTFSI and improve the Li* conduc-
tion. This would be beneficial to reduce the electrode polariza-
tion and prevent the lithium dendrite growth.[3-*0 To investigate
the electrochemical stability of electrolyte membranes, the linear
sweep voltammetry (LSV) measurement is employed. Compared
to the PEO-based electrolyte (3.2 V vs Li/Li*), the sweep range
of the CPE and SN-LiTFSI/glass fiber composite electrolyte was
extended to 5.0 and 4.9 V without any obvious current peaks, re-
spectively. Thus, the CPE membranes can be compatible with
high-voltage cathode materials for high-energy-density batteries
(Figure 2e; Figure S7, Supporting Information).

Because of the introduction of the 3D porous ANF framework
films with a high tensile strength of 2.1 MPa (Figure S8, Sup-
porting Information), the mechanical strength of the CPE was
significantly improved. The CPE displayed a higher ultimate ten-
sile stress of 1.3 MPa than the SN-LiTFSI/glass fiber composite
electrolyte (0.1 MPa) and the conventional PEO-based electrolyte
(0.4 MPa) (Figure 2f; Figure S9, Supporting Information). Be-
sides, the tensile strain of the CPE achieved 58% with the filling
of the SN-based electrolyte matrix, which was 64 times that of the
ANF films (0.9%). Thus, the CPE can achieve a combination of
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Figure 2. The performance of the composite electrolytes. a) lonic conductivity of the electrolytes. b) XRD patterns of the ANF frameworks film, SN-LiTFSI
electrolyte, and composite electrolyte. c) DSC curves of the SN-LITFSI electrolyte and composite electrolyte. d) The chronoamperometry (CA) curve for
the composite electrolyte at 30 °C at 0.01 V (The inset was the EIS Nyquist chart before and after the polarization). e) Liner sweep voltammetry (LSV)
curves of composite electrolyte. f) Mechanical tensile stress-strain curves of the electrolytes. g) TGA curves of the ANF frameworks film, SN-LIiTFSI
electrolyte, and composite electrolyte. h) Optical photos at 160 °C for various hours in an oven of the electrolytes.

high mechanical strength and good flexibility, which is beneficial
for suppressing lithium dendrite growth.[15:3241=43]

As observed by the thermogravimetric analysis (TGA) in
Figure 2g, the CPE exhibited 2 distinct stages of the degrada-
tion. The first stage, occurring ~200 °C, corresponded to the de-
composition of the SN. The second stage in the TGA curves at
452 °C represented the decomposition of LiITFSI. Specifically, the
LiTFSI in the CPE showed enhanced thermal stability in com-
parison with the SN-LiTFSI electrolytes (2432 °C). Meanwhile,
it was noticed that a weight retention of ~27% stabilized in the
temperature range of 243-473 °C, indicating that the CPE had ex-
cellent thermal protection benefiting from the ANF frameworks
(Figure 2g). The curve of the ANF films showed a significant
weight loss at above 500 °C, indicating the degradation of the
CO-NH and aromatic-NH bonds with subsequent decarboxyla-
tion of carbonyl end groups.***] However, the CPE still dis-
played extraordinary thermal stability without weight loss over
500 °C, which should be attributed to the hydrogen bond interac-
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tion between the amide groups of the ANF and the cyano groups
of the SN-based electrolyte matrix. Similarly, the thermal shrink-
age behavior test was also carried out to investigate the superior
thermostability of the CPE (Figure 2h). After storage at 160 °C
in the air for 0.5 h, the commercial separator, and the PEO-based
electrolyte samples exhibited visible shrinkage, while the CPE re-
mained integrated, and its diameter change was almost negligi-
ble even after 3 h. The TGA measurements and thermal shrink-
age behavior tests demonstrated that the CPE possessed excellent
thermal stability, which can be attributed to the good thermal
properties of the ANF frameworks and the interaction between
the ANF frameworks and the SN-LiTFSI matrix.

2.3. Effect of the ANF Frameworks on the CPE
Both theoretical calculations and experimental characterizations

were combined to investigate the effect of the ANF frameworks
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Figure 3. The understanding of the roles of the ANF frameworks. Snapshots based on MD simulation of a) SN-LITFSI electrolyte and b) composite
electrolyte system. Radial distribution functions g(r) of Li-TFSI, Li-SN, Li~ANF, and SN-ANF pairs calculated from MD simulation trajectories at 303 K
for c) SN-LITFSI electrolyte and d) composite electrolyte. ) Li-NMR spectra of SN-LITFSI electrolyte and composite electrolyte. Li* migration energy
barriers of f) the SN transport, g) the ANF chain transport, and h) the SN/ANF interface transport. i) The binding energy of SN-SN and SN-ANF.
j) *C-NMR spectra of SN-LITFSI electrolyte and composite electrolyte. k, ) FTIR spectra of ANF framework film, SN-LITFSI electrolyte, and composite

electrolyte.

on the CPE. The representative snapshots of the SN-LiTFSI elec-
trolytes and the CPE showed that the ions were uniformly dis-
tributed throughout the electrolytes from molecular dynamic
(MD) simulations (Figure 3a,b). In the SN-LiTFSI electrolyte and
the CPE, the SN molecules and Li* formed a solvated sheath-
like structure due to the intermolecular interaction between SN
and LiTFSI (Figure S10, Supporting Information). That is, the
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SN molecules serve as Li* acceptors, resulting in a Li* path-
way along the SN molecules in the form of the solvated Li(SN),*
clusters.[2#6] Meanwhile, according to the calculated radial dis-
tribution function, the sharp peak of Li-SN (2.0 A) still main-
tained consistent values even in the CPE, again verifying that Li*
can be transported in the form of the solvated molecules clus-
ters (i.e., Li(SN),*) in the CPE (Figure 3c,d). Compared to the
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SN-LIiTFSI, the iconic snapshots of the CPE based on MD sim-
ulations also revealed another coordination environment of Li*
(Figure S10b, Supporting Information). The ANF chains with
abundant lithiophilic polar functional groups (i.e., amide groups)
can easily interact with Li*. In Figure 3d, the dominant peak in-
tensity of Li-TFSIat 1.9 A displayed an obvious decline, indicating
that there was an interaction between the ANF and LiTFSI after
the introduction of the ANF, which could facilitate the dissoci-
ation of LiTFSI to release more Li*. Moreover, the peak at 1.9 A
related to the coordination of Li~ANF appeared clearly, which also
proved that the ANF chains can easily coordinate Li* and partici-
pateinthe Li* transport. In addition, nuclear magnetic resonance
(NMR) measurements were carried out to illustrate the Li* trans-
port mechanism. The 7Li NMR spectra are shown in Figure 3e.
The 7Li chemical signals shifted from —2.42 ppm to —0.80 ppm af-
ter the introduction of the ANF frameworks, indicating weakened
Li-TFSI interactions, strengthened Li-SN coordination, and the
existence of Li~ANF coordination.[**8]

To further demonstrate the migration pathways of lithium ions
in the CPE, the migration energy barrier of Li* was calculated ac-
cording to DFT calculation (Figure 3f~h). The migration energy
barrier of Li* along the ANF chains was 2.57 eV, which was higher
than that of Li* along SN molecules (1.96 eV). However, the mi-
gration energy barrier of Lit between the ANF chains and the
SN molecules (1.60 eV) was much lower than that of Li* along
the ANF chains, implying that the SN molecules and the ANF
chains with a large number of lithium coordination sites jointly
contributed to the Li* conduction at the SN/ANF interfaces. The
abovementioned results illustrated that the CPE had dual fast-ion
pathways, i.e., one pathway along the SN molecules through the
Li(SN),* clusters and another one along the amide groups of the
ANF chains (especially the Li* pathway between the ANF and
the SN), together contributing to the high ionic conductivity of
the CPE at room temperature (1.69 x 107 S cm™).

Meanwhile, we can see a noticeable SN-ANF pair peak at
~5.0 A, which was smaller than the distance between —C=N and
—C=N (7.0 A) in the SN, implying a strong interaction between
the SN and the ANF (Figure 3d). Density functional theory (DFT)
calculations were also applied to obtain the binding energy of
the geometric configuration-optimized systems (Figure 3i). The
binding energy between the SN and the ANF was —-0.32 eV, which
was higher than that of the SN and the SN (=0.23 eV), again verify-
ing that the SN was more likely to bind with the ANF rather than
with itself by the dipole-dipole interaction. This anchoring of the
SN molecules on the ANF frameworks would be helpful for in-
hibiting the free SN molecule migration and preventing the side
reactions between SN and lithium metal.

To elaborate the interaction between SN and ANF frameworks
deeply, 1*C NMR spectroscopy measurements and Fourier trans-
form infrared (FTIR) were also carried out. The 1*C NMR peak
of -C=N in SN presented a significant displacement from 113.54
to 116.20 ppm in the CPE, suggesting that the electron cloud
density #C=N decreased and the coordination interaction be-
tween the SN and the ANF was likely to be formed (Figure 3j).
Furthermore, the —-C=N peak of SN at 2254 cm~! disappeared
and the peak location of -CH,— in SN delivered a slight shift
from 1424.7 to 1426.6 cm™ when introducing the ANF frame-
works (Figure 3k,]; Figure S11, Supporting Information). Simul-
taneously, the typical N-H characteristic peak in the ANF exhib-
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ited an apparent shift from 3325.5 to 3335.5 cm~!. However, the
—C—O peak of the ANF showed a nonobvious change. These re-
sults of the functional group’s peak shift indicated that there was
a hydrogen bond interaction between the -C=N groups of the SN
and the N-H groups of the ANF. These FTIR and NMR results
also agreed well with the abovementioned MD simulation and
DFT calculation analyses. In short, the ANF frameworks in the
CPE can effectively anchor the SN molecules by the hydrogen
bond interaction between the -C=N groups of the SN and the
N-H groups of the ANF, which is beneficial to prevent the move-
ment of the SN molecules toward the lithium electrodes and im-
prove the electrochemical compatibility between the CPE and the
lithium metal electrodes.

2.4. Interfacial Resistance Against Li Dendrites

Benefiting from the high ionic conductivity, ¢;** and mechani-
cal strength, the CPE is expected to provide excellent dynamic
electrochemical stability and interfacial stability toward lithium
metal. The symmetric Li||Li cells with the solid-state electrolytes
were measured by galvanostatic cycling tests to further prove the
superiority of the CPE. The interfacial affinity between the elec-
trolytes and Li metals was first detected by EIS spectra (Figures
S12 and S13, Supporting Information). The interfacial resistance
of the Li|CPE|Li cell was 200 Q, which was much lower than
those of the Li|Glass fiber|Li (310 Q) and the Li|PEO|Li (1610 Q)
cells. The smaller value for the CPE-based cells demonstrated
the easier lithium ion migration between the electrolyte and the
lithium electrodes.[**=% In Figure 4a, the symmetric Li||Li cell
with the PEO-based electrolyte delivered a high initial overpoten-
tial of 463 mV. And the cell suffered a rapid voltage increase after
only over 42 h. The Li|Glass fiber|Li cell displayed a low initial
overpotential of 34 mV. With the increase of the cycling time, the
overpotential of the cell also increased. After 300 h, the voltage
of the cell rapidly increased to 500 mV (Figure S14a, Support-
ing Information). In stark contrast, the Li|CPE|Li cell was sta-
ble even after over 600 h cycling with a lower overpotential of
25 mV under a current density of 0.1 mA ¢cm~? at 30 °C. Fur-
thermore, a series of detailed curves of the Li|CPE|Li cells at 0—
25, 260-280, and 500-520 h were smooth, which indicated that
the CPE provided excellent dynamic electrochemical stability to-
ward lithium metal. The critical current density (CCD) of the var-
ious electrolyte-based Li|Li cells was also tested (Figure 4b). The
Li|PEO|Li and the Li|Glass fiber]|Li cells showed low CCDs of 0.05
and 0.3 mA cm™?, respectively (Figures S14b and S15, Support-
ing Information). In sharp contrast, the Li|CPE|Li cell exhibited
better dynamic electrochemical stability and the corresponding
charge/discharge overpotential profiles increased almost linearly
when the current density increased from 0.05 to 0.5 mA cm™2
(Figure 4b). The improved interfacial property highlighted the
high lithium ion transfer ability and good interface compatibil-
ity with Li metal, demonstrating the splendid interface stability
and fast dynamics of the CPE.

To further investigate the dendrite inhibition ability of the
composite electrolytes, SEM and X-ray photoelectron spec-
troscopy (XPS) measurements were conducted on the cycled
lithium metal surfaces. After cycling for 200 h, plenty of Li den-
drites and cracks appeared on the Li electrodes in the Li|PEO|Li
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Figure 4. The Li||Li symmetrical cell performance. a) Long-term plating/stripping curves of the Li|CPE|Li cell and Li|PEO|Li cell at 0.1 mA cm~2. The
inset showed the voltage-time profiles of symmetric Li||Li cells in the cycling interval of (1) 0 to 20 h, (I1) 260 to 280 h, and (111) 500 to 520 h. b) Critical
current density test of the Li|CPE|Li cell from 0.05 to 0.5 mA cm~2. Surface morphologies of the cycled Li anodes in c) Li|PEO|Li cell and d) Li|CPE|Li
cell. XPS spectra of the cycled Li anodes from the symmetric battery using e) PEO-based electrolyte and f) composite electrolyte.

cell (Figure 4c). However, the lithium metal from the Li|CPE|Li
cell maintained smooth and flat without any obvious lithium den-
drites (Figure 4d). The F 1s XPS spectra of the cycled lithium
metal are shown in Figure 4f. There was an obvious LiF peak
that emerged for the cycled lithium metal from the Li|CPE|Li cell,
whereas the CF; was the main content of the Li electrodes from
the Li|PEOI|Li cell (Figure 4e). The LiF-rich interface layers can
effectively accelerate Li* transport and block electron migration
during the plating and stripping process.l>'2] SEM images were
also taken to detect the surficial microstructure change of the
electrolyte membranes. A lot of Li deposition-resulted micropar-
ticles and large protrusions formed on the surface of the PEO-
based electrolyte membranes. In stark contrast, there were no
large protrusions on the surface of the CPE membranes (Figure
S16, Supporting Information). Thus, the CPE with the 3D ANF
frameworks was beneficial in inhibiting dendrite growth and
achieving smooth Li plating and stripping.

2.5. Solid-State Metallic Lithium Battery Performance
All-solid-state lithium metal batteries were assembled with

LiFePO, (LFP) and high-voltage LiNi,;Co,,Mn,;0, (NCM523)
cathodes to evaluate the practical feasibility of the CPE mem-
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branes at ambient temperature. The cyclic voltammograms of
the Li||LFP cells with different electrolytes at 0.1 mV s7! are
shown in Figure S17 (Supporting Information). The Li||LFP
cell with the CPE exhibited considerable peak areas and ex-
cellent reproductivity, in contrast to those of the PEO-based
electrolyte and the SN-LiTFSI/glass fiber composite electrolyte.
The higher peak currents of the Li|CPE|LFP cell also suggested
a more rapid electrochemical reaction in the cells. As shown
in Figure 5a, the Li|CPE|LFP cell presented discharge capac-
ities of 161.1, 161.1, 156.6, 154.9, 147.1, and 131.6 mAh g~!
at 0.1, 0.2, 0.3, 0.5, 1.0 and 2.0 C, respectively. When the cur-
rent density returned to 0.2 C, the discharge capacity of the
Li|CPE|LFP cell recovered to 159.3 mAh g~!, implying that the
Li|CPE|LFP cell had better reversibility and rate performance.
However, the Li|PEO|LFP cell displayed worse rate performance
with a lower capacity of 101.5 mAh g=! at 0.5 C. The Li|Glass
fiber|LFP cell delivered poor rate performance with a low ca-
pacity of 0.5 mAh g=! at 2.0 C (Figure S18d, Supporting In-
formation). Meanwhile, the Li|CPE|LFP cell exhibited much
lower polarization overpotentials than the Li|PEO|LFP cell and
Li|Glass fiber|LFP cell with the increase of the current density
(Figure S18a—c, Supporting Information), again confirming that
there was no severe side reaction during the continuous cycling
process.

© 2024 Wiley-VCH GmbH

85UB017 SUOWIWIOD BA1E8.1D) 8|qeot(dde ay) Aq pausenob ae sspile O '8sn J0 S9N 10} Aiq1 8Ul|UO AB|IM UO (SUONIPUOD-PUR-SULBY WD AS 1M ARIq 1 U1 [UO//:SUNY) SUONIPUOD PUe SWIS | 8L 88S " [7202/2T/92] uo Akeidiauliuo AB|im ‘Bullieg AISIBAIuN BMOd 91199 (3 BUIYD YLON Ad S9GE0K202 WUSe/Z00T '0T/I0P/W00 A8 | Ake.q 1 ul|uoj/sdiy Wwoly pepeojumoq ‘0 ‘0v89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVAN(Q,ED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

a - b -
-m-xm ~ S ‘o™ —_—
£ {ovsoeaseongosnogsaso 58 coco deel 10022 5150 1ou§
£ 1607300003338 00n0us000s | O E oy 2
T {pacoze eess Ut TTUTRED £ Biz0le s
2420 =1 03c ese02C 3 2120 2
9 v 160 & & 80 &
@ Sava E ]
a =3 Tan, -
@ g0d 05C1.0C 20C o ] = CPE L
S 40 2 80 40 3
@ i £ @ *« = PEQO [
2 4 BE b L =] 2 0s5C o
o + o CPE *aa 20 = ] 20 =
£ F 5 a0 . 30°C 5
& )" " FEO a0y 1o © & 0 O
B 0 5 10 415 20 25 30 35 a 0 50 100 150 200 250 300
c Cycle number d -~ Cycle number
18 . =t 1002
<
3.6 _._._-__:_.--/y E - g
120 80 §
S3.4] 2 £
&3.2 15t E_ 80 60 %
ga.u ——2nd 8 40 %
28 50th  0.5C B 40/ 0:2C E
2.8 ——150th  30°C i< 30 °C 20 g
2 300th CPE § o LICPE|20.0 mg cm? NCM523 T
30 60 90 120 150 180 o 0 20 40 60 80 100 120
Discharge capacity (mAh g') Cycle number
€ e 4
™ 120 -
gm =2 it T
(%)
120 2400, N +*
%‘ 01C, o s A i i: 3
2 %2 05C 60 5 %: ‘
§ ; 3 }
& 80 106 E 3 '
g s0]®C 4 30 8 £
8 |Li[cPEJ20.0 mg cm® NCMS23 8
8 9 0

"0 5 10 15 20 25
Cycle number

w
(=]

Figure 5. Electrochemical performances of all-solid-state Li-metal batteries at 30 °C. a) Rate performance and b) cycling performance of the solid-state
Li||LFP cells. c) Typical charge-discharge profiles of the solid-state Li|CPE |LFP cell at various current densities. d) Cycling performance and e) rate
performance of the solid-state Li|CPE|[NCM523 cells. f) The comparison of the ionic conductivity and the area capacity of the solid-state batteries (see

details in Table S4, Supporting Information).

The long-term cycling performance is shown in Figure 5b.
The Li|CPE|LFP cell exhibited an initial discharge capacity of
148.4 mAh g at 0.5 C and 30 °C. And the Li|CPE|LFP cell
showed a high discharge capacity of 144.6 mAh g and a
high capacity retention of 94.3% after 300 cycles. In compar-
ison, the Li|PEO|LFP cell exhibited a low initial discharge ca-
pacity of 110.2 mAh g™, and the cell suffered from rapid
capacity decay within 55 cycles. The capacity of the Li|Glass
fiber|LFP cell also degraded quickly within 70 cycles from 143.2
to 120.1 mAh g (Figure S19, Supporting Information). In
addition, the charge-discharge curves of the Li|CPE|LFP cell
were smooth and the overpotential was almost unchanged
(Figure 5c). Furthermore, with the extension of time, the CPE-
based cell remained at a lower impedance without a significant
increase than the PEO-based cell (Figure S20, Supporting In-
formation). These results verified the application effectiveness
of the CPE in ambient-temperature solid-state lithium metal
batteries.

Based on the wide electrochemical stability window and high
ionic conductivity of the CPE, the loading on the cathode materi-
als in the Li||[NCM523 cells was increased to 20 mg cm™ to fur-
ther examine their practical application. As shown in Figure 5e,
the Li|CPE|[NCM523 cell presented a decent rate performance.
The discharge capacities were 124.5, 116.7, 109.1, 97.5, and
60.4 mAh g~! at 0.1, 0.2, 0.3, 0.5, and 1.0 C, respectively. Once
the rate was restored to 0.2 C, the capacity quickly returned to
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114.3 mAh g~!. Additionally, the smooth charge/discharge pro-
files illustrated that no side reactions occurred when charged up
to 4.2 V (Figure S21, Supporting Information). The long-term cy-
cling performance of the Li||[NCM523 cells at 0.2 C within 2.8—
4.2 Vis shown in Figure 5d and Figure S22 (Supporting Informa-
tion). Both the Li|Glass fiber|NCM523 cell and Li|PEO|NCM523
cell displayed poor cycle performance. The Li|PEO|NCM523 cell
delivered a lower initial specific capacity of 23 mAh g™! at
0.1 C, and then the capacity decreased to 0.3 mAh g=! at 0.2 C.
The Li|Glass fiber|[NCM523 cell only showed 65 mAh g! at 0.2
C after 25 cycles. However, the CPE-based cell showed an initial
discharge capacity of 119.1 mAh g=! at 0.1 C after the first acti-
vation process, and the corresponding area capacity was as high
as 2.14 mAh cm~2. After ultralong 120 cycles at 0.2 C, the cell
also delivered a high specific capacity of 111.6 mAh g~! with a
capacity retention of 85%. Meanwhile, the potential of the high-
loading Li||[NCM523 cell was relatively stable over the cycling
(Figure S23, Supporting Information). We also compared the
area capacity with previous reports and found that our work out-
performs other solid-state batteries, as far as we know (Figure 5f;
Table S4, Supporting Information). The gravimetric and volu-
metric energy density of Li|CPE|[NCM523 cells were calculated
to be 206.3 Wh kg! and 728 Wh L', respectively (Tables S5,
and S6, Supporting Information). These results further demon-
strated the potential application of the CPE in high-voltage and
high-energy-density solid-state lithium metal batteries.
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3. Conclusion

In this work, a thin yet ultrahigh ionic conductivity composite
electrolyte membrane is obtained by filling SN-LiTFSI matrices
in 3D porous ANF frameworks with multiple functions. This po-
lar framework structure of the CPE membranes offers the ad-
ditional lithium-ion transport pathway along the amide groups
and immobilizes the TFSI~ anions, resulting in the high ionic
conductivity of 1.69 x 10 S cm™! and high Li* transference
number of 0.57 at 30 °C. In addition, the hydrogen bonding in-
teraction between the -NH groups of the ANFs and the cyano
groups of SN can capture the free SN molecules and inhibit
the parasitic reactions between SN and lithium metal. Benefit-
ing from these merits, the Li||LFP cell stably cycles over 300 cy-
cles under 0.5 C at room temperature. Further, the high-voltage
Li|CPE|NCM523 battery with an ultrahigh active mass loading of
20 mg cm~? delivers a high area capacity with a high capacity re-
tention of 85% after 120 cycles. This work provides a facile yet im-
portant route to achieve ultrahigh-ionic-conductivity electrolyte
membranes with 3D multifunctional nanofiber frameworks to-
ward ambient-temperature solid-state metallic lithium batteries.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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