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An all-in-one free-standing single-ion conducting
semi-solid polymer electrolyte for
high-performance practical Li metal batteriesy

Jinping Zhang,*“ Jie Zhu,*" Ruigi Zhao,* Jie Liu,?= Xingchen Song,** Nuo Xu,**
Yansong Liu,®® Hongtao Zhang,**¢ Xiangjian Wan, ) 2°° Yanfeng Ma,*“
Chenxi Li* and Yongsheng Chen () x2b¢

Single-ion conducting polymer electrolytes, characterized by effective Li* transport and dendrite
mitigation, are emerging as promising candidates for the highly demanded lithium metal batteries.
However, despite the promise, their current ionic conductivity and Li* transference number fall short of
application requirements. Herein, we have developed a free-standing single-ion conducting semi-solid
polymer electrolyte (PBSIL), engineered through the synergistic interaction between anion acceptors and
solvated ionic liquids. This innovative chemical synergy significantly enhances the complete dissociation
of lithium salts while immobilizing anions, thus facilitating rapid Li* transport. As a result, the PBSIL
electrolyte exhibits enhanced ionic conductivity of 8.0 x 107 S cm™, and an improved Li* transference
number of 0.75. These features effectively mitigate concentration polarization and dendrite growth,
ensuring long-term cell stability. Moreover, Li|PBSIL|LiNiggC001Mng 1O, cells demonstrate an ultra-long
cycle life of 1300 cycles, with a high discharge capacity of 183 mA h g~! and excellent capacity
retention of 75%. Additionally, PBSIL has been successfully integrated for the first time into the
production of winding-processed semi-solid state cylindrical and Z-stacked pouch lithium metal
batteries. Through the synergistic regulation of Li* transport and anion immobilization, PBSIL provides an
effective design strategy for free-standing semi-solid polymer electrolytes, showcasing superior
electrochemical performance and contributing to the development and industrialization of long-cycling
lithium metal batteries.

Single-ion conducting semi-solid polymer electrolytes (SICPESs) are highly valued in the development of high-voltage solid-state Li metal batteries (LMBs) due to
their high Li" transference number, which can effectively mitigate dendrite growth and improve practical performance. However, SICPEs still face challenges in

achieving rapid Li* transport, particularly when integrated with mass production and conventional battery fabrication processes. Herein, we developed a roll-to-
roll processable, free-standing single-ion conducting semi-solid polymer electrolyte (PBSIL) with precise regulation of Li* transport and anion immobilization
through the synergistic interaction of anion acceptor and solvate ionic liquid. As a result, the optimized PBSIL, with enhanced Li" migration and anion
immobilization, significantly inhibits Li dendrite growth and exhibits ultra-long cycle life in Li| LiNig gC0,1Mn, 10, cells. More importantly, PBSIL has been
successfully fabricated on a large scale and implemented in the semi-solid state cylindrical and Z-stacked pouch LMBs at ambient temperature. Our work
demonstrates an effective strategy for regulating Li" transport and anion immobilization regulation, paving the way for the development of dendrite-free and

long-cycling Li metal batteries. These advancements hold substantial promise for scaling up to industrial-level battery production, marking a significant step
forward in the evolution of energy storage technologies.
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Solid-state electrolytes (SSEs) are increasingly recognized for
their substantial safety and stability advantages over liquid
electrolytes (LEs), making them the most promising approach
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for the development of high-voltage lithium metal batteries
(LMBs)."™* The scalable fabrication of practical solid-state
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LMBs depends on the choice of SSEs, which determines the
processing technologies that can be used for LMBs fabrica-
tion.>® Therefore, a major challenge in the industry is the
development of large-scale, free-standing SSEs that can be
produced cost-effectively through roll-to-roll continuous pro-
duction processes. This is crucial for achieving mass produc-
tion and practical application of solid-state LMBs.”®* Compared
to inorganic electrolytes, which suffer from poor mechanical/
interfacial properties and challenges in scaling up production,
polymer electrolytes (PEs) with flexibility and roll-to-roll scale-
up processability have been argued as one of the most promis-
ing systems to be compatible with commercial cylindrical,
prismatic, and pouch cell structures.’” Importantly, high ion
conductivity (c > 107" S em™") and lithium ion transference
number (t;;, ~ 1) should also be achieved for PEs to meet the
performance including practical and stability requirements.'**

It is widely recognized that enhancing Li" migration while
simultaneously inhibiting anion transport can significantly
improve lithium ion conductivity of PEs, thereby boosting their
practical performance in high-voltage LMBs.">"* Single-ion
conducting polymer electrolytes (SICPEs), characterized by
anions covalently bonded to the polymer or immobilized by
anion acceptors to achieve high ¢;;, value (close to unity), have
generated considerable attention."*™*° In comparison to poly-
mers with covalently linked anions, SICPEs incorporating
anion acceptors provide multiple advantages, including con-
venient synthesis, low cost, and excellent electrochemical sta-
bility, making them particularly suitable for high-performance
applications.”*?*?* Nevertheless, SICPEs prepared without
plasticizers still suffer from low room-temperature (RT) ionic
conductivity due to the high crystallinity of the polymer chains
and inadequate dissociation of Li salts, limiting their applica-
tion in LMBs.>>™’ Additionally, the high volatility and flamm-
ability of conventional LEs used as plasticizers drastically
reduce the thermal stability of PEs, thereby constraining their
viability for large-scale industrial processes.”® In response to
these challenges, the development of solvate ionic liquids (SILs)
has been identified as a promising solution. Characterized by
low volatility, nonflammability, superior electrochemical stabi-
lity, and low viscosity, SILs effectively improve the ionic con-
ductivity and safety of PEs while avoiding the disadvantage of
volatilization associated with traditional LEs and the high
viscosity of ionic liquid.*>*° Their unique properties have led
to the proposal of several new PEs incorporating SILs, showcas-
ing their potential to replace traditional plasticizers.***° There-
fore, it is reasonable to consider SILs as a promising plasticizer
for SICPEs to achieve large-scale production and excellent
electrochemical performance in high-voltage LMBs.

In this work, we have developed an all-in-one free-standing
single-ion conducting semi-solid polymer electrolyte (named as
PBSIL), leveraging the synergistic interaction between anion
acceptor (Borate ester) and SIL composed of [Li(G,)][TFSI]
(Gy: tetraglyme). This design capitalizes on the Lewis acidity
of anion acceptor to endow PBSIL with enhanced ¢, and
weakened ionic association of LiTFSI. Simultaneously, the
solvation interaction between G, and Li" in SIL promotes the
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complete dissociation of lithium salts, facilitating Li" mobility.
Therefore, PBSIL exhibits a high ionic conductivity of 8.0 x
107* S em ! at 25 °C, a high t;, of 0.75, and a wide electro-
chemical window (5.3 V versus Li/Li"), effectively suppressing Li
dendrite growth.'***3¢73% Thus, due to these exceptional elec-
trochemical properties of PBSIL, high-voltage Li|PBSIL|LiNi, .
Coy.1Mn, 10, (NCMS811) cells deliver an ultra-long cycle life of
1300 cycles with an excellent capacity retention of 75%, which
is one of the best results reported to date for free-standing
polymer electrolytes. More importantly, our developed PBSIL
have been successfully implemented in both semi-solid state
cylindrical and Z-stacked pouch cells operated at ambient
temperature, highlighting its substantial promise for practical
industrial applications. This work underscores the crucial role
of fine-tuning the chemical interaction between anion acceptor
and SIL in developing dendrite-free and long-cycling Li metal
batteries and offering significant advancements for application
in industrial level.

2. Results and discussion

PBSIL was synthesized via the free radical polymerization of
unsaturated C—=C bonds under UV irradiation (Scheme 1).
Initially, a homogenous precursor solution was prepared,
composed of plasticizer (SIL, [Li(G,)|[TFSI]), anion acceptor
(Borate ester, AAPE), crosslinker (PETA), matrix material (PVDF-
HFP), and photoinitiator (HMPP). Different designed ratios
(Tables S1 and S2, ESIt) were studied to prepare a series of
solutions. These solutions were then drop-casted onto a flat glass
dish and exposed to UV light, which initiated the radical poly-
merization of C—C bonds (more details are given in the Experi-
mental section, ESIt). Subsequently, the optimized all-in-one
semi-solid polymer electrolyte membrane with a thickness of
51 pm was obtained after vacuum drying for 24 h at 60 °C (the
inset in Fig. 1a). Furthermore, the successful fabrication of a large-
size polymer membrane highlights the feasibility of employing
roll-to-roll manufacturing for PBSIL. This process underscores
PBSIL’s potential as a promising candidate for semi-solid state,
winding-processed cylindrical and Z-stacked pouch cells (Fig. 1a
and Fig. S1, ESIT).

Fourier transform infrared spectroscopy (FTIR) and proton
nuclear magnetic resonance ("H-NMR) were used to verify the
successful polymerization of monomers in the PBSIL samples
(Fig. S2 and S3, ESIt), indicating excellent radical polymeriza-
tion activity of anion acceptor AAPE.*®**° To achieve the best
balance between mechanical properties, ionic conductivity, and
ti+, the precursor compositions were systematically optimized
(Table S1, ESIt). Moreover, the ratio of anion acceptor to SIL
was carefully adjusted to regulate the anion acceptor-SIL syner-
gistic interaction, achieving a high ionic conductivity (up to
9.2 x 10°* S em ") and ¢#;, (up to 0.86) (Fig. 1b, Table S2, and
Fig. 4, ESIT). The optimized PBSIL with 15 wt% AAPE, demon-
strating both high ionic conductivity (8.0 x 10™* S cm™") and
tLi+ (0.75) (Fig. 1b and c), was selected for the further investiga-
tions. In contrast, the electrolyte membrane prepared without

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic illustration of the PBSIL membrane fabrication process via photoinitiated free radical polymerization and the scalable

manufacturing process for cylindrical and pouch cells.

AAPE (denoted as PSIL) exhibits significantly lower ionic con-
ductivity of 4.2 x 107* S em™ "' and t;, of 0.49 (Fig. 1b and
Fig. S5, ESIT). To explore the mechanism of the high ¢, of
PBSIL, the interaction between AAPE and anion was further
studied by density functional theory (DFT) calculations. The
adsorption energy of F and O atoms (in TFSI") with B atom (in
AAPE) are —0.37 and —0.23 eV, respectively, confirming the
strong Lewis acid-base interaction between TFSI™ and
AAPE.***! Therefore, anion acceptor-SIL synergistic interaction
endows PBSIL with abundant free Li" and immobilized TFSI ™,

leading to the improved ionic conductivity and #;;,.">**>** The
temperature-dependent ionic conductivity was investigated by
the Arrhenius equation, indicating a lower activation energy
(Ea) of PBSIL (0.27 eV) for Li' transport than PSIL (0.47 eV)
(Fig. 1e and Fig. S6, ESIT). Furthermore, linear sweep voltam-
metry (LSV) measurements and electrochemical floating analy-
sis were used to investigate the electrochemical stability of
PBSIL.** Benefiting from the anion acceptor-SIL synergistic
interaction, PBSIL reaches a high oxidation potential of 5.3 V
(Fig. 1f)."*** The result of electrochemical floating analysis
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Fig. 1 (a) Optical images of the all-in-one large-size PBSIL membrane and the corresponding electrolyte thickness as inset. (b) Ambient-temperature
ionic conductivities and lithium ion transference numbers of PBSIL with varying anion acceptor contents (in weight ratios). (c) Lithium ion transference
number of PBSIL. (d) Adsorption energy between TFSI™ and AAPE. (e) Arrhenius plots of PBSIL and PSIL at different temperatures. f) Linear voltammetry

curves of SIL, PSIL, and PBSIL.
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further indicates a higher oxidation potential (4.9 V) of PBSIL
than the control PSIL (4.6 V) (Fig. S7, ESI{). With the electron-
deficient center borate, the anion acceptor AAPE has a strong
Lewis acid-base interaction with anions, which can promote
the dissociation of lithium salt, facilitate anions adsorption to
the polymer chains, and induce homogeneous charge disper-
sion. Thus, it mitigates the anion decomposition and enhances
oxidation stability."*** These results demonstrate the potential
of PBSIL to partner with high-voltage cathodes to achieve high
energy density. In addition, the stress-strain curves of PBSIL
demonstrate a tensile strength of 1.18 MPa and high stretch-
ability (maximum strain of 259.9%), ensuring intimate electro-
lyte/electrode contact and facilitating LMBs assembly (Fig. S8,
ESIT).**"  Additionally, thermogravimetric analysis also
indicates the adequate thermal stability of PBSIL (Fig. S9, ESIT),
meeting the operational requirements of practical batteries.
The compatibility of PBSIL with Li metal anode was inves-
tigated by measuring the galvanostatic cycling performances of
symmetric Li||Li cells at 0.1 mA cm > The Li|PBSIL|Li cell
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demonstrates the ability to maintain a relatively stable voltage
polarization without short-circuiting over 3100 h. In contrast,
the control Li|SIL|Li (solvate ionic liquids as electrolyte) and
Li|PSIL|Li (polymer electrolyte without anion acceptor AAPE)
cells experience short-circuits at 400 h and 1200 h, respectively
(Fig. 2a). These results demonstrate the outstanding compat-
ibility and interfacial stability between the PBSIL membrane
and lithium metal anode. Moreover, the Li|PBSIL|Li cell exhi-
bits a high critical current density (0.8 mA cm™?) (Fig. S10a,
ESIt), which is better than the control PSIL (0.5 mA cm ?)
without AAPE (Fig. S10b, ESIT). The surface and cross-sectional
morphology of lithium metal electrodes before and after
lithium plating/stripping cycling were characterized by scan-
ning electron microscopy (SEM). The cycled Li metal electrode
after 50 cycles in the Li|PBSIL|Li cell exhibits a smooth surface
and dense deposition layer without obvious thickness increase
(406 pum, compared to pristine 400 pum Li) (Fig. 2b, e and
Fig. S11, ESIt), demonstrating homogeneous Li deposition and
effective inhibition of Li dendrite growth in this system."® In sharp

a 08

0.1 mA/cm?, 0.1 mAh/cm?

SIL — PSIL —— PBSIL

L]
3000

Fig. 2 (a) Galvanostatic plating/stripping profiles of Li| Li symmetric cells prepared with PBSIL and the two control PSIL and SIL systems. Top-view and
cross-sectional SEM images of Li metal electrodes after 50 cycles with (b) and (e) PBSIL, (c) and (f) PSIL, and (d) and (g) SIL. Insets: optical images of the
cycled Li metal electrodes. SEM images of Al foil after the chronoamperometry test for 5 h at 5.0 V with (h) PBSIL, (i) PSIL, and (j) SIL.
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contrast, the cycled Li metal electrodes obtained from the refer-
ence Li|PSIL|Li and Li|SIL|Li cells show clear evidence of mossy
and dendritic lithium growth (Fig. 2c, d and Fig. S12, ESIY), along
with a considerable increase in thickness to 430 um and 412 pm,
respectively (Fig. 2f and g). These results highlight the loose
deposition morphology and inadequate dendrite-suppression
capability of these two control systems, reinforcing the effective-
ness of PBSIL in enhancing the structural integrity and electro-
chemical performance of LMBs.

To reveal the mechanism of Li dendrite growth inhibition by
PBSIL, the compositions of the solid electrolyte interphase (SEI)
on the cycled Li metal electrodes were further studied by X-ray
photoelectron spectroscopy (XPS) using Ar ion etching for
depth profiling (Fig. S13, ESIt). In the B 1s spectra, the Li-B-
O signal at 191.5 eV of PBSIL system is attributed to the AAPE-
derived B-rich SEI (Fig. S13a, ESI{),*® which is regarded as a
good ionic conductor with low Li* diffusion barrier.>® In the N
1s spectra, the presence of LiN,O, and Li;N species indicates
the decomposition of TFSI".>' The SEI from PBSIL system
exhibits a reduced intensity of LiN,O, and Li;N peaks, com-
pared with the two control SIL and PSIL systems (Fig. S13b, e
and h, ESIt). This indicates that the continuous decomposition
of TFSI™ is mitigated in our all-in-one PBSIL system, which
benefits from the anion immobilization of AAPE.”" The
presence of Li-B-O and LiN,Oy, known for their excellent Li"
conductors, promotes ion conduction and ensures a uniform
Li* flux distribution at the interface.>>”* In the F 1s spectra, the
distinct LiF and C-F peaks at 684.9 and 688.6 eV, respectively,
can be ascribed to the decomposition of PVDF-HFP and TFSI ™,
indicating a LiF-rich robust SEI layer formed in PBSIL system,
which plays a crucial role in inhibiting dendrite growth
(Fig. S13c, ESIf).>* Therefore, the formation of a stable and
robust SEI layer in the PBSIL system is instrumental in con-
structing the dendrite-free Li metal batteries.

In addition, Al current collector corrosion is a significant
issue in sulfimide salt-based electrolyte systems, which has
severely impeded their widespread application.”>” To investi-
gate the anodic behavior of Al in the Li| Al battery systems,
chronoamperometry test and SEM analysis were conducted.
The Li| Al cells were measured by chronoamperometry test for
5 h at 5.0 V, and then the surface morphologies of obtained
Al electrodes were examined by SEM. The Li|PBSIL|Al cell
exhibits a remarkably decreased anodic corrosion current,
and no obvious corrosion has been observed on the Al surface
(Fig. 2j). In comparison, the anodic current of the Li|SIL|Al
and Li|PSIL|Al control cells significantly increase during the
holding time (Fig. S14, ESIf). Furthermore, SEM images of
these control cells displayed extensive corrosion damage on
the Al surfaces (Fig. 2h and i). These experimental results prove
that the anion acceptor-SIL synergistic interaction within our
PBSIL electrolyte effectively mitigates Al corrosion, contributing
to the long-term cycling performance of high-voltage Li metal
batteries.

To further explore the synergistic effect of anion acceptor and
SIL on Li" migration, the solvation environment around the Li"
was investigated by molecular dynamics (MD) simulations and

This journal is © The Royal Society of Chemistry 2024
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high-resolution Li solid state nuclear magnetic resonance
("Li ssSNMR) tests. MD simulation snapshots of PSIL (SIL-PETA)
and PBSIL (SIL-PETA-AAPE) systems (Fig. 3a and b) provide
insights into the interactions between Li* and G,/TFSI". Radial
distribution functions (RDFs) were calculated to obtain detailed
information on the statistically averaged structural properties of
the ions in these systems. In the control PSIL system, a strong
intensity of the Li-Orgs; peak suggests the tight binding of TFSI™
with Li". In contrast, within the designed PBSIL system, the peak
for Li-Oqps; exhibits a remarkably reduced peak intensity
(Fig. 3d), suggesting that TFSI  is positioned further from
Li**' Furthermore, the binding energy between Li* and O atom
of TFSI™ is remarkably reduced (—1.36 eV) (Fig. 3f), much lower
than that of PSIL system (—2.17 eV) (Fig. 3e). These results
suggest that the Li"-TFSI~ interaction is significantly weakened
by the anion acceptor-SIL synergistic interaction, compared to
sole solvation of Li" in SIL.*>' To confirm the alteration in Li'-
TFSI™ interaction, 'Li ssNMR was utilized to elucidate the
changes in the chemical environments of Li" within the PSIL
and PBSIL polymer electrolytes. The “Li resonances locate at
—0.86 ppm for PBSIL and at —0.91 ppm for the control PSIL
(Fig. 3g), respectively. The “Li resonance for PBSIL shifts to
higher frequency corresponding lower electron density around
the Li*, implying weaker Li*-TFSI” interaction and more free-
moving Li*, which is consistent with the calculation results.”®>’
In summary, the MD simulation and “Li ssNMR results conclu-
sively demonstrate that the anion acceptor-SIL synergistic inter-
action endows our PBSIL system with weakened ionic
association of LiTFSI, leading to enhanced Li' migration.
Owing to the outstanding electrochemical performance of
PBSIL, a Li metal battery with NCM811 cathode was assembled
to evaluate the high-voltage LMB performance under a cutoff
voltage of 4.3 V. The assembled Li|PBSIL|NCM811 cell exhibits
an ultrahigh discharge capacity of 209 mA h g* at 0.2C,
maintaining an impressive capacity retention of 94.4% after
100 cycles at 25 °C (Fig. 4a). In contrast, both Li|SIL|NCM811
and Li|PSIL|NCMS811 cells using the two control electrolyte
systems deliver significantly lower discharge capacities and
worse cycling performance. The surface morphologies of
high-voltage NCM811 cathodes after 100 cycles in Li|NCM811
cells with different electrolytes were characterized by SEM
(Fig. S15, ESIt). The cycled NCM811 particles from the Li|PB-
SIL|NCMS811 cell display well-preserved mechanical integrity,
whereas the cycled NCMS811 particles from the control
Li|SIL|NCM811 and Li|PSIL|NCM811 cells show clear intergra-
nular cracking. The structure of cathode electrolyte interphase
(CEI) was systematically investigated using in-depth XPS
(Fig. S16, ESIt). In the B 1s spectra, the B-O/B-F signal at
191.5 eV of the PBSIL system is attributed to the decomposition
of AAPE on the cathode (Fig. S16a, ESIT), indicating enhanced
interfacial ion conduction and surface stabilization.®® In the
N 1s spectra, the reduced intensity of LiN,O, peaks in PBSIL
system suggests that the anion immobilization of AAPE miti-
gates ongoing decomposition of TFSI™ (Fig. S16b and e, ESIY).
In the F 1s spectra, the PBSIL system displays more pronounced
LiF (684.9 eV) and B-F (686.7 eV) peaks compared to the PSIL
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Fig. 3 Molecule dynamics (MD) simulation snapshots of (a) PSIL, (b) PBSIL systems. Radial distribution functions (RDFs) of (c) PSIL, (d) PBSIL systems.
Binding energy between Li* and O atom of TFSI™ in (e) PSIL, (f) PBSIL systems. (g) ’Li ssNMR spectra of PSIL and PBSIL.

system, indicating the formation of a LiF-rich robust CEI
layer that inhibits the oxidative decomposition of electrolyte
(Fig. S16c¢ and f, ESIT).

Moreover, high-resolution transmission electron micro-
scopy (HRTEM) was employed to examine the morphology
of CEI and the crystal structure of cycled NCM811 cathode in
the PBSIL system. A uniform, thin CEI layer (~2.7 nm) and
well-retained layer structure, devoid of any rock-salt formation,
were observed in the PBSIL system (Fig. S17, ESIt). These
observations underscore PBSIL’s superior compatibility with
high-voltage cathodes and suggest effective suppression of
parasitic reactions and electrolyte consumption within the
Li|PBSIL|NCM811 cell system.®™®* Furthermore, during
extended cycling evaluation, the Li|PBSIL|NCM811 cell delivers
an ultra-long cycle life of 1300 cycles, with an impressive
capacity retention of 75% and a high initial discharge capacity
of 183 mA h g~ " at 0.5C. At a higher rate of 1C, the Li|PB-
SIL|NCMS811 cell achieves a prolonged cycle life of 1500 cycles

Energy Environ. Sci.

with an initial discharge capacity of 156 mA h g~' (Fig. 518,
ESIT). To the best of our knowledge, these results are among
the most impressive results ever reported for free-standing
polymer electrolytes (Table S3, ESIf). The Li|PBSIL|NCMS811
cell also delivers a prominent rate performance with high specific
capacities of 218.4, 208.3, 188.3, 166.4, and 143.4 mA h g ' at
0.1, 0.2, 0.5, 1, and 2C, respectively, far ahead of the reference
Li|PSIL|NCMS811 cell (Fig. S19, ESIf). Moreover, the impact of
electrolyte thickness on battery performance was also investigated
through rate performance tests (Fig. S20, ESIt). As a result of
increased Li" transport distances, Li|PBSIL|NCM811 cells with
thicker electrolytes exhibit lower discharge specific capacities
and inferior rate performances, demonstrating the importance
of controlling electrolyte thickness for optimal cell perfor-
mance. Owing to the high oxidation stability of PBSIL, the
Li|PBSIL|NCMS811 cell operating at a cutoff voltage of 4.5 V
exhibits an ultrahigh discharge capacity of 215 mA h g~ " at 0.2C,
with robust cycling stability over 100 cycles (Fig. S21, ESIf).

This journal is © The Royal Society of Chemistry 2024
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(d) Cycling performance of Li|PBSILINCM811 cell at O °C.

In addition, encouraged by the high ionic conductivity and low
activation energy of PBSIL, the performance of Li|PBSIL|NCM811
cell was further evaluated across a broad temperature range.
At 0 °C and 60 °C, the cells displayed excellent initial discharge
capacities of 160 mA h g~ * and 219 mA h g~ respectively (Fig. 4c
and Fig. S22, ESIt). Furthermore, even at 0 °C, the Li|PB-
SIL|NCMS811 cell exhibits long-cycling stability with a capacity
retention of 86% over 350 cycles at 0.2C (Fig. 4d).

Successful electrolyte engineering must accommodate a
variety of commercial cathode materials. To this end, the PBSIL
electrolyte has been evaluated with different cathode materials,
including LiFePO, (LFP), LiNiy¢Mn, ,C0,,0, (NCM622), and
Li-rich oxide Li; ;Mny 54C0¢ 13Nig 130, (LMCNO), at cutoff vol-
tages of 4.0, 4.3, and 4.6 V, respectively. Owing to the high ionic
conductivity and high #;;, of PBSIL, the Li|PBSIL|LFP cell
achieves a high capacity of 135 mA h ¢!, maintaining excellent
capacity retention of 90% after 1000 cycles at 1C (Fig. S23,
ESIYT), along with superior rate performance (Fig. S24, ESIT).
In addition, the Li|PBSIL|NCM622 cell exhibits a high initial
discharge capacity of 169 mA h g~ with a capacity retention of
77% after 300 cycles at 0.2C (Fig. S25, ESIt). More notably,
benefiting from the superior electrochemical stability of PBSIL,
the Li|PBSIL|LMCNO cell operating at a higher charge cutoff
voltage of 4.6 V maintains steady operation and display an
outstanding discharge capacity of 219 mA h g~ " and 95 stable
cycles (Fig. $26, ESIT).°>** These experimental results indicate

This journal is © The Royal Society of Chemistry 2024

that our designed all-in-one PBSIL semi-solid polymer electrolyte
can achieve excellent cycling performance in LMBs equipped with
various cathode materials, highlighting its versatility and effec-
tiveness in enhancing the robustness and longevity of LMBs
across different operational settings.

Both coin and pouch Li||[NCM811 full cells were assembled
to evaluate the practical electrochemical performance and
safety of the all-in-one PBSIL electrolyte. The full coin cells
(a low N/P ratio of 3) with thin Li foil (20 pm) and high-loading
NCMB811 cathodes (8 mg cm™?) deliver a stable cycling performance
over 100 cycles with a discharge capacity of 163 mA h g~ " at 0.1C
(Fig. 5a). Meanwhile, the pouch cells display a high discharge
capacity of 188 mA h g~ at 0.2C with an exceptional capacity
retention of 99% over 60 cycles (Fig. 5b). Furthermore, the semi-
solidstate cylindrical and multi-layer pouch cells were assembled to
further explore the compatibility of PBSIL with conventional wind-
ing and Z-stacking process (Scheme 1, Fig. 5¢, f, and Tables S3, $4,
ESIt). The PBSIL-based cylindrical LMB can be successfully oper-
ated at 25 °C, delivering a discharge capacity of 109 mA h at 0.05C
(Fig. 5e), marking the first instance of a free-standing PE being
implemented in practical cylindrical LMBs at ambient temperature.
Additionally, leveraging its superior mechanical property, PBSIL
has been utilized to assemble a multi-layer pouch cell using Z-
stacking process (Fig. 5f). This pouch cell was successfully used to
power a mobile phone (Fig. 52), exhibiting a discharge capacity of
69 mA h at 0.05C (Fig. 5h). These results demonstrate immense
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Fig. 5 (a) Cycling performances of 20 um Li|PBSIL|8 mg cm ™2 NCM811 coin cell at 0.1C. (b) Cycling performance of Li|PBSILINCM811 pouch cell. (c) and
(d) Optical images of cylindrical cell. (¢) Charge—discharge profiles of cylindrical cell. (f) Cross-sectional SEM image of Li|PBSIL|INCM811 multi-layer pouch
cell. (g) Optical image of the pouch cell charging a phone. (h) Charge—discharge profiles of the pouch cell. (i) Optical images of pouch cell powering a
light-emitting diode screen under harsh conditions including bending, cutting and punching. (j) Optical images of cylindrical cell during the nail

penetration test.

potential of PBSIL in industrial applications. To further evaluate the
safety of the PBSIL electrolyte, a Li|PBSIL|NCM811 pouch cell was
assembled to power a light-emitting diode (LED) screen with an
NKU logo, and it demonstrated stable operation even under harsh
conditions (Fig. 5i). Simultaneously, an industry-level nail penetra-
tion test with more stringent conditions was carried out using
PBSIL-based cylindrical LMB. The test showed no evident sign of
smoking or combustion, which indicated the excellent safety of our
PBSIL system (Fig. 5j and Video S1, ESIt). Therefore, our developed
all-in-one PBSIL, characterized by its outstanding industrial

Energy Environ. Sci.

compatibility, safety, and electrochemical performance, would
satisfy the requirements of true industrial roll-to-roll mass
production of LMBs.

3. Conclusion

We have developed a roll-to-roll processable, all-in-one single-
ion conducting semi-solid polymer electrolyte (PBSIL) by fine-
tuning Li" transport and anion immobilization through the

This journal is © The Royal Society of Chemistry 2024
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synergistic interaction of anion acceptor and solvate ionic
liquid. This synergy confers PBSIL with restricted anion migra-
tion, weakened Li'-TFSI~ interaction, enhanced Li" transport
kinetics, and a wide electrochemical window. Consequently,
PBSIL achieves a high ionic conductivity (up to 9.2 X
107* S em™') at 25 °C, a high Li* transference number (up to
0.86), and a high oxidation potential (5.3 V vs. Li/Li*). Addi-
tionally, PBSIL’s excellent compatibility with Li metal electro-
des promotes uniform Li deposition and effectively inhibits
Li dendrite growth, which contributes to the outstanding
cycling performance of Li||Li symmetric cells for over 3100 hours.
Moreover, Li|PBSIL|NCMS811 cells exhibit ultra-long cycling per-
formance over 1300 cycles with an impressive capacity retention of
75%, positioning them among the top-performing free-standing
PEs. Furthermore, this study marks the first successful implemen-
tation of free-standing PBSIL membranes in semi-solid state
cylindrical and Z-stacked pouch cells at ambient temperature.
Thus, our work presents an effective chemical regulation strategy
and scalable design approach for PEs, demonstrating its signifi-
cant potential for development in long-cycling LMBs.
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