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ABSTRACT: Technical breakthrough of composite polymer
electrolyte (CPE) is one of the key factors that determines the
commercial process of the current solid-state lithium battery.
However, high interface impedance limits its electrochemical
performances. It is crucial to optimize the design of multiphase
interfaces among different components in CPE for regulating Li*
transport. Herein, a multi-affinity self-assembled 12-crown-4-TFSI |
(12C4-TFSI) supramolecular nanolayer is introduced into ©)
poly(vinylidene difluoride)-Lig ;sLasZry 75Tag 250412 (PVDF-LLZTO)

e ‘:: o @GP
CPE as interface modifier. As a result, enhanced Li* conductivity Lz

e of < .
@@o
of 4.29 x 10* S-cm™, Li* transfer number of 0.44, and stable

electrochemical window voltage of 4.8 V vs. Li/Li* at 30 °C are obtained. The symmetric Li||Li cell exhibits an improved
critical current density (CCD) of 1.2 mA-cm™ and steady cycling at 0.2 mA-cm™ for over 850 h without visible voltage
fluctuation. The assembled LillLiFePO, coin solid-state cell delivers a high initial discharge capacity of 172.9 mAh-g™ at
0.1 C, rate capability (up to 5.0 C) and outstanding cycling stability with a capacity retention of 87.2% after over 750 cycles
at 1.0 C. The associated LillLiFePO, pouch cell presents an initial specific discharge capacity of 112.3 mAh-g™" and
successfully runs 30 cycles with a final capacity of 101.8 mAh-g™". This work offers a facile strategy to optimize multiphase
interfaces of PVDF-LLZTO CPE for stable solid-state lithium battery.

(b)
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1 Introduction compatibility with electrodes, high flexibility and processing

friendly mechanical property for the SPEs [6—8]. While, CPEs
combine these merits, which are considered as the most promising
SSEs closing to commercial application at present [9].

Typically, CPEs are composed of three components: polymer
matrix, inorganic filler, and lithium salt. A lot types of CPEs,
including  polyethylene  oxide (PEO)-Lig;sLasZr,55Tay,50),
(LLZTO)-bis(trifluoromethane)sulfonimide lithium salt (LiTFSI),
PEO-Li, 3Al5Ti, ,(PO,);(LATP)-LiTFSI, polyether sulfone (PESF)-
LLZTO-LITES], polyvinylidene fluoride (PVDF)-LLZTO-LIiClO,,
and polytetrafluoroethylene (PTFE)-LLZTO-succinonitrile (SN)

Since high energy density, inspiring safety, and fast
charging/discharging capability, solid state lithium batteries (SSLBs)
have been attracting widespread attention to meet the rapid
development of electric vehicles [1]. As a key component of SSLBs,
solid state electrolytes (SSEs) still face lots of challenges, including
poor electrical properties, unacceptable stability, uncontrollable
SSE/electrode solid—solid interface [2, 3]. In order to well undress
these concerns, various SSEs have been developed and reported.
Generally, there are three types SSEs, inorganic solid electrolytes

(ISEs), solid polymer electrolytes (SPEs), and composite polymer
electrolytes (CPEs). Each SSE has its own unique advantages, such
as relatively high ionic conductivity [4] and excellent tolerance
against lithium dendritic growth for the ISEs [5], good interfacial
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[10-14], have been well studied. Among them, PEO-based CPEs
have been thoroughly researched, however, some intrinsic
weaknesses, such as poor ionic conductivity, a limited
electrochemical window, and inadequate thermal stability, limit
their practical application [15]. In comparison, PVDF-LLZTO
based CPEs have been attracting much attention due to relatively
high ionic conductivity and Li* transference number, a wide
electrochemical window and desirable electrochemical stability.
Although significant achievements have been obtained in PVDEF-
LLZTO based CPEs, some unaddressed scientific and technological
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issues should be continuously concerned before their
commercialization. First of all, owing to the huge surface energy
difference between PVDF and LLZTO, it is difficult to get uniform
dispersion of active LLZTO fillers in PVDF matrix, spontaneous
agglomeration of LLZTO particles will be adverse to Li* transport,
leading to inferior conductivity [16, 17]. Secondly, LLZTO is
sensitive to water and CO, in the air, an Li,CO; passive layer will be
generated on the LLZTO particle surface when exposed in a trace
moisture environment [18, 19], which worsens the compatibility
between fillers and polymer matrix. Moreover, the rigid nature of
both PVDF skeleton and LLZTO ceramic will incur inadequate
interfacial contacts between different components in CPEs, and
even CPEs/electrode interfaces, which usually results in enormous
polarization resistance [20, 21]. Therefore, more efforts should be
involved to optimize interfacial compatibility in PVDF-LLZTO
based CPEs.

Various approaches have been put forward to solve above-
mentioned issues. For example, Wu and co-workers successfully
achieved F anions partially substituting for the O* ions in the
LLZTO grains and Al,O,/AlF; meliorating the grain boundaries to
suppress the formation of Li,CO; and improve lithiophilicity of
LLZTO [19]. Kuhnert et al. screened the oxygen polarity of LLZTO
particles via a plasma-etching process, which obviously reduced
interfacial  resistance of CPEs [22]. In  addition,
modification/grafting of functional polymers nanolayer on the
surface of active fillers has been verified to be an effective strategy to
optimize interfacial contact among different components in CPEs.
Wu and his collaborators successfully introduced a dual-functional
modification layer (defined as LATP@SCA-0.25IL) onto the surface
of LATP particles by employing silane coupling agent (SCA) and
ionic liquid (IL), utilizing chemical grafting and ion exchange
strategies [23]. He et al. modified the surface of LLZTO with a
silane coupling agent, which improved even distribution and
promoted the Li* migration [24]. Besides, some organic small
molecule, such as maleic acid [25], itaconic acid [11], stearic acid
[26], dopamine [27], and B-cyclodextrin [10], can be also used as
functional surface modifier to optimize interfacial compatibility of
CPEs. Recently, crown ethers are well known due to their excellent
selectivity to chelate various alkali metal cations. Each type crown
ether owns its distinctive ring-like cavity structure, which is capable
of accommodating alkali metal ions with different ionic radiuses
[28]. In especial, 12-crown-4 (12C4) has a cavity radius
(0.072-0.081 nm) close to that of Li*, which is very suitable for
capturing Li* [29].

Inspired by those scenarios, in this work, 12C4 supramolecular
with self-assembled LiTFSI salt (12C4-TFSI) is introduced as a
“multi-affinity” surface modifier to enhance compatibility of PVDE-
LLZTO based CPEs, as depicted in Scheme 1. Briefly, 12C4-TFSI is
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well bound to LLZTO through hydrogen bonding to produce a
uniformly protective nanolayer [30], which can not only avoid the
formation of inert Li,COs, reduce the surface energy of LLZTO,
and then improve the interface compatibility between LLZTO fillers
and PVDF matrix, but more importantly, can promote the
dissociation of LiTFSI, increase the active Li* in LLZTO, and
provide a high-speed Li* diffusion channel via a host-guest
interaction. As a result, the as-derived PVDEF-LLZTO@12C4-TFSI
CPE delivers a Li* conductivity of 429 x 10* S-cm™ at 30 °C, an
enhanced Li* transfer number of 0.44. The as-assembled SSLBs
based on LiFePO, cathode successfully run over 750 cycles at 1.0 C
and 30 °C.

2 Experimental

2.1 Materials

LLZTO powders were purchased from Prof. Xiangxin Guo’s group.
PVDF (HSV900) was purchased from MTI chemicals. Conductive
agent (Super P), LiTFSI (99.9%, DoDoChem), and commercial
LiFePO, (LFP) powders were dried at 80 °C for 24 h under vacuum
before used. Supramolecular 12C4 was bought from J&K Scientific.

The self-assembled 12C4-TFSI was prepared as follows: 0.5 g
LiTFSI and 0.307 g 12C4 were firstly added into 20 mL deionized
water, and stirred for 12 h at room temperature (RT), then treated
by a 24-h lyophilization process. The final obtained powder was
labelled as 12C4-TFSI. The yield was ~ 95%.

Fabrication of LLZTO@12C4-TFSI: The as-prepared 12C4-TFSI
was dissolved in 10 mL N, N-dimethylformamide (DMF), then
2.0 g LLZTO powder was added and magnetically stirred in a glove
box for 12 h. After that, the 12C4-TFSI surface modified LLZTO
was centrifuged and dried in a vacuum oven at 60 °C for 36 h, then
finally denoted as LLZTO@12C4-TFSI. For comparisons, different
LLZTO®@12C4-TFSI samples with different modifier thicknesses
were prepared by controlling relative weight percent of 12C4-TFSI
with LLZTO powders (3%, 5%, and 10%), and named as
LLZTO@12C4-TESI-x (x = 3, 5, and 10), respectively. Here, we
should note that the final LLZTO@12C4-TFSI-5 was also
designated as LLZTO@12C4-TFSI.

2.2 Preparation of PVDF-LLZTO@12C4-TFSI CPEs

PVDF-LLZTO@12C4-TFSI CPEs were fabricated and controlled
via a traditional tap-casting process. PVDF and LiTFSI (3:1 weight
ratio) were firstly dissolved in DMF and stirred at 50 °C for 6 h to
obtain a homogeneous solution with a PVDF concentration of 10
wt.%. Then, the as-prepared LLZTO@12C4-TFSI powders were
added into the solution and stirred with a weight ratio of 10 wt.% of
the total amount of PVDF and LLZTO. Subsequently, the

TFSI

. ]
- @ TFSI J /_+\O
T

OH

2]

LLZTO powders

Li*

Scheme 1 Illustration of potential mechanisms and reactions in the PVDF-LLZTO@12C4-TFSI CPE to accelerate Li* transport.
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homogeneous slurry was casted on a clean PTFE sheet to obtain
green PVDF-LLZTO@12C4-TFSI CPEs. After dried in a vacuum
oven at 60 and 120 °C for 24 h to thoroughly remove trace solvent,
the final PVDF-LLZTO@12C4-TFSI CPEs were obtained.
According to the same process, the PVDF-LLZTO CPEs, PVDEF-
LLZTO@12C4-TESI-x CPEs were also prepared, respectively.

2.3 Characterization

X-ray diffraction (XRD) was performed using a Bruker D8
Advance equipment with Cu K radiation from 10° to 80° to probe
the crystal structure of the materials. Scanning electron microscopy
(SEM, Hitachi SU8010) and transmission electron microscopy
(TEM, FEI Tecnai-G2 F20 operating at 200 kV) were employed to
visualize the morphology of samples. X-ray photoelectron
spectroscopy (XPS) was carried out on Thermo Fisher Escalab
250Xi with the Al Ka line as the excitation source to study the
surface chemical compositions of sample. Thermogravimetric
analysis (TGA) was performed on TG/DTA7300 (SII
NanoTechnology) at a heating rate of 10 °C:min™ from 20 to
800 °C in static air. 'H NMR spectra were recorded at 400 MHz
with a AVANCENEO NMR spectrometer at 25 °C. Differential
scanning calorimetry (DSC) measurements were performed on a
Mettler-Toledo STAR system from —50 to 220 °C. Fourier
transform infrared spectroscopy (FTIR) spectra were carried out on
a TENSOR 27 equipment (Bruker Optics, Germany). Contact
angles of both the pristine LLZTO and the LLZTO@12C4-TFSI-5
on 10 wt.% PVDF solution were measured on a contact angle
instrument (JGW-360DZ). Solid state NMR spectra were obtained
by Bruker 600M at the Qingdao Institute of Bioenergy and
Bioprocess Technology.

24 Electrochemical test

CR2032 coin-type symmetric cells of SSICPEsISS (stainless steel)
were assembled and measured by electrochemical impedance
spectroscopy (EIS) to evaluate Li* conductivity of the as-prepared
CPEs at different temperatures. EIS was tested on an Autolab
PGStat302N electrochemical workstation with an AC amplitude of
10 mV in a frequency range of 1.0 MHz to 0.1 Hz. The ionic
conductivity (o) can be calculated according to Eq. (1)

o=1/RS 1)

where [ is thickness (cm) of the CPEs, R is the measured resistance
(Q), S is the effective contact area (cm?) between CPEs and SS
electrode.

CR2032 coin-type symmetric cells of LilCPEsILi were used to
assess the Li* transference number (f,;:) of the as-prepared CPEs
via direct current (DC) polarization with EIS characterizations. #;+
can be calculated according to Eq. (2) [31]

b = ISS(AV*IORO)/IO(AV*IssRss) (2)

where I is the initial current, I is the steady state current, AV is the
direct current polarization voltage with a value of 10 mV applied to
the LilCPEsILi symmetrical cells. Ry is the initial charge-transfer
resistance and Rgg is the steady-state charge-transfer resistance of
the CSEs.

LiICPEsILi symmetric cells were also used to estimate
electrochemical interfacial compatibility and stability between CPEs
and Li metal anode through galvanostatic charge-discharge cycling
measurements with different current densities (0.05-1.2 mA-cm™)

(B 7~ 2w | Sci@pen
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and a fixed 2 h for each cycle at 30 °C on LAND CT2001A testing
system.

CR2032 coin-type half cells of LilCPEsISS were measured to
characterize the stable electrochemical window voltage (SEWV) of
the as-prepared CPEs via linear sweep voltammetry (LSV) test from
open circuit voltage (OCV) to 6.0 V at a scanning rate of 10 mV-s™
at 30 °C.

Both CR2032-coin type and pouch type LilCPEsILiFePO, SSLBs
were assembled and measured to explore the practical application
of the optimized PVDF-LLZTO@12C4-TFSI CPEs. The thickness
of CPEs was ~ 70 pm, and the LiFePO, loading was ~ 1.7 mg-cm™.
The size of the pouch cell was 5 cm x 5 cm with a thickness of ~ 1
mm. The charge-discharge performance and cycling stability were
measured on a LAND CT 2001A testing system within a voltage
range of 2.5 t0 4.0 V (vs. Li"/Li) at 30 °C.

3 Results and discussion

Figure Sl(a) in the Electronic Supplementary Material (ESM)
shows molecular structures related to 12C4 and LiTFSI. 12C4 is a
macrocyclic oligoether containing polar ligand functional groups,
its cavity diameter is well-suited for complexation with Li* [28].
Therefore, 12C4 can effectively promote the dissociation of lithium
salts via a host-guest interaction between crown ether and LiTFSI.
'H NMR, ‘Li NMR, FTIR, and XRD characterizations were carried
out to confirm this host-guest interaction, as exhibited in Figs.
S1(b)-Sl(e) in the ESM, respectively. Compared with the fresh
12C4, 'H NMR results show that a positive chemical shift in 12C4-
TESI can be observed, indicating the change of the electron cloud
density within the cavity due to the entry of Li* [32]. ‘Li NMR
results of LITFSI and 12C4-TESI further verified the
supramolecular interaction between 12C4 and LiTESL As for FTIR,
the asymmetric stretching vibrational absorption peak of both CF;
and S-N-S coming from LiTFSI, and C-O-C bending vibration
coming from 12C4 still exist in the 12C4-TESI, except for a slight
negative shift. In addition, XRD characteristic peaks of LiTFSI are
clearly visible in the 12C4-TFSL All above mentioned results
suggest that LiTFSI can be successfully self-assembled into the
cavity of 12C4 to generate a supramolecular combination, and the
process did not destroy the molecular structures of both 12C4 and
LiTESI. After a facile wet chemical treatment, LLZTO particles were
successfully surface coated by the as-prepared 12C4-TFSI
supramolecular assemblies. As presented in Fig. 1(a), XRD results
suggest that 12C4-TFSI surface modification layer shows excellent
chemical compatibility with LLZTO, these characteristic peaks of
the LLZTO@12C4-TFSI continue to closely match the standard
cubic LLZO garnet phase (JCPDS 80-0457). The F 1s high-
resolution XPS spectrum (Fig. 1(b)) shows that a new strong peak
(~ 688.5 eV) associated with —~CF; appears in the LLZTO@12C4-
TESI [33], which originates from the TFSI" part of the 12C4-TFSI
supramolecular assembly. The peak (~ 685 eV) related with the
Li-F bond is primarily attributed to the pristine LLZTO. Compared
with that in the pristine LLZTO, the Li-F peak in the
LLZTO@12C4-TFSI shows a negative shift due to a synergy effect
of both a self-existent Li-F in the 12C4-TFSI supramolecular
nanolayer and a strong coordination between the cavity of 12C4
with Li* on the surface LLZTO. The C 1s high-resolution XPS
spectrum (Fig. S2 in The ESM) indicates that 12C4-TFSI surface
modification can effectively avoid the generation of Li,CO; due to
the greatly weakened peak associated with Li,CO; in the
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Figure1 Physical characterizations of the pristine LLZTO and the as-prepared LLZTO@12C4-TFSI powders: (a) XRD patterns, (b) F 1s high-resolution XPS spectrum,

(c) FTIR, (d) TG curves, (e) and (f) TEM image and related element mapping images

LLZTO®@12C4-TFSL. FTIR spectra are displayed in Fig. 1(c).
Compared with that of the pristine LLZTO, some additional
absorption peaks are present in the LLZTO@12C4-TFSI, including
a C-0 peak (~ 1022 cm™) and a C-C peak (~ 1140 cm™) coming
from the 12C4, as well as a C-F characteristic peak at ~ 1200 cm™
and an S-N-S§ characteristic peak at ~ 1060 cm™ originating from
the self-assembled LiTFSI [10, 34]. These observations further
confirm the presence of the 12C4-TFSI surface modification layer
on the LLZTO particles. TG analysis (Fig. 1(d)) shows that the
content of 12C4-TFSI is ~ 1.33 wt.% on the surface of the LLZTO.
To visually display the presence of the coating layer, Figs. 1(e) and
1(f) present high-resolution TEM (HRTEM) image of the
LLZTO@12C4-TFSI and related element mapping images of
energy dispersive spectroscopy (EDS), respectively. A clear
core-shell structure can be observed with LLZTO as core and 12C4-

(@) PVDF in DMF

46.8°

LLZTO tablet

(b) PVDF in DMF

38.9°

LLZTO@12C4-TFSI tablet

of EDS of the LLZTO@12C4-TFS], respectively.

TFSI as shell with a thickness of ~ 6 nm, and the 12C4-TESI shell is
homogeneously distributed in LLZTO particles. Line energy
dispersive X-ray analysis (EDAX) result further proved the presence
of the core-shell structure (Fig. S3 in the ESM). Strong hydrogen
bonding promotes the formation of the continuous and tight
interfacial contact between the LLZTO core and the 12C4-TFSI
shell.

Uniform dispersibility of ceramic fillers in polymer solution is a
key factor that must be considered during the CPE
fabricating/drying process [35]. Since the big difference in surface
energy between LLZTO and PVDF/DMF solution, there tends to
be the LLZTO aggregation phenomenon, which will be adverse to
conductivity and mechanical strength of the as-prepared CPEs.
Figures 2(a) and 2(b) display the contact angle of 10 wt.% PVDF in
DFM solution droplets on the surface of both the LLZTO wafer and

36.2 nm

| -17.1 nm
2um

Figure2 (a) and (b) Contact angles between 10 wt.% PVDF in DMF solutionand fresh LLZTO or LLZTO@12C4-TFSI, respectively. (c) and (d) Surface SEM images
and (e) and (f) surface AFM images of both the PVDF-LLZTO CPE and the PVDF-LLZTO@12C4-TFSI CPE.
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the LLZTO@12C4-TFSI wafer, respectively. After the surface
modification, the contact angle reduced from 46.8 to 389,
suggesting that the 12C4-TFSI nanolayer helps to lower surface
energy of LLZTO nanoparticles. The sedimentation experiment
also confirmed the result (Fig. $4 in the ESM). Figures 2(c) and 2(d)
present surface SEM images of the as-prepared PVDF-LLZTO CPE
and PVDF-LLZTO@12C4-TFSI CPE, respectively. Obviously, the
latter exhibits a more smooth and denser surface, the enhanced
dispersibility of LLZTO particles in PVDF matrix contributes to the
result. Atomic force microscopy (AFM) images in the surface view
of two CPEs, as shown in Figs. 2(e) and 2(f), further verified the
optimized LLZTO nanoparticles distribution in the PVDEF-
LLZTO@12C4-TFSI CPE. In addition, Fig. S5 in the ESM shows
the cross-sectional SEM images of both CPEs. Visible LLZTO
particles aggregation with a size of ~ 5 um can be observed in the
PVDEF-LLZTO CPE. All characterizations indicate that the 12C4-
TFSI surface modification can effectively reduce surface energy
difference and optimize LLZTO nanoparticles distribution.
Benefitting from the optimized microstructure, a flexible PVDF-
LLZTO@12C4-TESI CPE in meter level with controllable thickness
and micromorphology can be easily fabricated in lab. Normally,
PVDF undergoes dehydrofluorination side reaction in an alkaline-
like environment, which will bring a noticeable color change to
dark brown in PVDF-based CPEs [36, 37]. Besides, previous studies
suggested that La atoms in LLZTO are prone to react with DMF,
resulting in structural damage of garnet [38]. And there is a
dehydrofluorination reaction in PVDF-LLZTO family. These two
side reactions will bring a noticeable color change [13]. Unlike the
common dark brown of the PVDF-LLZTO CPE, the as-prepared
PVDF-LLZTO@12C4-TESI CPE shows a white color similar to
LLZTO nanoparticles (Fig. S6 in the ESM), further confirming that
the 12C4-TFSI surface modification can not only effectively inhibit
Li,CO; and LiOH contamination on the LLZTO surface, but also
mitigate above-mentioned dehydrofluorination side reaction to
stabilize PVDF matrix.

SSICPEsISS symmetric cells were assembled and measured to
investigate the impact of 12C4-TFSI nanolayer on the ionic
conductivity of the PVDF-LLZTO CPEs. Figure S7 in the ESM
presents EIS plots of the PVDF-LLZTO CPE and PVDF-
LLZTO@12C4-TFSI-x (x = 3 wt.%, 5 wt.%, and 10 wt.%) CPEs at a
temperature range of 0-60 °C. According to Eq. (1), the
corresponding Li* conductivities (oy;) are calculated and
summarized in Table S1 in the ESM. Compared with the PVDF-
LLZTO CPE, it can be observed that all CPEs with 12C4-TFSI
modified nanolayer exhibited improved conductivity at each testing
temperature. Especially, the PVDF-LLZTO@12C4-TFSI-5 CPE
delivered the highest ionic conductivity of 429 x 10™ S.cm™ at
30 °C and 6.85 x 10 S-cm™ at 60 °C, which were over 1.5 times
than that of the PVDF-LLZTO CPE (2.71 x 10* S-cm™ at 30 °C and
421 x 10 S.em™ at 60 °C). As for values of o+, the as-prepared
PVDF-LLZTO@12C4-TFSI-5 CPE is similar to/even better than
some previously reported PVDF-LLZTO based CPEs [13, 39-44].
Moreover, it can be also seen that too much 12C4-TFSI is actually
detrimental to conductivity, for example, the PVDF-LLZTO@12C4-
TFSI-10 CPE shows a decreased o0;;+ from 2.99 x 10* S-cm™ (x = 3)
and 4.29 x 10™* S-cm™ (x = 5) t0 2.73 x 10™* S-cm™ at 30 °C. Actually,
12C4-TFSI supramolecular nanolayer in this work acts as a bridge
to closely connect PVDE matrix, LLZTO filler, and LITFSI salt, and
a multi-affinity modifier to optimize interface contact among these
components in CPE. If the dosage of the 12C4-TFSI is too small, it
will not guarantee sufficient connection and then affect the
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synergistic effect; if the dosage is too much, it will increase the
thickness of nanolayer, and then affect Li* transport to a certain
extent. Figure 3(a) illustrates Arrhenius plots for these CPEs. The
PVDF-LLZTO@12C4-TFSI-5 CPE delivers a lower active energy
(E,)) of 0.1117 eV than the PVDF-LLZTO CPE does (0.1134 eV),
suggesting that more channels were probably involved in Lif
transmission.

Figures 3(b) and 3(c) illustrate DC polarization curves and
corresponding initial and steady-state EIS spectra for the PVDEF-
LLZTO CPE and the PVDF-LLZTO@12C4-TESI-5 CPE,
respectively. Lithium-ion transfer number (f:) increased from
027 for the PVDF-LLZTO CPE to 044 for the PVDEF-
LLZTO@12C4-TFSI-5 CPE. This can be ascribed to more free Li*
ions in PVDF matrix after introducing 12C4-TFSI, which
weakened interaction between Li* and TFSI' anion through
competitive coordination [45].

Figure 3(d) shows LSV plots of these CPEs measured by
LilCPEsISS half cells at 30 °C. The SEWV was expanded partly after
12C4-TFSI modification, improved from ~ 4.6 V for the PVDEF-
LLZTO to ~ 4.8 V for the PVDF-LLZTO@12C4-TFSI-5. This
improved SEWV is hypothesized to a more uniform charge
distribution, thereby minimizing charge concentration difference in
local areas [46].

Figures 3(e) and 3(f) demonstrate polarization curves of the
LilCPEsILi symmetric cells at different conditions to estimate
electrochemical compatibility and stability against Li dendrites
during Li plating/stripping process. As shown in Fig. 3(e), the
PVDE-LLZTO CPE tends to create short circuit even at a critical
current densities (CCD) of 0.5 mA-cm™, which is in agreement with
Ref. [20]. While, the short circuit phenomenon only occurred when
the CCD reached 1.2 mA-cm™ for the PVDF-LLZTO@12C4-TESI-
5 CPE. Figure 3(f) shows that the PVDF-LLZTO CPE just ran ~
300 h with a polarization overpotential exceeding 90 mV at 0.2
mA-cm” then a short circuit happened. In contrast, the PVDF-
LLZTO@12C4-TFSI-5 CPE exhibited a smaller polarization
overpotential of 70 mV and successfully cycled for over 850 h
without significant voltage fluctuation. Even, the excellent stability is
better than some reported PVDEF-based CPEs (Table S2 in the
ESM). Moreover, surface characterizations (digital photo, SEM, and
AFM images) of Li metal anode before and after Li
plating/stripping under different statuses (operating at different
CCDs), as presented in Fig. S8 in the ESM, further prove that the as-
prepared PVDF-LLZTO@12C4-TFSI-5 CPE can preferably restrict
lithium dendrites. Figure 3(g) compares four key characteristics
(o> SEWV, t;+, and CCD) of the as-prepared PVDEF-
LLZTO®@12C4-TFSI-5 CPE and previously reported PVDF-LLZO
based CPEs. It is noticeable that property of this work is relatively
more balanced.

In order to further understand the Li compatibility difference of
two CPEs, Figs. 4(a) and 4(b) present their Nyquist plots of
LilCPEsILi symmetric cells measured at different stages at
0.2 mA-cm™ and fixed 0.2 mAh-cm?, respectively. Compared with
the fresh status, both cells exhibited a great impedance decrease
after the first cycling, which is associated with the formation of a
solid electrolyte interface (SEI) [47]. After that, a relatively stable
impedance at different stages was obtained for the PVDF-
LLZTO@12C4-TFSI-5 CPE based cell, which is similar with its
polarization behaviors shown in Fig. 3(f). However, the PVDEF-
LLZTO CPE based cell demonstrated a continuously decreasing
impedance, one of explanations is the gradual formation of
undesired Li dendrite and/or pulverization. After their respective Li
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Figure3 (a) Arrhenius plots for different CPEs. (b) and (c) DC polarization curves and corresponding EIS before and after DC polarization of the PVDF-LLZTO CPE
and the PVDF-LLZTO@12C4-TFSI CPE, respectively. (d) LSV plots of different CPEs measured by LilCPEsISS half cells at 30 °C. Polarization curves of the LilCPEs|Li
symmetric cells at different conditions: (e) rate performance and (f) long-term stability, respectively. (g) Radar chart of four key parameters.

plating/stripping cycling died, both cells were disassembled and
analyzed to study morphological changes in both Li and CPEs.
Figures 4(c) and 4(d) display surface SEM images of Li anode,
respectively. It can be clearly observed that the Li anode surface
close to the PVDF-LLZTO CPE exhibits severe pulverization (Fig.
4(c)), while that near the PVDF-LLZTO@12C4-TFSI-5 CPE is
relatively integrated and smooth (Fig. 4(d)). Surface SEM images of
both CPEs close to Li anode were also characterized, as shown in
Figs. 4(e) and 4(f), respectively. Similarly, the PVDF-LLZTO@12C4-
TFSI-5 CPE presents a relatively flat and clean surface (Fig. 4(f)).
These results indicate that the PVDF-LLZTO@12C4-TFSI-5 CPE
can provide a more stable and compatible interface with Li metal
anode. It is known that positively charged oxygen vacancies can
serve as Lewis acid sites with strong affinity for the TFSI" anions,
which helps to promote the dissociation of LiTFSI salts to release
more free Li* ions [48-50]. Moreover, the presence of oxygen
vacancy can induce a local electric field due to the lopsided charge
distribution, which will facilitate the detachment of Li* near oxygen
vacancies from the LLZTO lattice and participate in charge transfer
according to the climbing image nudged elastic band (CI-NEB)
calculation [51]. To gain insight into outstanding electrochemical
properties of the as-prepared PVDFE-LLZTO@12C4-TFSI-5 CPE,
electron paramagnetic resonance (EPR) spectroscopy was firstly
carried out to reveal oxygen vacancy change between bare LLZTO
and as-prepared LLZTO@12C4-TFSI particles. Figure 5(a) shows
that the LLZTO@12C4-TFSI demonstrated a more intense
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symmetrical EPR signal at g = 2.002, indicating more oxygen
vacancies [52]. The O 1s high-resolution XPS spectrum further
verified the result. As exhibited in Fig. S9 in the ESM, the relative
content of Oy associated with oxygen vacancy increased from 63%
for the bare LLZTO to 73% for the as-prepared LLZTO@12C4-
TESL It is believed that more oxygen vacancies derive from the
strong coordination ability of distinctive cavity of 12C4 for Li,
which results in outward more stable and compatible interface with
Li metal anode.

As what reported in previous Refs. [53, 54], the disruption of
crystallinity and expansion of amorphous region of polymer matrix
benefit the rapid migration of Li* in CPEs. Figure 5(b) presents the
DSC results of the PVDF-LLZTO CPE and the PVDEF-
LLZTO®@12C4-TFSI-5 CPE. Both CPEs exhibited a clear
endothermic peak around 150-180 °C, associated with the melting
point (T,) of PVDF matrix with varying crystallinity [55, 56]. The
T,,, drops from 172 °C for the PVDF-LLZTO CPE to 170 °C for the
PVDF-LLZTO@12C4-TFSI-5 CPE, accordingly, the melting
enthalpy value decreases from 36.3 to 29.7 J-g”, and the calculated
crystallinity of PVDF is also reduced from 34.6% to 28.3% [56],
suggesting lower crystallinity and higher segment mobility of PVDF
in the PVDF-LLZTO@12C4-TFSI-5 CPE.

In our previous work [57], density functional theory (DFT)
calculations suggested that assembled crown ether molecules are
adsorbed preferentially above Li* ions in LLZO(001) surface due to
relatively bigger binding energy. To well understand effects of 12C4-
TESI modifier nanolayer on lithium ion occupancy of LLZTO, high-
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Figure4 EIS of both LilCPEsILi symmetric cells measured at different stages: (a) PVDF-LLZTO CPE and (b) PVDF-LLZTO@12C4-TFSI-5 CPE. Surface SEM images of
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(e) the PVDF-LLZTO CPE and (f) the PVDF-LLZTO@12C4-TFSI-5 CPE.
(a) (b)

(c)

LLZTO PVDF-LLZTO
LLZTO@12C4-TFSI PVDF-LLZTO@12C4-TFSI .. 24 dsites
s 48 g + 96 h sites %,
— 3 Y
S S
S = . LLZTO@12C4-TFSI
) 5 5
IS = .
© ¥
53 H
£
T, - uzro
320 325 330 335 0 50 100 150 200 4 3 2 1 0 -1 2 -3 -4
mT Temperature (°C) °Li shift 5 (ppm)

Figure5 (a) EPR spectra of both bare LLZTO and LLZTO@12C4-TFSI powders. (b) DSC curves of both the PVDF-LLZTO CPE and the PVDF-LLZTO@12C4-TFSI-5

CPE. (c) °Li NMR spectra of pristine LLZTO and LLZTO@12C4-TFSI powders.

resolution “Li solid-state NMR spectra of both the bare LLZTO and
the as-prepared LLZTO@12C4-TFSI powders have been
characterized. As presented in Fig. 5(c), there appeared two
obvious resonance peaks at ~ 0.55 and ~ 0.15 ppm, which can be
ascribed to 48 g + 96 h sites and 24 d sites of cubic LLZO,
respectively [58, 59].

Moreover, there are two critical information we should note. 1)
the “Li solid-state NMR peak associated with 48 g + 96 h sites is
narrowed along with a slight negative shifting from 0.607 ppm in
the LLZTO to 0.529 ppm in the LLZTO@12C4-TFSI, while the
peak associated with 24 d sites relatively stable; ii) after integral
calculations, relative peak area of 48 g + 96 h sites increased from
42% in the LLZTO to 44% in the LLZTO@12C4-TESL. Wullen
reported that lithium jons in octahedra (48 g + 96 h sites) of cubic
LLZO have higher mobility than those in tetrahedra whiclh is
more conducive to Li* conductivity [60]. Wang and co-workers
found that Li* in octahedra owns higher diffusion coefficient
(~ 10® cm*s™) than those in tetrahedra (~ 10™ cm?s?) [61].
Therefore, we believed that the introduced 12C4-TFSI modified
nanolayer contributes to reinforcing the Li migration in 48 g +
96 h sites in the LLZTO@12C4-TFSI. Figure 6(a) shows initial
charge-discharge plots of CR2032-coin type LilCPEsILiFePO,
SSLBs measured at 0.1 C and 30 °C. Although there appears a
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similar Coulombic efficiency of approximately 96%, the PVDEF-
LLZTO@12C4-TFSI CPE based cell delivered a higher specific
discharge capacity of 172.9 mAh-g" than the PVDF-LLZTO CPE
based cell did (164.2 mAh-g"). Moreover, as depicted in Fig. 6(b),
an enhanced rate capability was also achieved for the PVDEF-
LLZTO@12C4-TESI CPE based SSLBs, for examples, the specific
discharge capacity was 149.5, 90.9, and 147.5 mAh-g™ at rates of 1.0,
5.0 C and recovered 1.0 C, while, the values were only 131.6, 63.3,
and 133.5 mAh-g" at the same rates for the PVDF-LLZTO CPE
based SSLBs, respectively. Figures 6(c) and 6(d) display long-term
charge-discharge stabilities of both SSLBs measured at 0.2, 1.0 C
and 30 °C, respectively. It is clearly shown that the PVDEF-
LLZTO@12C4-TFSI CPE based SSLBs demonstrated greatly
improved stabilities, the SSLBs successfully ran over 200 cycles with
a capacity retention of 84.1% at 0.2 C and over 750 cycles with a
capacity retention of 87.2% at 1.0 C, respectively. Table S3 in the
ESM shows electrochemical performance comparisons of different
SSLBs based on PVDF-based CPEs, it can be also concluded that
the as-assembled SSLBs in this work own ultrahigh cycling stability
at high rate (1.0 C). Moreover, SSLBs with higher LFP loadings and
NCM523 cathode are also assembled and measured, as presented in
Figs. S10 and S11 in the ESM, respectively. These results further
verified the antioxidant activity and the better cycling stability of the
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as-prepared PVDF-LLZTO@12C4-TFSI-5 CPE under high voltage
from a practical application perspective.

As illustrated in Fig. 7(a), LilPVDE-LLZTO@12C4-TFSI
CPEILiFePO, pouch cell with a size of 5 cm x 5 cm was assembled
and tested to explore its practical application. A stable open circuit
voltage close to 32 V was obtained (Fig. 7(b)), and an initial
specific discharge capacity of 112.3 mAh-g" with a Coulombic
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efficiency of 96.4% was achieved (Fig. 7(c)). In addition, the pouch
cell successfully operated 30 cycles with a final capacity of
101.8 mAh-g™, as shown in Fig. 7(d). Additionally, it is noteworthy
that the light-emitting device (LED) lamp can be lighted under
flatting, folding, and cutting conditions without short-circuit, as
presented in Fig. 7(e), demonstrating excellent flexibility and
potential for practical utilization.
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4 Conclusions

In summary, a self-assembled 12C4-TFSI supramolecular nanolayer
is coated on the surface of LLZTO fillers as multi-affinity interface
modifier to adjust interface impedance of the PVDF-LLZTO CPE.
Through various functions, the 12C4-TFSI supramolecular
nanolayer tightly connects three parts of PVDF matrix, LLZTO
filler, and LiTFSI salt, and establishes an efficient Li* transport
network. The optimized PVDF-LLZTO@12C4-TFSI-5 CPE shows
an improved oy;+ of 429 x 10™ S:cm™, a bigger #,;- of 0.44 and an
enlarged SEWV of 48 V vs. Li/Li* at 30 °C. Moreover, an
exceptional compatibility and stability with an improved CCD of
12 mA-cm” was obtained against lithium dendrites. More
importantly, the as-prepared PVDF-LLZTO@12C4-TFSI-5 CPE
enables the assembled LilLiFePO, solid-state cell to cycle steadily for
over 750 cycles at 1.0 C with a capacity retention of 87.2%. The
assembled pouch cell can steadily light LED lamp under variously
crucial conditions. This work provides a new insight for optimizing
interface impedance of CPE and sheds lights on the development of
PVDF-LLZTO CPE based SSLBs.

Electronic Supplementary Material: Supplementary material
(additional materials such as '"H NMR spectra, ‘Li NMR spectra,
FTIR spectra, XRD patterns, XPS spectra, SEM images, digital
photographs, Nyquist plots of the cells, and comparison tables) is
available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907087.
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