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Composite-polymer-electrolytes (CPEs) embedded with advanced filler materials
offer great promise for fast and preferential Li* conduction. The filler surface chemis-
try determines the interaction with electrolyte molecules and thus critically regulates
the Li" behaviors at the interfaces. Herein, we probe into the role of electrolyte/filler
interfaces (EFI) in CPEs and promote Li* conduction by introducing an unsaturated
coordination Prussian blue analog (UCPBA) filler. Combining scanning transmis-
sion X-ray microscope stack imaging studies and first-principle calculations, fast
Li* conduction is revealed only achievable at a chemically stable EFI, which can be
established by the unsaturated Co—O coordination in UCPBA to circumvent the side
reactions. Moreover, the as-exposed Lewis-acid metal centers in UCPBA efficiently
attract the Lewis-base anions of Li salts, which facilitates the Li* disassociation and
enhances its transference number (t;;"). Attributed to these superiorities, the obtained
CPE:s realize high room-temperature ionic conductivity up to 0.36 mS cm™" and t;;"
of 0.6, enabling an excellent cyclability of lithium metal electrodes over 4,000 h as
well as remarkable capacity retention of 97.6% over 180 cycles at 0.5 C for solid-state
lithium—sulfur batteries. This work highlights the crucial role of EFI chemistry in
developing highly conductive CPEs and high-performance solid-state batteries.

composite polymer electrolytes | electrolyte/filler interfaces | metal-organic frameworks |
ligand modification | solid-state lithium-sulfur batteries

Lithium-sulfur batteries (LSBs) combined with solid-state electrolytes (SSEs) have attracted
enormous attention because of their high safety and low cost (1, 2). Among various SSEs,
solid polymer electrolytes (SPEs) hold great promise owing to their significant advantages
over solid inorganic electrolytes including lightweight, easy processability, high flexibility,
and particularly compatible electrode—electrolyte interfaces in solid-state LSBs (3).
However, the implementation of SPEs is still hindered by the low room-temperature (RT)
ionic conductivity and Li" transference number (t;") (4).

Composite polymer electrolytes (CPEs) with filler offer considerable opportunities to
tackle the Li* kinetic issue of SPEs. CPEs contain three parts including polymer electrolyte
matrix, fillers, and their interfacial regions. While the mechanism of ionic migration in
the polymer electrolyte matrix is similar to that in SPEs (5), where Li" hops in the amor-
phous regions, the overall kinetics of Li" conduction in CPEs can be improved for the
following reasons: (i) The fillers modify the local structure of polymer chains and decrease
their crystallinity, (ii) the fillers help further dissociate Li salts based on Lewis acid—base
theory, and (iii) the fillers can act as ion “accelerator” by forming cross-linking clusters at
the electrolyte/filler interface (EFI) regions (6). However, the addition of fillers does not
always effectively improve the properties of CPEs. According to the published literature,
promoting the effect of fillers in CPEs is distinguishing, and even the same kind of filler
in the systems with different polymer electrolyte matrixes has an extreme disparity (7). A
compatible EFI can decouple cations (e.g., Li* from Li salts) and provide consecutive
transport channels for accelerated ion hopping through stable and efficient interfacial
contact layers. However, if the filler is chemically unstable or incompatible when coexisted
with Li salts, the interface could be ineffective or even broken to impede ionic migration
(8-10). Therefore, a more fundamental understanding of interfacial chemistry at the EFI
in CPEs is urgently needed.

In order to gain deep insight into the EFI in CPEs, we chose metal-organic frameworks
with tunable chemical structures and characteristics as fillers. Their extraordinarily high
surface area also benefits the sufficient interfacial contact with other components especially
the anions of Li salts (11). In addition, their surface polarity ascribed to the controllable
active metal sites enables the modulation of Lewis acid—base interactions in the hybrid
systems, which provides possibilities for the optimization of overall electrochemical prop-
erties (12—14).
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Significance

To boost the application potential
of solid-state batteries, developing
composite polymer electrolytes
(CPEs) with filler embedded is a
promising way yet challenging. A
major concern is limited
interfacial stability between the
polymer electrolyte and filler,
leading to disparity in different
CPEs, especially because of our
restricted understanding.
Therefore, a fundamental insight
of interface chemistry at the
electrolyte/filler interfaces (EFI) is
urgently needed. We overcome
this limitation using
uncoordinated chemistry strategy
that accurately constructs a
coordinatively unsaturated
metal-organic frameworks filler
for improving the compatibility of
EFI. More broadly, we probed into
the role of EFl in CPEs via
scanning transmission X-ray
microscope stack imaging
technique and revealed that the
high-efficiency Li* conduction is
only achievable at a chemically
stable EFI.
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In this work, Prussian blue analog (PBA) fillers Co;[Co(CN)],-
12H,0 with and without Co-O ligand modification, namely
unsaturated coordination PBA (UCPBA) and saturated coordi-
nation PBA (SCPBA), respectively, are used as fillers in poly(vi-
nylidene fluoride-co-hexafluoropropylene) (PVDE-HFP) polymer
matrix (15). According to the results of scanning transmission
X-ray microscope (STXM) stack imaging, we found that the com-
patibility between fillers and polymer electrolyte matrix is a critical
factor in determining the overall performance of CPEs. UCPBA
with coordinative unsaturation has moderate host—guest interac-
tions with Li salt in the polymer electrolyte matrix, providing a
stable and efficient EFI. The compatible EFI further facilitates the
cation disassociation and improves its migration through the inter-
facial regions. On the contrary, SCPBA has poor interfacial chem-
ical stability against Li salt, which leads to an incompatible EFI
and thus exhibited an interruption of cation migration. As a result,
the UCPBA-modified CPE displayed a superior RT ionic con-
ductivity of 0.36 mS cm” ' (=12 times that of SCPBA-based CPE)
and a high t;;" of 0.6. In addition, the mechanical strength and
long-term stability of the UCPBA-modified CPE were also
improved so that it cycled for over 4,000 h in Li//Li cells and
demonstrated a high capacity retention of 97.6% at 0.5 C in
Li//sulfurized polyacrylonitrile (Li//SPAN) cells.

Results and Discussion
The Co;[Co(CN),],-12H,0 consists of three kinds of metal cobalt

including inner Co coordinated with O and surface Co coordi-
nated with C or N and C=N ligands to sustain a three-dimen-
sional coordinated framework (Fig. 14) (16, 17). Specially, the
Co-O ligands formed and located at the defect sites inside the
subunit of the single crystal lattice are in a saturated coordination
state. To obtain UCPBA filler, SCPBA was first collected through
coprecipitation of cobalt(II) acetate tetrahydrate [Co(CH,COO),-
4H,0] and potassium hexacyanocobaltate(III) (K;[Co(CN),]) in
a water solution, followed by thermal treatment under vacuum
conditions (details in ST Appendix) (18, 19). Both the as-obtained
SCPBA and UCPBA present well-defined nanocube morphology
with diameters of ~500 nm explored by scanning electron micro-
scope (SEM) (Fig. 1 Band C). Through the physical dehydration,
Co-O ligands were broken accompanied by the release of water
molecules, and the sample color changed from pink to blue (20).
It can be perceived from attenuated total reflectance-Fourier trans-
form infrared (ATR-FTIR) spectra that the O—H modes at around
3,500 cm™" and 1,600 cm™' are sharply weakened in UCPBA
compared with SCPBA (SI Appendix, Fig. S1). Besides, the
decreased vibration intensity of Co—O mode at around 700 cm™
indicates the efficient dehydration process. The crystalline phases
of SCPBA and UCPBA were analyzed by powder X-ray diffraction
(XRD), where both patterns can be indexed to the standard dif-
fraction pattern of the Co;[Co(CN),],-12H,O (JCPDS No.
77-1161) (8 Appendix, Fig. S2) (21). This result signified that the
Co-O ligands modification process has little influence on the
long-range ordered structures of samples. Based on these findings,
the normalized Co K-edge X-ray absorption spectra (XAS) were
collected to probe the potential transitions in the local structure
and chemical environment. As shown in Fig. 1D, the X-ray
absorption near-edge structure (XANES) witnesses two pre-edge
features assigned to 1s — 3d transition at 7,695 eV and 7,697 eV
for both samples, whereas an increase in intensity after dehydra-
tion suggests the transition feature from the initial complete octa-
hedral geometry to a partially low-order symmetric geometry of
Co clusters (22). An obvious uplift of UCPBA at 7,700 to 7,705
eV relative to SCPBA further illustrates the lattice distortion that
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occurred during Co—O ligands modification process, accompanied
by decreased intensity of the white line (23). In addition, the E,
in 1st derivative of the energy edge in both samples is identical,
which indicates unchanged valence states of Co in the bulk envi-
ronment (SI Appendix, Fig. $3). The corresponding #’-weighted
Fourier transform of extended X-ray absorption fine structure
(EXAFS) was analyzed as shown in Fig. 1E. The first and second
coordinated shells are assigned to the Co—C/N and Co-O scat-
tering paths, respectively (24). Notably, the relatively weaker
intensity of Co—O oscillation in UCPBA reveals its more disor-
dered local structure as well as less coordination around Co—O
sites. Wavelet transform (WT) is used to further analyze Co
K-edge EXAFS oscillations (57 Appendix, Fig. S4). The WT con-
tour plots of SCPBA exhibit an intensity maximum at 11 A™'
between 1 A and 2 A, which can be assigned to the coordination
of Co with adjacent C, N, and O. In contrast, the almost mlssmg
intensity maximum and lower corresponding 4 value of 8 A" in
WT plots of UCPBA represent the reduction of Co—O oscillation.
Subsequently, the total coordination number extracted from quan-
titative EXAFS fittings decreases from a nearly saturated coordi-
nation number of 5.9 to 4.8 after dehydration, strongly validating
the coordinative unsaturation of the Co sites in UCPBA
(SI Appendix, Table S1) (25).

For further understanding of the influence of Co-O ligand
unsaturation on local interfacial chemistry especially when com-
bined with Li salt, the STXM stack imaging and Co L-edge
extracted near-edge X-ray absorption fine structure (NEXAFS)
spectra of SCPBA@lithium bis(trifluoromethanesulfonyl)imide
(LiTESI) and UCPBA@LIiTFSI composites were investigated
(Fig. 1 Fand G) (26-29). Stack analyses were first applied to Co
spatial distributing region and presented as a color-coded map
(pink, green, and red). Both the two composites show homoge-
neous Co distribution from the outer layer (pink region) to the
inner (red region) with similar optical density. NEXAFS spectra
extracted from the color—coded map exhibit a mixture of charac-
teristic peaks of Co”" and Co’". In terms of SCPBA@LITFS], the
peaks located at 779.0 eV and 779.7 eV can be assigned to Co**
combined with O (originated from H,O in SCPBA) or N, while
the peak located at 782.7 eV is assoc1ated with the Co**~C coor-
dination (Fig. 1F) (30). In particular, the tiny shoulder peak that
emerges at 778.3 ¢V only shown in the outer layer can be assigned
to Co—O (O is originated from TFSI anion) coordination, indi-
cating an undesired side-reaction between SCPBA and LiTFSI.
This is also confirmed by the narrower peak width of the outer
layer compared with the middle and inner layers. In contrast, the
spectra of UCPBA@LITFSI remain consistent from outer to inner
layers, proving that the UCPBA can afford moderate but stable
interfacial compatibility when exposed to LiTFSI, which is further
evaluated by subsequent density functional theory (DFT) calcu-
lations (Fig. 1G). The optimized configurations of SCPBA (001)
and UCPBA (001) obtained from DFT calculations are shown in
SI Appendix, Fig. S5. The stable configurations illustrate that the
local ligand modification process maintains the crystal structure,
which is consistent with the previous XRD results. Moreover, the
smaller bond lengths of Co-C, Co-N, and Co-O in UCPBA
indicate a more compact geometry configuration, which makes
UCPBA more crystallographically stable compared with SCPBA
(81 Appendix, Table S2). When LiTFSI interacts with SCPBA, the
bond lengths of Co—C, Co-N, and Co-O are increased, which
induces the configuration collapse where the upper layer tightly
combined with LiTFSI is broken down and separated from the
bottom layer, leading to a chemically unstable EFI (57 Appendix,
Fig. S6). By contrast, when LiTFSI adsorbs on the UCPBA sur-
face, the system maintains integrity with high thermodynamical
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Fig. 1. Intrinsic properties and characteristics of the SCPBA and UCPBA. (A) A crystal structure unit cell of SCPBA. (B and C) SEM images of (B) SCPBA and (C) UCPBA,
Insets are the physical and color states of samples at RT. (D and £) Co K-edge XANES (D) and Fourier transform EXAFS spectra (E) of SCPBA and UCPBA. (Fand G) Co
L-edge STXM imaging stack and corresponding NEXAFS spectra of (F) SCPBA@LITFSI and (G) UCPBA@LITFSI composites. (H) Stable geometrical configurations of
LiTFSI on (001) surface of UCPBA. (/) Intrinsic charge densities and spin states of Co, C, and N in UCPBA. (/ and K) Change of coordination bond length in (J) single
LiTFSI molecular and (K) UCBPA adsorbed LiTFSI.

stability through the coupling of the O atom in LiTFSI with Co intrinsic high spin and charge density of Co* (Fig. 11) (31).
(Fig. 1H). In detail, the LiTFSI prefers to adsorb on the Co-N Moreover, the interaction between UCPBA and LiTFSI weakens
site instead of Co—C (81 Appendix, Figs. S7 and S8), due to the the electron coupling effect of Li* and TFSI, resulting in increased
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Fig.2. Preparation and characterization of the LPC and LPC@UCPBA membrane electrolytes. (A) lllustration of the preparation process of LPC and LPC@UCPBA.
(B) Optical photographs of LPC@UCPBA in the plane, folding, and rolling states. (C and D) Cross-sectional SEM images of LPC@UCPBA at different magnifications
(Top-view plot shown in the Inset). (E) EDX maps of LPC@UCPBA. (F) XRD patterns of PVDF-HFP, LPC, and LPC@UCPBA membranes. The gray triangles, red heart,
and blue rhombus are assigned to crystal PVDF-HFP, LiTFSI, and UCPBA, respectively. (G) Tensile modulus of elasticity of LPC and LPC@UCPBA membranes. (H)
Flammability tests of LPC and LPC@UCPBA membranes.

bond lengths of Li-N and Li~F (Fig. 1 Jand K and SI Appendix, The fabrication process of electrolyte membranes consisting of
Table S3). Therefore, the combined effect between the unsaturated an equal mass ratio of LiTFSI and PVDE-HEP composite (LPC)
coordination of UCPBA and the intermolecular dipole interaction with UCPBA (LPC@UCPBA) is shown in Fig. 24. The LPC@
between Co** and LiTFSI contributes to a faster Li* association/  ~ UCPBA membranes exhibit flexible and malleable properties
relaxation. under severe bending (Fig. 2B). Similarly, pure PVDF-HFP and
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LPC membranes without any fillers were also fabricated for com-
parison (81 Appendix, Fig. S9). To show the microstructure mor-
phology and the distribution of LiTFSI, polymer, and fillers, SEM
images of membranes in the view of plane and cross-section are
presented. The pure PVDF-HFP membrane displays a porous
configuration for intrinsic structural support to associate with the
immerged LiTFSI particles (S Appendix, Fig. S10). As shown in
Fig. 2C, the thickness of the LPC@UCPBA membrane is
~100 pm. In addition, the smooth surface of the membrane is
free of notable cracks or voids (/nset of Fig. 2C), and LiTFSI par-
ticles are uniformly dispersed in the cross-linked PVDF-HFP
matrix. Meanwhile, the magnified SEM image in Fig. 2D reveals
the homogeneous distribution of UCPBA fillers in the whole CPE
system, which is further confirmed by the corresponding EDX
mapping images shown in Fig. 2E. Based on all aspects of infor-
mation, the close-grained packing, as well as robust contact
between the fillers and polymer electrolyte, affords a consecutive
network that can achieve effective conductive pathways, which
ensures fast Li* hopping through the stable EFI in the LPC@
UCPBA membrane. The phases and crystallinity of these mem-
branes were characterized by XRD, as shown in Fig. 2F. The pure
PVDEF-HFP exhibits characteristic peaks at 18°, 20°, and 40°,
which correspond to (100), (020), and (021) crystalline peaks of
PVDE, respectively. This confirms the partial crystallization of
PVDF units in the copolymer and reflects a semicrystalline struc-
ture of the PVDF-HFP membrane. A similar pattern was observed
when lithium salt was incorporated in the polymer host. With
LiTFSI immersed, the diffraction peak intensity of PVDF-HFP
is slightly weakened, indicating the amorphous area of PVDF-HFP
has increased in LPC. It is quite obvious that another amorphous
diffraction peak emerges at ~30° for LPC@UCPBA. This reduc-
tion in crystallinity upon the addition of UCPBA is attributed to
small particles of fillers that change the chain reorganization
around EFI which facilitates ionic conduction (32, 33).

Battery safety is another vital index for the practical application
of CPEs (34). Given this, the mechanical properties (Young's mod-
ulus and tensile strength) of LPC and LPC@UCPBA were char-
acterized to evaluate their capability of suppressing Li dendrites.
The results shown in Fig. 2G reveal that the calculated Young’s
modulus (389 MPa) and tensile strength (20 MPa) of LPC@
UCPBA are 41 and 15 times larger than those of LPC, respectively.
This significant improvement is due to the strong intermolecular
dipole interaction between fillers and polymer matrix, which can
afford superior resistance even under violent force, thereby pre-
venting lithium dendrite penetration. Subsequently, the flamma-
bility test was conducted to evaluate the fire-resistant property of
CPE:s (Fig. 2H). The filler-free LPC burns out rapidly in less than
5 s, while the LPC@UCPBA shows a sustained flame retardant
ability in a burning time of 10 s. The improved mechanical and
fire-resistant behavior of LPC@UCPBA is crucial for the safety of
solid-state lithium metal batteries.

The approach used in preparing LPC@UCPBA can be generalized
to synthesize a series of CPEs with different concentrations of fillers
(Fig. 34). To examine the effect of filler concentration on ionic con-
ductivity, a series of quantitative UCPBA (1 wt%, 2 wt%, 5 wt%,
and 8 wt%) were added. RT ionic conductivities of these CPEs were
determined using electrochemical impedance spectroscopy; and the
corresponding Nyquist plots are shown in Fig. 3B. The RT i 1on1c
conductivity of LPC@2%UCPBA is determined as 0.36 mS cm™,
which is approximately three times that of filler-free LPC. With
increasing filler concentration, the RT ionic conductlvmes of CPEs
undergo a slightly decreasing trend from 1.01 x 10 S cm™
(LPC@5%UCPBA) to 0.95 x 107*S cm™ (LPC@8%UCPBA),

which could be caused by aggregation or uneven distribution of
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UCPBA fillers (S Appendix, Fig. S11). To confirm that the improved
RT ionic conductivity of LPC@2%UCPBA is mainly contributed
by the construction of a stable EFI, LPC@2%SCPBA (equal mass
ratio of LPC with SCPBA) membrane with the same filler concen-
tration was fabricated. It is shown that the ionic resistance of
LPC@2%SCPBA is as high as 325 Q cm?® (~13 times that of
LPC@Z%UCPBA) exhibiting a low RT ionic conductivity of 0.29
x 10" S cm™ as expected. This result is consistent with the DFT
results that a stable electrolyte/filler interfacial interaction is beneficial
for the improvement of ion-transport efficiency. The CPEs exhibit
temperature-dependent conductivities with typical Arrhenius-like
behavior, and the calculated activation energies (£,) are in the range
0f0.24 t0 0.33 eV as shown in Fig. 3 Cand D (35). The lowest £, of
LPC@2%UCPBA (0.24 ¢V) further confirms its low energy barrier
for ions hopping between adjacent available sites, which benefits from
the robust and successive EFL. The ;;" is another important parameter
for evaluating the mobility of Li" in the CPEs. The CPE with high
ty;" is beneficial to promote the migration of free Li", which reduces
the concentration polarization of cations/anions in the EFI and elec-
trolyte/electrode interface (36). Here, the LPC@2%UCPBA shows
a higher t;;" of 0.6 in contrast to the LPC (0.42) and the
LPC@2%SCPBA (0.27) (S Appendix, Fig. S12) since TESI is effec-
tively immobilized by UCPBA, enabling the Li* to dominate the ion
transport (Fig. 3E). Therefore, the kinetic features of ionic migration
exhibit good competitiveness with previously reported literature
(Fig. 3F) (37—41). The local environment of LiTFSI among CPEs is
well-investigated through solid-state NMR (ssNMR) spectra, as
shown in Fig. 3G. When cations are in a strongly bound state, for
example, in the LPC@2%SCPBA, it appears as a broad resonance
because of the poor mobility. Notably, the "Li full-width at
half-maximum in LPC@2%UCPBA is as low as 130.3 Hz, much
lower than that of LPC@2%SCPBA (202.3 Hz). The faster T, spin—
spin relaxation indicates a much faster motion of free Li" in
LPC@2%UCPBA (42). In addition, we noticed that the "Li signal
in LPC@2%UCPBA (-1.34 ppm) is downfield shifted compared to
that of LPC (~1.56 ppm). Such a downfield shift generally means a
reduced electron cloud around the nucleus, highlighting the dissoci-
ation of the cations from anions at the stable EFI (Fig. 3H) (43).
After understanding interfacial chemistry in different CPEs,
other electrochemical properties were also investigated. The high
voltage stability of LPC and LPC@2%UCPBA was tested by linear
sweep voltammetry (LSV) in Li//stainless-steel (SS) asymmetric
cells. As shown in Fig. 44, the LPC@2%UCPBA starts to be
oxidized at over ~4.7 V, while the LPC counterpart shows a sharp
oxidizing peak starting at ~4.4 V. In addition, when applying a
4.7 V polarization voltage for 24 h on a Li/LPC@2%UCPBA/SS
cell at RT, the impedance does not show any obvious increase,
indicating a high antioxidative capability of LPC@2%UCPBA
(SI Appendix, Fig. S13). To investigate the lithium reversibility
with different CPEs, a cyclic voltammetry (CV) test in Li//SS cells
was carried out between a voltage range of 3.0 to -0.1 V (44).
Obvious asymmetric Li-plating/stripping curves were observed
for Li/LPC/SS, indicating poor reversibility of lithium in LPC
(Fig. 4B). After CV tests, its impedance increased significantly
with large semicycles, which can be attributed to the irreversible
interfacial reaction of Li-metal and LPC (Fig. 4C). In contrast,
the Li/LPC@2%UCPBA/SS cell presents sharp and symmetric
lithium plating (0 — -0.1 V) and stripping (0 — 0.1 V) curves,
indicating a high lichium plating/stripping efliciency. In addition,
the impedance of the cell does not show a significant increase after
the CV test, indicating the formation of a stable interface between
lithium and LPC@2%UCPBA. It should be noted that since
N,N-dimethylformamide (DMF) was employed as the solvent to
prepare the CPEs membranes, a trace amount of residual DMF
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Fig. 3. Electrochemical and physical characterization of the LPC, LPC@SCPBA, and LPC@UCPBA membrane electrolytes. (A) Optical photographs of LPC,
LPC@2%SCPBA, and LPC@UCPBA with different filler concentrations. (B) Nyquist plots of membrane electrolytes at RT. (C) Arrhenius plots of membrane electrolytes
at different temperatures. (D) Comparison of RT ionic conductivity and £, toward membrane electrolytes. (E) Current evolution of Li//Li cell using LPC@2%UCPBA
electrolyte under a polarization voltage of 10 mV and the related Nyquist plots before and after testing. (F) Comparison of the key properties of LPC@2%UCPBA
electrolyte, including o, £,, and t,;* with those reported in the literature. (G) ’Li sSNMR spectra of LPC, LPC@2%SCPBA, and LPC@2%UCPBA. (H) lllustration of the
relationship between EFI stability and Li*transport efficiency in CPEs. The light blue background represents polymer matrix.

remains in LPC@2%UCPBA owing to the coordination between
DMF and Li" (45). The thermal gravimetric analysis (TGA)
showed a residual DMF content of around 3~5 wt% (SI Appendix,
Fig. S14). Fortunately, the complex of [Li'(DMF),] has been
proven to be positive for improving ionic conductivity in
polymer-based electrolytes because of an easier movement of small
DMF molecules compared with large polymer chains (46). So,
trace DMF coordinated with Li" also contributes to the electro-
chemical improvement in LPC@2%UCPBA.
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The interfacial stability and dendrite suppression capability of
LPC@2%UCPBA were also evaluated in Li//Li symmetric cells.
Stable voltage profiles of lithium plating/stripping are observed
for Li/ LPC@2%UCPBA/ Li cell with an overpotential of ~30 mV
at 0.1 mA cm” (Flg 4D). After a super-long time cycling for
4,000 h, the cell only shows a tiny polarization potential rise of
~20 mV. In addition, the constant polarization potential of ~90
mV can be maintained for more than 153 h at a higher current

density of 0.5 mA cm ?at RT (S7 Appendix, Fig. S15), indicating
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Fig. 5. Performance of Li/SPAN coin cells using LPC and LPC@2%UCPBA electrolytes at RT. (4 and B) CV curves of Li//SPAN cells with a sweep rate of 0.2 mV's™".
(C) Nyquist plots of Li//SPAN cells before and after CV testing. (D) Charge/discharge voltage profiles of Li/LPC@2%UCPBA/SPAN cell at different cycles. (E) Cycling
performance of Li//SPAN cells at 0.5 C. (F) Specific capacity of Li//SPAN cells at different rates. (G) lllustration of Li/LPC@2%UCPBA/SPAN pouch cell. (H) Cycling
performance of Li/LPC@2%UCPBA/SPAN pouch cell at 0.05 C. (/) Nyquist plots of Li/LPC@2%UCPBA/SPAN pouch cell before and after folding test. (/) Cycling performance
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a highly stable interface between lithium and LPC@2%UCPBA,
which enables the homogeneous deposition of lithium thus effec-
tively inhibiting the growth of Li dendrites. In comparison, the
Li/LPC/Li cell can only cycle for less than 850 h with an amplified
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overpotential of 60 mV at 0.1 mA cm™, which exhibits poor
interfacial stability with lithium (Fig. 4D and S/ Appendix,
Fig. S$16). This is strongly confirmed by the top-view SEM images
of cycled lithium (Fig. 4E). Many moss-like Li dendrites are
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observed, which can be attributed to the disordered lithium dep-
osition in different orientations and a continuous accumulation
during repeated charge—discharge cycling (47). In sharp contrast,
the lithium anode in Li/LPC@2%UCPBA/Li shows a smooth
surface with no obvious dendrites after 4,000 h of plating/strip-
ping. The stabilization of the interface and suppression of dendrite
growth can be attributed to the stable electrolyte/UCPBA inter-
faces which act as nanofluidic channels to induce homogeneous
Li* deposition (Fig. 4F). The advantage of UCPBA filler is further
verified by the COMSOL Multiphysics simulation (S Appendix,
Fig. S17), which models the change in lithium deposition mor-
phology and gradient of interfacial ion concentration distribution
(Fig. 4 G=J). The simulation results show that upon deposition of
lithium in the electrolyte without UCPBA, lithium dendrite
quickly grows from the random sites of the lithium surface with
gathered local current density at the tip of the dendrite (Fig. 4G).
‘The inhomogeneous ionic concentration distribution subsequently
induces the continuous growth of dendrite (Fig. 4H). With the
addition of UCPBA, the lithium deposition is found to remain
uniform even after two hours of simulation, which is because
accelerated Li* conduction helps fast supplement lithium and
homogenize Li* flux at the interface. Importantly, even if the den-
drite is generated, the highest current density gradually spreads
from the top of the dendrite, which also ensures homogeneous
and continuous ionic flux (Fig. 4 7and /) (48, 49). The simulation
details are also vividly displayed in Movies S1 and S2.

As one of the high-energy sulfur-containing cathode materials with
both large capacity and long cycling life, SPAN is adopted to inves-
tigate the electrochemical performance of LPC@2%UCPBA electro-
lyte in solid-state Li//SPAN cell (S Appendix, Fig. S18). To enable
the Li* transport among SPAN particles on the cathode film, the
mixture of PVDF-HFP and LiTFSI with a mass ratio of 1:1 was used
as the cathode binder. Same as the previous preparation process of
electrolyte membranes, DMF was employed as the solvent to prepare
theslurry. The CV profiles of Li/LPC/SPAN and Li/LPC@2%UCPBA/
SPAN cells at the voltage range of 1.0 to 2.8 V were compared in
Fig. 5 A and B. Both Li//SPAN cells show typical cathodic peaks at
around 2.0 V in the first cycles, corresponding to irreversible Li"
insertion into polymer chain segments of SPAN, which has been
proven to be beneficial for enhancing the electrical conductivity of
SPAN (50). It is worth noting that the Li/LPC/SPAN cell shows a
remarkable increase in interfacial resistance after the CV tests, indi-
cating serious interfacial side reactions and thus gradually degraded
interfacial contact (Fig. 5C). However, the Li/LPC@2%UCPBA/
SPAN cell can afford a barely changed interfacial resistance in sharp
contrast with Li/LPC/SPAN cell, which is a result of the improved
electrochemical reaction kinetics of Li* between electrodes and elec-
trolytes. The galvanostatic discharge—charge curves of the Li/
LPC@2%UCPBA/SPAN cell in the initial 100 cycles at the current
density of 0.2 C are shown in Fig. 5D. The short voltage plateau
located at ~2.0 V only appearing in the first discharge curve is asso-
ciated with the interaction between Li* and C=N sites of SPAN,
which is consistent with the CV results (51). Subsequently, a sloping
curve is observed with a tiny voltage uplift at around 1.3 V in both
Li//SPAN cells (SI Appendix, Fig. S19), which is likely caused by the
residual DMF inducing an enhanced lithiation reaction kinetics of
SPAN. In the case of LI/LPC@2%UCPBA/SPAN cell, the discharge—
charge curves of the following cycles are substantially overlapped with
negligible hysteresis aggravation, indicating superior electrochemical
reversibility compared with Li/LPC/SPAN cell.

'The cyclability of Li//SPAN cells at 0.2 C and 0.5 C were carried
out. The Li/LPC@2%UCPBA/SPAN cell delivers a reversible spe-
cific discharge capacity of 1,039 mAh g™ at the 100¢h cycle at 0.2
C, which is higher than that of Li/LPC/SPAN cell (862 mAh gfl),
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indicating an enhanced sulfur utilization (87 Appendix, Fig. S20).
In particular, better cyclability and higher capacity retention of
97.6% after 180 cycles at 0.5 C can be obtained for the Li/
LPC@2%UCPBA/SPAN cell, demonstrating its superior cycling
stability over the Li/LPC/SPAN cell (Fig. 5E). The improved cycling
performance is mainly due to the excellent ionic conductivity and
t;" with the addition of advanced UCPBA fillers and the intimate
interfacial contact between CPE and active materials. The rate capa-
bilities of Li//SPAN cells were evaluated through multirate cycling
(Fig. 5F). In terms of the Li/LPC/SPAN, it suffers from a serious
capacity degradation with the increase of current rate, resulting in
a low specific capacity of ~20 mAh g™ at a high current density of
1 C. In contrast, the Li/LPC@2%UCPBA/SPAN cell exhibits a
remarkable rate performance with a high specific capacity of ~600
mAh g™ at 1 C. More importantly, the capacity can be recovered
to ~1,200 mAh g when the current density is switched back to
0.2 C, indicating its good electrochemical reversibility. Overall,
these results reveal that the CPE with ligand-modified UCPBA
fillers enables significant improvements in both the cyclability and
rate capability of solid-state LSBs.

In order to demonstrate the superiority of LPC@2%UCPBA
in a more practical regime, pouch cells with high sulfur-loading
cathodes were fabricated, as shown in Fig. 5G. The pouch cell
delivers a high initial capacity of 12 mAh with a sulfur loading of
4.0 mg (Fig. 5H). After working at a current density of 0.05 C
for 15 cycles, the reversible capacity stabilizes at ~3.3 mAh
(SI Appendix, Fig. S21). Furthermore, the strong mechanical
toughness of LPC@2%UCPBA enables it to remain operational
in a bending state as shown in SI Appendix, Fig. $22. The inter-
facial resistance is barely influenced with a slight increase after
bending (Fig. 51), indicating high flexibility of LPC@2%UCPBA
and stable electrolyte/electrode interface in solid-state LSBs. Given
this, raised sulfur loading of 5.2 mg was also exploited. As expected,
the bent pouch cell delivers a comparable reversible capacity of
~4.2 mAh after 12 cycles with the reported literature (Fig. 5 /and
K and SI Appendix, Fig. S23) (52-54). Furthermore, the pouch
cell can operate at various abuse test states, including needling or
cutting, and can charge for a commercial mobile phone, demon-
strating its excellent practicality (Fig. 5 L and M). In general, the
LPC@2%UCPBA displays advanced flexibility and safety as well
as great potential to be applied in solid-state pouch-type LSBs.

Conclusion

In this work, ligand-modified UCPBA filler is designed to improve
EFI stability in CPEs. The critical role of interfacial stability has been
unraveled by both theoretical and experimental results. Compatible
interfaces between UCPBA and LiTFSI and TESI™ anion absorption
on them promote the dissociation of Li* from LiTFSI and Li* diffu-
sion through the EFL. As a result, in comparison to the filler-free
electrolyte, the proposed LPC@2%UCPBA flexible membrane exhib-
its high RT ionic conductivity of 0.36 mS cm™", high Li" transference
number of 0.6, and a wide electrochemical window to 4.74 V. Thus,
the proposed strategy to improve EFI stability through ligand mod-
ification represents a promising route in constructing a flexible CPE
for safe, robust, and high-performance rechargeable solid-state LSBs.

Materials and Methods

Materials Preparation.

Preparation of SCPBA, UCPBA, SCPBA@LITFSI composites, and UCPBA@LITFSI
composites. All reagents and chemicals were purchased from Sigma-Aldrich
without any purification before use. The SCPBA was synthesized via a coprecip-
itation method. Then, 74.8 mg of Co(CH,C00),-4H,0 (99.5%) was dissolved in
40 mLof deionized water under stirring for 1 h (solution A). In addition, 66.4 mg
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of K5[Co(CN),] (99%) and 0.5 g of polyvinylpyrrolidone (M.w. ~ 40,000, K30)
were dissolved in 60 mL of deionized water under stirring for 1 h (solution B).
Solution Awas added dropwise to solution B, and the reaction process was kept
at room temperature under agitated stirring for 4 h. Then, the pink precipitate
(i.e., Co4[Co(CN),],-12H,0) was collected out and washed with deionized water
three times denominated as SCPBA. Followed by thermal dehydration treatment
of SCPBA under a vacuum condition at 100 °C for 2 h, the UCPBA sample was
achieved. The corresponding composites were prepared by soaking a certain
amount of SCPBA or UCPBA into 1 mL0.1 M LiTFSI/ DMF (anhydrous, 99.8%) solu-
tion for 24 h.Then, the solution was heated overnight at 80 °C under a vacuum
condition and the SCPBA@LITFSI or UCPBA@LITFSI composites were obtained.
Preparation of LPC, LPC@SCPBA, and LPC@UCPBA. The solid-state electrolyte
was prepared through a solution-casting method. Here, 0.4 g of PVDF-HFP (M.w.
~400,000) and 0.4 g of LiTFSI were mixed in 3 mL of DMF solution, followed by
stirring at 80 °C for 4 h. Then, the mixed solution was cast onto a glass substrate
using a doctor blade, and the DMF solution was evaporated at 60 °C for 4 h
to obtain the LPC sample. The LPC@SCPBA and LPC@UCPBA samples can be
achieved when a certain amount of SCPBA or UCPBA is added before the casting
process with other conditions unchanged.

Preparation of sulfur-containing cathodes. The SPAN composite was prepared
by heating the ball-milled mixture of polyacrylonitrile (M.w. ~ 85,000) and sub-
limed sulfur in a given weight ratio at 300 °C under an argon atmosphere for
h.The cathode slurry was firstly prepared by heat-dissolving 0.2 g of PVDF-HFP
and 0.2 g of LiTFSIin 5 mLDMF solution at 80 °Cfor 4 h.Then, 0.4 g of SPAN and
0.2 g of multiwalled carbon nanotubes (>95%) were mixed into the slurry. The
electrodes were prepared by coating the slurry onto an Al foil and dried at 60 °C
for 12 h.The average sulfur loading of SPAN cathodes was calculated to be ~0.5
mg cm ™2 All the preparation processes were carried out in an Arfilled glove box.

Materials Characterization. The morphology of materials was characterized by
SEM (LEO 1530) with an energy-dispersive spectrometer. XRD (Bruker AXS D8), TGA
(TAinstruments Q500), and ATR-FTIR (Thermo Nicolet Avatar 320 Spectrometer)
spectra were employed for analysis of the crystal structures and composition of the
samples.The mechanical performance was tested by a film stress measurement sys-
tem (FSM 500TC-R). Co K-edge XANES measurements and EXAFS analyzation were
performed at Canadian Light Source (CLS), using the soft X-ray Micro-characterization
beamline (SXRMB, 06B1-1). The STXM and Co L-edge measurements were con-
ducted using the SXRMB (10ID-1). The "Li ssNMR spectra of samples were recorded
on a 500 MHz Bruker AVANCE NEO spectrometer equipped with an 11.70 Twide-
bore magnet using a 2.5-mm Bruker MAS probe (DVT design) at 25 kHz MAS.

Electrochemical Measurements. For coin cells (CR2032-type), the as-prepared
LPC, LPC@SCPBA, and LPC@QUCPBA membranes were cut into disks with different
diameters and used as the solid-state electrolyte. Symmetric cells of SS/CPE/SS
were used to test ionic conductivity according to the equation of

oL
T RxS)

where L, R, and S are the thickness, bulk resistance, and area of solid-state elec-
trolyte, respectively, with a Biologic multichannel electrochemical workstation
over the frequency range of 0.1 to 10° Hz and the AC amplitude of 5 mV. The
CPE was cut into a disk with a diameter of 12 mm for the ionic conductivity test.
The E, was calculated according to the Arrhenius equation of

—fa
K = Ae#r,

where K is rate constant, 4 is preexponential factor, R is gas constant, and T is
absolute temperature. The LSV test was determined by employing a Li/CPE/SS
model from 3.0to 5.0V at a scan rate of 1 mV's™". CV of Li/CPE/SS asymmetric
cells was performed on an electrochemical workstation over the potential range
of =0.7t0 3.0 V with a scan rate of 0.2 mVs™". CV of Li/CPE/SPAN full cells was
performed on an electrochemical workstation over the potential range of 1.0 to
2.8V with a scan rate of 0.2 mV's™".

A lithium metal tablet was used as both cathode and anode in Li/Li sym-
metric cells. t;" was measured by combining an AC impedance measurement
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and a potentiostatic polarization measurement with Li/CPE/Li cells. The t;* was
calculated according to the equation:

Is(AV = IyRy)

b+ = ———
T (AV - KR))

!

where AVis the DC polarization voltage (10 mV), I, and / are initial and stable
currents (uA) during polarization, R, and R are the impedance (Q) before and
after polarization.

ALAND CT2003A electrochemical testing system was used to measure the
electrochemical performance of symmetrical and coin cells at room temperature.
The CPE was cut into a disk with a diameter of 19 mm for tests. The performance
of lithium metal batteries with SPAN as cathode was tested with the voltage range
from 1.0t0 2.8 V.

The pouch cells were similarly assembled with lithium metal foil (thickness
of 50 um), CPE, and SPAN electrode inside the glove box. The prepared CPE was
closely attached to the SPAN electrode and followed by a physical pressing process
onto the lithium metal foil. Aland Ni metal tabs were simultaneously heat-sealed
into the pouch cell using Al compound packing film. The sulfur loading of cath-
odes can reach up to 4.0 ~ 5.2 mg.

DFT Calculations. Al of the first-principle calculations were performed based on
spin-polarized DFT by Vienna Ab-initio Simulation Package using a Perdew-Burke-
Ernzerhof exchange-correlation function under generalized gradient approxima-
tion. The electron-ion interaction was considered in the projector-augmented
wave method with a plane wave up to an energy of 500 eV. The bulk PBA and
PBA(001) surfaces were optimized using Monkhorst-Pack with the conditions of
Fermi smearing and a broadening of 0.01 eV, with k-point grids of 2 x 2 x 2 and
1 x 2 x 1, respectively. The atomic relaxation was continued until both the force
acting on the atoms was smaller than 0.01 eVA~" and the energy was converged
to 1 x 107° eV atthe same time. The adsorption energies (AE, ,,) were calculated
using the following formula:

AEads =L

surface+ads

E

surface —

E

ads’

where Eg,ce4a0, 15 the total energy of the system that LiTFSI species adsorbed on
UCPBA(001) surface, E, e is the energy of the clean UCPBA (001) surface, and
E,4 is the DFT energy of LiTFSI species.

Finite Element Method Simulations. The finite element method based on
COMSOL Multiphysics 6.0 was used to simulate the behavior of lithium electro-
deposition. Coupled with the tertiary current distribution module and deformed
geometry module, the following are the main calculations of the governing
equations.

In the solid-state electrolyte, the transfer of Li* is governed by the Nernst—
Planck equation:

zF¢
Niw = =Dy-(Ve = ==V ),

where N, " is Li* flux, D,;" is the diffusion coefficient of Li*, zis the charge of
Li*, ¢y is the concentration of Li*, Fis the Faraday's constant, Ris the ideal gas
constant, Tis the Kelvin temperature, and @ is the electrolyte potential. Li*
in the electrolyte follows the equation of conservation of mass and charge:

aCL,-+
ot

+ VX NU* = 0,
Zz,-c,- =0,
i

where ¢; is the concentration and z is the valence of each species in the
electrolyte.

Atthe interface of the electrolyte and the anode, the deposition process of Li*
can be described by the simplified reaction:

Lit + et o Li,
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The rate of the Li* deposition can be expressed by the local current density, which
is given by the Butter-Volmer equation:

. a,fn G afn
i=lo|exp| = —Eexp A

where i, is exchange current density,  is overpotential, a, and a,. are the
anodic and cathodic charge transfer coefficients, respectively, and ¢, ;. is the
concentration of Li* near the interface.

Therefore, boundary conditions near the substrate can be described as

iO ex aaF'] CLi+eX aan
2F |\ R ) T PP\ R

where n is the normal vector of the boundary.
The resulting electrodeposition was assumed to occur in the normal direction
to the boundary with a velocity v,

NU* -n=

v=1M
" nf p'
where M and p are the molar mass and density of Li metal, respectively.
To simulate the morphology of lithium deposits, we set the interface between the
anode and electrolyte as a free boundary. The plating/stripping thickness of lithium

was used as the displacement in the normal direction and can be expressed by
dx

v, =nN—.
! dt

The diffusion coefficient and transference number of lithium ions in the
solid-state-electrolyte are input from experimental measurements. For the
LPC@2%UCPBA electrolytes, We defined the electrochemical parameters of
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