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Hybrid Polymer Electrolyte Encased Cathode Particles
Interface-Based Core—Shell Structure for High-Performance
Room Temperature All-Solid-State Batteries
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and Seema Agarwal*

1. Introduction

A smooth interfacial contact between electrode and electrolyte, allevia-

tion of dendrite formation, low internal resistance, and preparation of thin The
electrolyte (<20 um) are the key challenging tasks in the practical applica-
tion of Li;La3Zr,0,, (LLZO)-based solid-state batteries (SSBs). This paper
develops a unique strategy to reduce interfacial resistance by designing

an interface-based core—shell structure via direct integration of Al-LLZO
ceramic nanofibers incorporated poly(vinylidene fluoride)/LiTFSI on the
surface of a porous cathode electrode (HPEIC). This yields an ultrathin solid
polymer electrolyte with a thickness of 7 pm. The integrated HPEIC/Li SSB
with LiFePO,/C exhibits an initial specific capacity of 166 mAh g at

0.1 C and 159 mAh g! with capacity retention of 100% after 120 cycles at
0.5 C (25 °C). The HPEIC/Li SSB with LiNiggMngCo, 10, cathode delivers

a good discharge capacity of 134 mAh g after 120 cycles at 0.5 C. The
rational design of interface-based core-shell structure outperforms the con-
ventional assembly of solid-state cells using free-standing solid electrolytes
in specific capacity, internal resistance, and rate performance. The proposed
strategy is simple, cost-effective, robust, and scalable manufacturing, which

is essential for the practical applicability of SSBs.
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conventional liquid electrolyte
has adverse reactions, such as a highly
flammable nature and dendrite forma-
tion, which causes the battery to short-
circuit, promoting the risk of fire and
explosion.!) Various catastrophes with
traditional liquid-based Dbatteries have
prompted intense research focusing on
entirely solid-state batteries (SSBs). The
transition from flammable liquid elec-
trolytes to solid-state electrolytes (SSEs)
not only increases battery safety but also
enables Li metal to be used as a superior
anode material due to its unique proper-
ties of the high theoretical capacity of
3860 mAh g! and low electrochemical
potential —3.4 V versus standard hydrogen
electrode.>?! Thus, SSBs are predicted
to be the most secure, adaptable, high-
energy density, and long-lasting energy
storage devices for electric vehicles and
grid energy storage. The key hurdles in
bringing all-SSBs to life include the rise
in the internal resistance of solid materials during cycling,
poor interface compatibility, and low ionic conductivity.* In
addition, SSEs play a vital role in optimizing the electrochem-
ical performance of SSBs.

SSEs are broadly categorized into three types; i) solid-state
inorganic electrolytes (SSIEs) which include superionic con-
ductor Li;yGeP,S;, (LGPS), Garnet type- Li;La;Zr,0y, (LLZO),
and perovskite LigsLaysTiO; (LLTO); ii) solid organic polymer
electrolytes (SOPEs) (poly(ethylene oxide) (PEO), poly(vinylidene
fluoride) (PVDF), polyacrylonitrile (PAN), etc., with lithium
perchlorate (LiClO,) and lithium bis(trifluoromethane sul-
fonyl)imide (LiTFSI) salts); and iii) solid organic-inorganic
composite electrolytes.l’! SSTEs have high ionic conductivity,
a broad electrochemical stability window, and electrochemical
reactivity. Nonetheless, they are primarily powders, restricting
the feasibility of SSB production.’! SOPEs offer strong flex-
ibility, film-forming ability, and interface compatibility but
have limited ionic conductivity, a narrow electrochemical sta-
bility window, low transference number, and poor mechanical
stability.®! Hence, the combination of superior properties of
organic polymers with inorganic ceramic materials provides

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202202981&domain=pdf&date_stamp=2022-11-29

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

an effective composite polymer electrolyte (CPE) for devel-
oping high-performance SSBs. In this regard, LLZO with cubic
structure is a better solid electrolyte host due to its high ionic
conductivity (1073 to 10* S cm™ at room temperature), good
electrochemical stability window (>5 V), great stability against
Li-metal.>®! However, LLZO material has poor air stability and
easily generates Li,CO; on the surface due to subsequent con-
tact with CO, in air and the grain boundaries within LLZO as a
result of a Li*/H* exchange.’) These manifestations reduce the
ionic conductivity of LLZO following air contact and drastically
impair battery performance. The surface properties of LLZO
can be modified by incorporating various polymer matrices
such as PVDF, PEO, PAN, etc., owing to their high dielec-
tric constant and Li* solvating ability.”] The PEO is the most
widely explored polymer electrolyte; it has a low electrochem-
ical stability window (<3.8 V); PEO and Li salts are hygroscopic,
making them unstable and have low ionic conductivity of
10° S cm™ at ambient temperature,® restricting their appli-
cation in high-energy-density SSBs. The PVDF has better
mechanical, thermal, and electrochemical stability than PEO."!
The PVDF is the most often used polymer binder in fabricating
electrode materials because it improves the interfacial contact
between electrode and electrolytes and has superior mechan-
ical compatibility during the charge—discharge process. Fur-
thermore, PVDF has a strong polarization effect, dissociating
lithium ions and enhancing ionic conductivity.!% The PVDF-
based polymers are a great choice for dealing with interface
incompatibility difficulties in the design of hybrid solid polymer
electrolytes (HPEs).

Among the numerous HPEs containing LLZO particles,
the polymer/LLZO nanowires or fibers-based HPEs showed
improved electrochemical window stability, ionic conduc-
tivity, flexibility, and electrochemical stability against lithium
metal."3] The Al substituted LLZO fiber networks were
synthesized using electrospinning procedures and turned
into 3D coral-like LLZO networks that were employed as
free-standing 3D active nanofiller in a PVDF/LiClO, with a
thickness of 100 um. The mechanical stability of the 3D
coral-like CPE was up to 5.9 MPa, with an ionic conductivity
of 1.51 x 10* S cm™ and a transference number of 0.47. Yirui
et al.® used the blow-spinning method to create a 3D LLZO
nanofiber framework and made a composite with PVDF-HFP
and PPC to produce a free-standing and flexible CPE (100 pm).
Recently, Tadesu et al.'® prepared Aluminium-doped LLZO
(AlI-LLZO) nanofibers embedded PVDF-based free-standing
hybrid SSE (184 um) and reported an initial capacity of
162 mAh g! with capacity retention of 92.41% after 100 cycles
at 0.1 C. Mengmeng et al.”] synthesized CPE by integrating
3D-LLZO fibers into PVDF-PEO hybrid polymer matrices con-
taining LiTFSI salt. It delivered discharge capacities of 141.4,
141.5, 143.3, 139.7, and 130.8 mAh g! at different current rates
of 0.2, 0.3, 0.5, 1, and 2 C. Xuewen et al.¥ fabricated free-
standing PEO/LLZO nanofibers CPE (62 um) by quenching in
liquid nitrogen. The SSB delivered an initial discharge capacity
of 138 mAh g! with capacity retention of 74.8% after 300 cycles
at 0.5 C. According to the literature review, all prior investiga-
tions developed free-standing polymer/LLZO-based solid elec-
trolytes with a high thickness (40-184 pm) that exhibit poor
interface contact and high interfacial resistance. Very few SSBs
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demonstrate reasonable electrochemical performance due to
their high electrode/electrolyte interface resistance, poor inter-
face compatibility between cathode and electrolytes, and high
operating temperature (40-70 °C).>18-2 The LLZO-based SSBs
suffer from lithium dendrite formation during battery opera-
tion when lithium metal is used as an anode.’! Numerous
studies revealed mechanical, thermal, and ionic conductivity
improvements but failed to suppress dendrite formation at
high current densities, minimize the thickness, and improve
solid-solid interface contact.> "] The inhomogeneous con-
tact of LLZO particles with the lithium anode results in high
interface resistance and lithium dendrites. Hence, the design of
a smooth interfacial contact between electrode and electrolyte,
reducing the dendrite growth, decreasing interface resistance,
porosity of the cathode electrode, preparing thin electrolyte
(<20 um), and improving the interfacial contact are the major
challenges in the practical application of LLZO-based SSBs.

These significant challenges were addressed in this work
by employing a unique stratey. We prepared a very thin solid
electrolyte (=7 um), by designing an interface-based core-shell
structure with direct integration of PVDF/LITFSI/Al-LLZO
hybrid polymer electrolyte (HPE) on the surface of a porous
LFP and NMCB811 cathode electrodes (Scheme la-d) which is
the first report on developing a very thin electrolyte among the
reported LLZO-based SSB scenarios. The optimized composi-
tion of Al-doped LLZO ceramic nanofibers in HPE is infused
into the surface of the cathode using a three-step process that
fills the pores and micro-voids of the electrode, reducing pore
inadequacies and improving adhesion between the cathode and
electrolyte interface as shown in Scheme 1b. In this process,
the composite polymer uniformly covered the cathode parti-
cles, preventing cathode particle cracking during the charge—
discharge process. The low viscous HPE solution with carbon
additive coated on the porous cathode significantly improved
Li-ion diffusion in the cathode and solid electrolytes. This
method makes it easier to produce a thin solid electrolyte, dra-
matically reduces interfacial resistance, and improves the elec-
trochemical performance of cathode materials. The integrated
LFP-HPEIC/Li SSB delivered a high capacity of 159 mAh g
with capacity retention of 100% after 120 cycles at 0.5 C rate
at 25 °C. The interface-based core-shell structured HPEIC
exhibits lower internal resistance and high Li-ion diffusion,
good specific capacity, and rate performance.

2. Results and Discussion

2.1. Material Characterizations

Al-LLZO ceramic nanofibers with the cubic structure were
prepared using electrospinning of a precursor solution with
polyvinylpyrrolidone (PVP) template polymer followed by the
calcination of the as-spun nanofibers. The thermogravimetric
analysis (TGA) was carried out to optimize the calcination tem-
perature of Al-LLZO nanofibers, as shown in Figure la. As
spun Al-LLZO nanofibers exhibit different weight losses, with
a 14% weight loss due to solvent evaporation and a significant
weight loss (30%) recorded at temperatures ranging from 300
to 400 °C due to PVP polymer matrix degradation. A weight loss
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Scheme 1. Schematic representation: a) Fabrication of HPEs, b) design of interface-based core—shell and HPE enabled Li-ion diffusion, c) integrated
HPEIC|Li SSB, and d) advantages of HPEIC over free-standing solid electrolytes.

started at 500 °C and ended at 700 °C as a result of the parent
chemical processes of the LLZO precursors. There is no weight
loss after 700 °C, confirming the formation of Al-LLZO crystal
structure.’ Consequently, the calcination temperature was
fixed between 600 and 800 °C to obtain pure phase Al-LLZO
nanofibers. The X-ray diffraction (XRD) pattern of Al-LLZO
ceramic nanofibers calcined at 600, 700, and 800 °C for 3 h at
a heating rate of 1° min~! is shown in Figure Sla—c, Supporting
Information. The impurity phase La,O; (Joint Committee on
Powder Diffraction Standards card: 96-200-2287) is observed
in AI-LLZO nanofibers calcined at 600 and 700 °C (indicated
as ¢ in Figure Sla,b, Supporting Information). The impurity
peaks in Al-LLZO at 700 °C are less visible than in the sample
calcined at 600 °C (Figure S1b, Supporting Information). The
Al-LLZO nanofibers calcined at 800 °C show a cubic struc-
ture (space group la3d) with no impurity phases (Figure Sic,
Supporting Information), which is consistent with previous
studies?22l and ICDD data (96-155-2154).

Furthermore, the XRD patterns of the samples are compu-
tationally fitted using Rietveld refinement (Fullprof software)
to enumerate the impurity phase (La,O3) and Al-LLZO phase
and acquire the accurate cubic lattice parameters, as shown
in Figure 1b—d. The refinement results are listed in Table S1,
Supporting Information. The refinement results (Table S1, Sup-
porting Information) imply that the cubic lattice cell parameter
of AI-LLZO at 800 °C is 12.986 A, which is comparable to the
value (a = 12.972 A) reported by Mengesha et al.'®l The find-
ings demonstrate that La, Zr, and O ions occupied the 24c, 16a,
and 96h sites in the cubic phase of Al-LLZO nanofibers, while
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Li; and Li, ions occupied the 24d and 96h sites (Figure S2 and
Table S1, Supporting Information). The refinement of the XRD
pattern ensured that the AI** ions could be occupied at the 24d
position, which is a necessary arrangement for interconnecting
the Li* ion diffusion in the Al-LLZO nanofiber.?! The prepa-
ration of electrochemically stable cubic structure LLZO is the
key problem at the material level. It could be obtained via solid-
state or other chemical processes at high-temperature calcina-
tion at roughly 1100 °C. However, the high-temperature calcina-
tion produces large particle sizes (5-7 pm), resulting in high
grain and grain boundary resistance. These microparticles are
difficult to disperse uniformly in the polymer host and high
grain boundary resistance has an impact on electrochemical
performance. As a result, AI-LLZO ceramic nanofibers with a
cubic structure were prepared in this study by electrospinning a
precursor solution containing PVP template polymer and opti-
mized the calcination temperature of the as-spun nanofibers.
Ceramic nanowires have been investigated as electrode
materials for electrochemical energy storage devices. The elec-
trospinning technology has been approved as a method of pro-
ducing polymer, composite, ceramic, and carbon nanofibers.
Ceramic nanofibers are normally made by electrospinning
ceramic precursors in the presence of polymer, followed by cal-
cination at higher temperatures. The high-quality short ceramic
nanofibers were prepared by optimizing the parameters such
as optimum polymer and a sol-gel precursor, electrospin-
ning of the solution under appropriate conditions to generate
nanofibers containing inorganic precursor and calcination of
the as spun nanofibers at appropriate temperature to remove
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Figure 1. a) TGA curve of as spun Al-LLZO ceramic nanofibers; Rietveld refined XRD patterns of Al-LLZO nanofibers: b) calcined at 600 °C, c) calcined

at 700 °C, and d) calcined at 800 °C.

polymers.?’l In this work, the concentration of PVP has been
tuned by altering the different wt% of PVP polymer (Figure S3,
Supporting Information). The polymer solution concentra-
tion influences the formation of ceramic nanofibers and their
size, diameter, and final product. Low polymer concentration
electrospinning produces a variety of beads and non-uniform
fiber diameters. The low concentration of PVP loading into
the electrospinning syringe caused a surface tension and elec-
trical force effect during liquid jet formation at the tip of the
needle, resulting in the development of beads on nanofiber sur-
faces. The quantity of polymer decomposition during calcina-
tion was more noticeable at high PVP polymer concentrations,
resulting in non-fibrous Al-LLZO powder and less Al-LLZO
content. Among the various PVP concentrations tested, the
Al-LLZO precursor solution containing 10 wt% PVP produced
more uniform and short ceramic nanofibers; hence 10% was
chosen as the optimal concentration for producing Al-LLZO
nanofibers. Figure 2a depicts a field emission-scanning elec-
tron microscopy (FE-SEM) micrograph of as spun Al-LLZO
ceramic nanofibers. The as-prepared sample has a consistent
distribution of Al-LLZO nanofibers with diameters ranging
from 80 to 150 nm. The sample calcined at 600 °C displays
Al-LLZO nanofibers with porous microstructures with a more
or less homogenous distribution (Figure 2b). The nucleation
and growth of the AI-LLZO ceramic crystal fibers network
broaden the shape and diameters of the fibers. The surface
morphology of Al-LLZO nanofibers is disrupted when the
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sintering temperature is gradually increased to 700-800 °C
(Figure 2c¢,d). The low-temperature calcination results in inter-
connected porous nanofibers, but high-temperature sintering
results in significantly less porous 3D nanofibers; as a result,
the nanofibers are intertwined. Furthermore, the formation
of ceramic Al-LLZO nanofibers sintered at 800 °C is ensured
by transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) pattern analysis, shown in
Figure 2e,f. It indicates that electrospun fibers calcined at high
temperatures show a uniform dispersion of short 3D fibrous
networks. The interplanar distance (d) was calculated from
the SAED pattern as described in the literature.?>?”] The inter-
planar distances of the AI-LLZO determined by SAED are 0.424,
0.285, and 0.163 nm, corresponding to the diffraction peaks at
260 =16.67°, 30.8°, and 52.68° and their crystallographic planes
(112), (024), and (246). The d values obtained from SAED are
comparable to that obtained from XRD, which ensured the for-
mation of cubic Al-LLZO ceramic nanofibers.

The HPEs were synthesized by incorporating different compo-
sitions of cubic structure Al-LLZO ceramic nanofibers (calcined
at 800 °C) into the PVDF/LIiTFSI (SPE) polymer salt. Figure 2g
depicts the effect of highly crystalline Al-LLZO nanofibers on
the structural characteristics of SPE. It exhibits a typical XRD
peak at 26 = 20.5° due to the 110/200 reflection of the B-phase
PVAF,® as well as a peak at 260=18° and a broad hike about 20=
40° assigned to the y phase PVDF?% in the HPEs. The introduc-
tion of 5 wt% AI-LLZO into the SPE disrupts the semicrystalline

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAREa.D 8|qeol|dde au Aq peusenob ae saolle YO @S JO 3| 10} Aeiqi8UI|UO A8]IAA UO (SUORIPUOD-PUB-SWBI W0 A8 | IMAleIq Ul UO//:SANY) SUORIPUOD pue sWwie 1 8y} 89S *[£202/20/9T] Uo AkiqiTaulluo A8|im ‘Yine.keq BerseAIUN Ad 186202202 WUSe/Z00T 0T/I0p/W00 A8 | iMAteIq Ul |uoy/sdny woly pepeojumod ‘T ‘€202 ‘0v8IrTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

~— HPE:AI-LLZO:10

—:85PE

Intensity (a. u)
(I
T
m
>
r'_
N
O
[6)]

—LiTFS salt

| I — Al-LLZO nanofibers
10 20 30 40 50 60 70 80
26 (degree)

www.advenergymat.de

5 —HPE:A-LLZO:25
8
3
c —HPE:ALLZO:15
E nJ { | . = i
E L l\i ‘-u | iy '
g | — HPE:AI-LLZO:10
|: ~——
! ——HPE:A-LLZO:5
1172 ‘I .‘ ~—
g vV 82 —SPE

B© 31078~ @ 1639

500 1000 1500 2000 2500 3000 3500
Wavenumber (cm1)

Figure 2. a) FE-SEM micrographs of the as-spun Al-LLZO nanofibers, b) calcined at 600 °C, c) 700 °C, and d) 800 °C for 3 h. €) TEM image and
f) SAED pattern of Al-LLZO ceramic nanofibers calcined at 800 °C. g) XRD and h) FTIR spectra of SPE and HPE with different composition of Al-LLZO

ceramic nanofibers.

structure of the PVDF host and reduces the crystalline peaks
of PVDF. The peak owing to PVDF crystalline is entirely sup-
pressed as the concentration of AI-LLZO nanofibers increases,
but the peak due to the highly ionic conductive cubic phase of
AlI-LLZO increases as the concentration of ceramic nanofibers
increases. The 15 wt% Al-LLZO added HPE has fewer crystalline
peaks than the 25 wt% Al-LLZO HPE without any polymer and
salt peaks, indicating a synergetic interaction between polymer
and nanofiber fillers. The Al-LLZO reduces the crystallinity of
the polymer matrix; when the AI-LLZO content exceeds 10 wt%,
the SPE shows no crystalline peaks, confirming amorphization.
The crystalline peaks of LiTFSI salts (26 = 10.70°, 13.60°,
15.87°, and 18.93°) do not significantly emerge in the SPE and
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5,10, and 15 wt% AI-LLZO added HPE membranes, suggesting
that the salt and polymer/Al-LLZO are perfectly complex.
However, at high composition of AI-LLZO, a small peak
observed at 260 = 13.74° is due to crystalline phase of salt. The
Fourier transform infrared spectroscopy (FTIR) analysis was
used to evaluate the interaction between ceramic nanofibers
and polymer/salt matrices (Figure 2h). The SPE demonstrates
the vibrational peak at 1078 cm™ caused by the asymmetric
stretching vibration of the C—C backbone in PVDF polymer.?!
The vibrational modes observed at 1172 and 1239 cm™ are
attributed to the asymmetric stretching of the CF, and C—C
bonds.% The peak observed at 609 and 874 cm™ are due to
CF, bending and the amorphous phase of Bphase,?*?® and
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the deformation vibration of CH, originated at 1389 cm .14

The bands originated at 658 and 1639 cm™ are attributed to the
S = O stretching and LiTFSI aggregation.l??l The characteristic
vibrational peaks of the PVDF/LITFSI (1389 and 1078 cm™) are
shifted toward the low-frequency region, the intensity of peaks
related to CF, and C—C vibrations changes, and the emergence
of a peak at 1419 cm™ after the addition of Al-LLZO nanofibers
into SPE, suggesting a significant interaction between the
Al-LLZO and PVDF/LiTFSI matrices. The intermolecular inter-
action of AI-LLZO nanofibers and PVDF weakened the crys-
talline properties of the PVDF polymer chains. Furthermore,
the peak associated with LiTFSI agglomeration changed from
1639 to 1658 cm ™, and its intensity variation in HPEs, implying
that the insertion of cubic AI-LLZO ceramic nanofibers
promotes Li* TFSI™ dissociation and hence increases the free
Li-ions in the HPEs.3233

2.2. lonic Conductivity, Thermal and Mechanical Stability

Impedance spectroscopy was used to examine the ionic con-
ductivity of SPE and HPEs by placing the membranes between
stain-less steel blocking electrodes in a Swagelok cell at room
temperature. The Nyquist plots of SPE and HPEs are shown
in Figure 3a,b. All the samples show a high-frequency semi-
circle with a low-frequency spike, clearly distinguished by
Nyquist admittance (Figure S4a, Supporting Information). The
depressed semicircle at high frequencies is caused by the bulk
resistance of SPE and HPEs, whereas the tilted spike at low
frequencies is due to electrolyte/contact electrode blocking.34
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The bulk resistance (R;,) of membranes can be calculated at the
intersection of the semicircle on the real (Z’) axis in the low-
frequency zone,!l but this method does not yield the exact bulk
resistance if the Nyquist plots show a depressed semicircle, par-
ticularly if the AI-LLZO concentration exceeds 10 wt%. Hence,
more accurate bulk resistance of SPE and HPEs can be obtained
by theoretically fitting the Nyquist plots with an equivalent
circuit model using EC lab software (Figure S4b, Supporting
Information). The fitted resistance values and calculated ionic
conductivity (using Equation (1)) of the SPE and HPEs are pre-
sented in Table S2, Supporting Information.

The bulk resistance of HPEs reduces as the concentra-
tion of AI-LLZO increases up to 15 wt% while it increases
beyond 15 wt% (Figure 3c). The conductivity of the 15 wit%
Al-LLZO integrated HPE is 1.712 x 10 S cm™ at 25 °C, which
is two orders of magnitude greater than the SPE membrane
(1702 x 10° S cm™). It demonstrates that 15 wt% Al-LLZO
is the optimal concentration for improving the structural and
electrical properties of HPEs. Well-dispersed interconnected
Al-LLZO ceramic nanofibers reduce the degree of crystallinity
of PVDF by disrupting its regular chain arrangements thereby
expanding free volume and increasing the proportion of amor-
phous phase. The Li-ions move freely through the enhanced
free volume or flexible-amorphous phase of the PVDF host.
As a result, the enriched amorphous phase of PVDF improves
the polymer's chain segment mobility, resulting in a higher
ion conductivity than crystalline polymer. Furthermore,
the interconnected Al-LLZO in the polymer/salt complex
improved salt dissociation and served as pathways for rapid
Li-ion transport. The AI-LLZO serves as a conductive network
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Figure 3. a,b) Nyquist plots of SPE and HPEs at room temperature measurement, c) conductivity versus concentration of Al-LLZO ceramic nanofibers,

and d) TGA curves of SPE and HPEs.
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with negligible grain boundary resistance within the complex
polymer matrices. The ceramic nanofibers also accelerate the
dissociation of Li* TFSI™ ion pairs via Lewis acid/base interac-
tions, resulting in higher concentrations of mobile Li-ions and
hence increased ionic conductivity.1®3%! The crystalline phase of
AI-LLZO acts as additional conduction channels, which is ben-
eficial for enhancing ionic conductivity. Taking into account the
contributions of the enhanced amorphous phase and contin-
uous ionic transport channels of AI-LLZO ceramic nanofibers,
the HPE demonstrated higher ionic conductivity than the SPE.
The TGA analysis was used to infer the thermal stability of
the SPE and HPEs, as shown in Figure 3d. The thin SPE and
HPE films heated twice at high vacuum result in no significant
weight loss of solvent and moistures between the temperatures
25-300 °C. The two-step heating method is adequate to remove
the solvent from the thin SPE and HPEs films. The weight loss
of the LiTFSI salt at 360-470 °C (Figure S5a, Supporting Infor-
mation) demonstrates salt decomposition. The considerable
weight loss observed between 320 and 400 °C and 410-520 °C
due to salt and salt/polymer degradation. The weight was
remaining from HPEs containing 15 and 25 wt% AI-LLZO after
heating at 550 °C is 45.5 and 5741 wt%, respectively. The results
show that the HPEs have good thermal stability (Figure 3d and
Figure S5b,c, Supporting Information) which can be used in
high-temperature lithium batteries.

According to the structural, optical, electrical, and thermal
properties of HPEs, 15 wt% Al-LLZO is optimized; hereafter,
the present work has focused on investigating the electrochem-
ical performance of 15 wt% Al-LLZO incorporated HPE in com-
parison with SPE and high concentration of ceramic nanofibers
(25 wt%). Thermal shrinkage and flame-retardant performance
of SPE and HPEs are shown in Figure S5b,c, Supporting Infor-
mation. When the temperature is raised above 150 °C, the SPE
sample suffers from severe volume shrinking (Figure S5b,
Supporting Information). The change in volume and shape of
the solid electrolyte membrane causes direct contact between
the cathode and anode, resulting in a short circuit and sig-
nificant capacity fading. The HPEs possess enhanced thermal
shrinkage behavior even at high temperatures (200 °C), an
essential feature of solid polymer electrolytes for tuning the
cycle life of SSBs. The flame test was carried out multiple times
to confirm the flame retardancy of SPE and HPEs as shown
in Figure S5c¢, Supporting Information. In comparison to
HPEs, the SPE has limited thermal stability and began to burn
and produce smoke within 1 s of coming into contact with an
ignited lighter. Even after several seconds, the HPEs exhibit
excellent heat stability, with most of the membranes remaining
intact. The HPE:Al-LLZO:25 has much better flame retardancy
than HPE:Al-LLZO:15, and the low flammability of HPEs pro-
vides good safety for Li-metal batteries and SSBs.

Figure 4a—c, depicts the surface morphology of free-standing
SPE, and HPEs, in which the SPE shows a non-uniform
sphere-like rough surface morphology with many micropores
and cavities of PVDF/LiTFSI particles (Figure 4a) limiting
Li-ion transport and reducing ionic conductivity. The HPEs also
have a sphere-like morphology that is more homogeneous than
SPE, with no visible cavities or micropores. The difference in
the surface morphology of SPE and HPE are attributed to the
incorporation of Al-LLZO ceramic nanofibers into SPE which
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interconnects the microparticles of the PVDF/LiTFSI complex
and fuses the micro-voids, resulting in the uniform and densi-
fied microstructures of HPEs (Figure 4b,c).The uniform distri-
bution of interlinked ceramic nanofibers and polymer matrix
with no defects enables rapid Li-ion transportation and diffu-
sion, increasing polymer electrolyte's ionic conductivity.'! The
mechanical strength and flexibility of a solid polymer electro-
lyte are essential in improving the safety and durability of SSBs
in long-term operation. Figure 4d depicts the stress—strain
curves of SPE and HPEs; the tensile strength of SPE is found
to be 10 MPa, and the strain around 200%. The addition of 15%
Al-LLZO ceramic nanofibers to SPE improves tensile strength
from 10 to 15 MPa, and strain is =179%. Furthermore, the flex-
ibility and mechanical performance of HPE (15 wt%) were
examined Dy lifting loads of 250 and 542 g using a membrane
with dimensions of 1 cm x 8 cm (width and length), as shown
in Figure S6a—c, Supporting Information, (photographs). The
HPE can endure the same size and shape before and after
lifting the load (Figure S6c, Supporting Information). The
bent and twisted HPE shows good flexibility (Figure 4f,g). The
superior mechanical strength and flexibility of HPE (15 wt%)
are due to the homogeneous distribution of highly conductive
unique short 3D Al-LLZO ceramic nanofibers and the strong
adhesive effect between ceramic nanofibers and PVDF polymer
matrix.”! The obtained tensile strength (14.88 MPa) and strain
(179%) of HPE are significantly higher than many recent
reports.?101733] The significant improvement in mechanical
strength and elastic qualities will allow the HPE to have excel-
lent stability at low membrane thickness and good lithium den-
drite suppression capability. The higher concentration (25 wt%)
of AI-LLZO results in greater tensile strength of 21.05 MPa but
a lower strain (96%) than SPE and HPE (15 wt%); this poor
elastic performance affects the flexible operation of SSB. Solid-
state 'Li NMR is a powerful tool for inferring the chemical
environment of Li-ions and transport pathways, as shown in
Figure 4e. The 7Li NMR (30 kHz) signals observed at 1.2, 0.2,
0.3, and 0.5 ppm indicate the presence of Li-ions in the Al-
LLZO ceramic nanofibers, SPE, and HPEs membranes, respec-
tively.3¢3”) The 7Li NMR signal of SPE (0.2 ppm) shifted to 0.3
and 0.5 ppm when 15 and 25 wt% Al-LLZO were added to SPE,
indicates the addition of ceramic fillers can reduce the crystal-
linity of polymer and salt which in turn increases the disorder
of Li-ion local environments within polymers, manifested as
shifted resonances in 7Li NMR. The finding demonstrates, the
formation of a complex between AlI-LLZO ceramic nanofibers
and PVDF/LIiTFSI, implying that the Al-LLZO-polymer matrix
interface provides an additional Li-ion conduction pathway,
thereby increasing the ionic conductivity of HPE.

2.3. Electrochemical Stability and Li Transference Number

The Li-ion transference number (;;,) has been used to examine
the ion transport performance of an electrolyte, and the chrono-
amperometric polarization curves of SPE and HPE are shown
in Figure 5a—c. The tj;, was calculated using Equation (2),
and it is observed that the HPE with 15 and 25 wt% Al-LLZO
exhibits the t;;, value of 0.720 and 0.715 which is higher
than SPE (0.157) and conventional liquid electrolyte (=0.2 to
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Figure 4. FE-SEM micrographs of a) SPE, b)15 wt%, and c) 25 wt% AI-LLZO incorporated HPEs. d) Stress—strain curves. e) ’Li NMR spectra of
Al-LLZO ceramic nanofibers, SPE, and 15 and 25 wt% Al-LLZO incorporated HPEs. f,g) Bent and twisted elastic performance of HPE with 15 wt%

Al-LLZO membranes.

0.35).1% The low transference number is due to the intense
polarization in the SPE electrolytes. Anion migration is more
significant in the SPE, lowering the transference number. The
transference number of SPE determined in this work is similar
to that reported in the literature for PVDF/LiTFSI-based sys-
tems (ty;, = 0.16).]
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The enhancement of t;;, HPEs is attributed to the inherent
Li-ion conductivity of Al-LLZO ceramic nanofibers, strong
interaction between TFSI™ and Al-LLZO ceramic nanofibers
as evidenced by intensity variation and shift in the FTIR
vibrational mode observed at 1659 cm™ (Figure 2h), and
enhanced segmental motion of polymer chains arising from
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Figure 5. a—c) Chronoamperometric polarization curves, electrochemical impedance spectra before and after polarization (inset pictures), and d) linear

sweep voltammetry curves of SPE and HPEs.

the amorphous phase of PVDF. The high #;;, value of HPE
facilitates smooth Li-ion transportation, limiting space charge
layer influence and producing a uniform Li-ion concentration
for good Li-ion striping/plating performance. Furthermore, a
slight fluctuation in polarization resistance before and after a
steady state (Figure 5b, inset) indicates that the HPE (15 wt%)
is more stable in the presence of Li metal batteries. The linear
sweep voltammetry (LSV) was used to determine the electro-
chemical stability of SPE and HPE membranes, as illustrated
in Figure 5d. The electrochemical stability window of the SPE
and HPEs containing 15% and 25% Al-LLZO are 4.90, 5.01, and
5.12 V, respectively. The wide electrochemical stability window
allows HPEs to be used in high voltage SSB batteries.

2.4. Li Symmetric Cell Dendrite Tests

Dendrite formation during charge—-discharge is a crucial con-
cern with lithium metal-based anode SSBs. Dendrites are
formed as a result of the non-uniform deposition of Li, which
penetrate the weak electrolyte and short circuit the battery. The
interface stability of anode/electrolyte of the best performing
free standing HPE with 15 wt% AI-LLZO nanofibers was
investigated by preparing the Li/HPE/Li symmetric cell and
compared it to the SPE symmetric cell (Li/SPE/Li). Figure 6a
depicts the galvanostatic charge-discharge profile of SPE and

Adv. Energy Mater. 2023, 13, 2202981 2202981 (9 of 18)

HPE symmetric cells over 700 h at 25 °C at different current
densities of 0.25, 0.5, 1, 2, and 4 mA cm~2. The SPE symmetric
cell has a stable polarization potential of 128 mV with a cou-
lombic efficiency of 875% over 100 h at 0.25 mA cm~2. When
the current density is increased to 0.5 mA cm™2, the polariza-
tion voltage increases with the number of repeated cycles and
short-circuits after 216 h. The SPE symmetric cell displays an
arc-shaped charge—discharge profile (Figure 6b) with a low cou-
lombic efficiency, which is attributed to dendritic and dead Li
accumulation.®® The SPE and HPE exhibit the overpotential of
520 and 11.7 mV after 250 h at 0.5 mA cm~2 (Figure 6¢c), and
the large degree of polarization arising from severe Li-dendrite
nucleation and growth at the anode/electrolyte interface.l3® The
plating/striping of a Li/HPE/Li symmetric cell reveals uniform
charge—discharge plateau profiles over 700 h with current den-
sities ranging from 0.25 to 4 mA cm™2. At high current den-
sity, the HPE delivered stable and uninterrupted cycles with
polarization voltage of 35 mV and 99.9% coulombic efficiency
(Figure 6d) (4 mA cm™2).

The HPE symmetric cells were continuously charged and
discharged at a high current density of 7 mA cm™ for 1050 h,
as presented in Figure 6e. It showed that the HPE has excellent
lithium striping/plating performance, with no short circuits
occurring after 1050 h of operation without voltage fluctuations
(Figure 6g) and the polarization potential remaining stable at
79 mV (Figure 6f).
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Figure 6. a)Galvanostatic cycling performance of Li|SPE|Li and Li|HPE:AI-LLZO:15|Li symmetric cells at different current densities of 0.25, 0.5, 1, 2,
and 4 mA cm. b) GCD profile of SPE with test duration of 200-215 h. c) Comparison of overpotential versus test duration at 0.25 and 0.5 mA cm™2.
d) GCD profile of HPE versus time (630650 h). e) GCD profile of HPE symmetric cells continued up to 1050 h at a high current density of 7 mA cm=2.
f) Comparison of overpotential of HPE at 7 mA cm™2 and g) GCD profile of HPE versus time (990-1000 h).

The incorporation of Al-LLZO ceramic nanofibers signifi-
cantly improved the t;;,, which facilitates the uniform deposi-
tion of Li on anode, hindering the nucleation and growth of
dendrites. The Al-LLZO offers excellent mechanical strength
and flexibility to HPE, providing enough strength to suppress
dendrite formation throughout the charge—discharge process.
Moreover, the AI-LLZO ceramic nanofibers have a good affinity
with the PVDF polymer matrix, which limits ion aggregations
at the anode-electrolyte interface and enables uniform distri-
bution of ions at the solid—solid interface, resulting in good
Lithium striping/plating performance over long cycle life.
According to the findings, the Al-LLZO ceramic nanofibers
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can effectively reduce interfacial resistance at solid—solid inter-
faces, allowing for ultra-stable Li plating and stripping cycles.
The polarization potential (11.7, 36.8, and 79 mV at 0.5, 4, and
7 mA cm~?) reported in this work is much lower than numerous
previous studies”:>1617333 and those studies were conducted
the striping/plating performance at low current densities (0.5,
0.1 0.15, 0.2, 0.3, 1, and 2 mA cm™2). This work examined the
striping/plating performance at high current density, which is
significant for evaluating dendrite growth. The results showed
that AI-LLZO strongly regulates Li-ion deposition and facilitates
the assembly of dendrite-free SSBs. According to the struc-
tural, morphological, thermal stability, ionic conductivity, and
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electrochemical results, the composition of A-LLZO ceramic
nanofibers was optimized as 15 wt% in HPEs. Further, the
optimized HPE was chosen for the interface-based core-shell
design.

2.5. Interface-Based Core-Shell Structure and Room
Temperature Solid-State Battery Performance

The poor surface contact and high thickness of free-standing
solid electrolytes hinder the practical application of SSBs. The
current work attempted to address these issues by designing a
unique interface-based core—shell structure via direct integra-
tion of the optimized composition 15 wt% Al-LLZO ceramic
nanofibers incorporated HPE on the porous cathode (HPEIC),
as shown in Figure 7a (photograph of HPEIC). In three steps,
the ultrathin HPE was coated on the cathode electrode using an
optimum slow evaporation process. Figure 7b depicts FE-SEM

integrated Cathode jgms
electrode ‘

.

www.advenergymat.de

cross-sectional micrographs of HPEIC; the thickness of
ultrathin HPE on porous LFP cathode particles is found to be
=7 um which is the thinnest layer of solid electrolytes ever used
in SSBs. Even though the coated electrodes were calendared,
the surface porosity of cathode particles could not be elimi-
nated 100%* (Figure 7c). As a result, the direct integration of
HPE on the cathode electrode can fill the pores and micro-voids
during solvent evaporation while simultaneously acting as an
interface-based core-shell. The porous LFP cathode particles
are encased in HPE networks, which shield the active cathode
particles and provides a superior cathode/electrolyte solid—solid
interface contact.

The LFP cathode particles serve as the core, and the wrapped
HPE as the shell, resulting in the interface-based core-shell
structure (Figure 7d). The cross-sectional EDS mapping of
the HPEIC is depicted in Figure S7, Supporting Information,
which ensures the formation of HPEIC. The flexibility of the
integrated electrolyte-cathode was investigated by folding,

_YiFePO,/C catho
=2 s 28y X
-?'v- ',“

Interface based

core-shell
HPE encased

. x("‘/\/'cathode particles

]
1

1 pm

Figure 7. a) Photograph of HPE integrated LFP cathode. b) Cross-sectional FE-SEM micrograph of interface-based core—shell HPE integrated LFP cathode.
FE-SEM micrographs of the surface of c) cathode coated electrode, d) HPE encased LFP interface-based core—shell structure, and e—g) photographs of

folded, rolled, and bent HPEIC.
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rolling, and bending HPEIC, as shown in Figure 7e—g. The
HPEIC demonstrates great flexibility even after being folded,
rolled, and bent numerous times, indicating that the rational
design of HPE on the cathode electrode offered excellent flex-
ibility, cathode particle binding, and elastic performance of the
cathode electrodes. The unique characteristics of HPEIC hinder
the cathode particle cracking during the charge—discharge pro-
cess and enable to design of highly flexible SSBs. Furthermore,
the unique design of interface-based core—shell HPEIC offers
ultrathin solid electrolyte, an excellent cathode/electrolyte inter-
face contact, good flexibility, facilitates sound Li-ion diffusion,
and smooth binding of inter particles of cathode material.

The CR30322 coin cell type SSBs were fabricated to test the
practical applicability of the solid-state HPEIC and compare its
battery performance to that of free-standing SPEs and HPEs.
The conventional SSBs were assembled by stacking individual
components such as the Li-metal anode, the LFP cathode, and
free-standing SPE and HPEs (15 and 25 wt% AI-LLZO). At the
same time, the integrated SSB was fabricated by combining the
interface-based core—shell HPEIC and the Li-metal anode and
tested their battery performance at 25 °C. The electrochemical
impedance spectroscopy (EIS) was used to elucidate the charge
transfer characteristics and Li-ion diffusion in SSBs, as shown
in Figure 8a,b. The EIS plots of the activated cells show a high-
frequency semicircle and a low-frequency inclined line. The
high-frequency semicircle is related to the charge transfer resist-
ance. The low-frequency inclined line is attributed to the War-
burg diffusion of the active material, which is associated with
the Li-ion transport kinetics over the electrode.'®3 The EIS
plots were fitted using the equivalent circuit model (Figure 8a,
inset shows the most suited equivalent circuit model). The R.
represents bulk resistance, and R is the charge transfer resist-
ance between solid electrolyte and electrodes, respectively.

Further, the internal resistance (IR) of the activated SSBs
was measured using Arbin battery tester by applying the pulse
current amplitude 6 pA, width 50 msec, and offset 0A condi-
tions. The IR and charge transfer resistance of SPE, HPEs,
and HPEIC SSBs are presented in Table S3, Supporting
Information. In comparison to free-standing SPE and HPEs,
the HPEIC has relatively low charge transference resistance
(74.2 Q) and internal resistance (44 Q), which is attributed to
the good interfacial contact between the HPEIC and electrodes.

The lithium-ion diffusion coefficient (Dy;*) of the active
material was calculated using the Equations (S1) and (S2), Sup-
porting Information, (more details about the Dy;* calculation
are provided in the supporting information) and presented in
Table S4, Supporting Information. The effective design of the
interface-based core—shell via integration of HPE on the porous
cathode significantly increases the lithium-ion diffusion coef-
ficient from 1.65 x 107 to 3.63 x 1072 cm? s7}, which is two
orders of magnitude higher than that of free-standing SPE and
HPEs electrolytes used in the fabrication of SSBs. The deter-
mined lithium-ion diffusion coefficient is comparable to liquid
electrolyte-based lithium-ion batteries (LIBs).*! The integra-
tion of ultrathin HPE on the surface of the cathode not only
improved the cathode/electrolyte interface contact but also
enhanced the Li* diffusion of the cathode electrode. The mech-
anism of the improved Li* diffusion is indicated in the sche-
matic diagram (Scheme 1b), where the highly ionic conductive
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networks of HPEs encapsulate the cathode particles, facilitating
excellent Li* diffusion.

The galvanostatic charge—discharge (GCD) curves of con-
ventional LFP|SPE|Li, LFP|HPE-AI-LLZO:15|Li, LFP|HPE-Al-
LLZ0:25|Li SSBs and HPEIC/Li SSB are depicted in Figure 8c—f.
The initial specific discharge capacity of SPE, 15 and 25 wt%
Al-LLZO embedded HPEs and HPEIC are found to be 125,
142, 123, and 166 mAh g’l' and after 5th cycle is 112, 134, 118,
and 166 mAh g at 0.1 C rate, respectively. Although the HPE
with 15% AI-LLZO outperformed the other samples in terms
of structural, electrical, and electrochemical performance,
it delivered a lower specific capacity than the HPEIC due to
poor interface contact between the cathode and free-standing
electrolyte. Figure 8g compares the cycling stability of the free-
standing SPE, HPEs-based SSBs, and HPEIC SSB at 0.5 C for
120 cycles at 25 °C. The LFP|SPE|Li, LFP|HPE-Al-LLZO:15|Li,
LFP|HPE-AI-LLZO:25|Li SSBs, and HPEIC/Li SSB exhibited
the initial discharge capacity of 111, 118, 103, and 159 mAh g™
and 58, 90, 86, and 159 mAh g after 120 cycles. The HPEIC/
Li SSB delivered excellent capacity retention of 100% after 120
cycles at 0.5 C, which is the first report to obtain 100% capacity
retention (coulombic efficiency is 99.79%) after 120 cycles for
LLZO-based CPEs. The HPEIC exhibits the best electrochem-
ical performance in initial capacity and cycling stability at 25 °C
than the reported value in the recent LLZO-based composite
solid polymer electrolytes (Table S5, Supporting Information).
Figure 9a,b depicts the rate capability of free-standing SPE,
HPEs-based SSBs, and integrated HPEIC SSB. The rate per-
formance was assessed by charging and discharging the SSBs
for 6 cycles at each current rate. The integrated HPEIC/Li
SSB delivered high capacities of 166.05, 163.04, 160.52, 145.26,
135.42, and 109.40 mAh g1 at 0.1, 0.3, 0.5, 1, 3, and 5 C, respec-
tively. After performing the 1 C cycling, the rate was reduced to
0.1 C, and the specific capacity returned to 165 mAh g7, dem-
onstrating its good rate performance.

In comparison, the SSBs prepared with free-standing SPE
and HPEs have low capacities at the same current rates due
to large internal resistances and poor interface contact. The
conventional SSBs assembly is incapable of supporting fast
charging and rate capability. Figure 9c shows the long-term
cycling life of an integrated HPEIC/Li cell at 0.5 and 1 C over
300 cycles at 25 °C. The HPEIC/Li cell provided a discharge
capacity of 110 mAh g! after 300 cycles at 1 C rate with the cou-
lombic efficiency of 99.15%. The good cycling stability and rate
capability of HPEIC/Li SSB with LFP cathode due to the low
charge transfer resistance, internal resistance, good electrode/
electrolyte interface conduct, and improved Li* diffusion. The
ceramic nanofibers eliminate grain boundaries at the interface
with adjacent particles, providing much better charge trans-
port and enhancing electrochemical performances.*>*1 The
Al-LLZO ceramic nanofibers have a high surface-to-volume
ratio and are uniformly distributed through the porous struc-
ture of the cathode electrode, filling the voids and porous in
the cathode, significantly improving interface contact between
the cathode and the electrolyte, and thus lowering the internal
resistance of the SSB.

Furthermore, the battery performance of HPEIC was tested
with NMC811 cathode material to ensure compatibility of the
interface-based core-shell HPEIC for high voltage cathode
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Figure 8. a) EIS plot and b) relation between Z,., versus w'/2 c—f) Galvanostatic charge—discharge curves of free-standing SPE, HPEs, and HPEIC at
0.1 C and g) cycling stability and coulombic efficiency of SPE, HPEs, and HPEIC SSBs at 0.5 C for 120 cycles.

material in the voltage range of 2.8-4.3 V. Figure 9d depicts
the EIS of the activated HPEIC-NMC811|Li SSB, which has a
charge transfer resistance of 54 Q. As shown in Figure 9e, the
HPEIC-NMCS811|Li SSB presented the initial charge and dis-
charge capacity of 255 and 250 mAh g! (coulombic efficiency
is 98.03%). It also delivered the 5th charge and discharge
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capacity of 249 and 246 mAh g7}, with a coulombic efficiency
of 98.79% at 0.1 C, which is comparable with conventional
NMC811 cathode LIBs.#l The cycling stability of HPEIC-
NMCB811|Li SSB was tested for 120 cycles at currentrates of 0.5 and
1C (Figure 9g). The NMC811|Li cell had discharge capacities of
134 and 120 mAh g after 120 cycles at 0.5 and 1 C with capacity
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Figure 9. a) Rate capability of free-standing SPE, HPEs, and integrated HPEIC SSBs. b) Rate capability of integrated HPEIC SSB. c) Long-term cycle
life of HPEIC SSB at 0.5 and 1 C rate over 300 cycles. Electrochemical performance of HPEIC with NMC811 cathode: d) EIS, e) initial charge—discharge
curve, f) first cycle dQ/dV versus voltage curve, and g) cycling stability of HPEIC-NMC811|Li SSB at 0.5 and 1 C.

retention of 64.42% and 60.00%, respectively. The direct wrap-
ping of HPE on the surface of cathode particles, including high
voltage cathode (NMC811), provided excellent solid-solid inter-
face contact, which improved battery performance at 25 °C.
Figure 9f shows the differential capacity (dQ/dV) versus poten-
tial curves of the HPEIC-NMCS811|Li SSB. It exhibits oxidation
peaks at 3.62, 3.75, 4.01, and 4.19 V during charge, which are
attributed to the multi-phase transition.! The phase transi-
tions are associated with hexagonal to monoclinic, monoclinic
to hexagonal, and hexagonal to hexagonal, comparable to the
phase shifts determined in LIBs with liquid electrolyte.*0#! As
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a result, the HPEIC design does not alter the redox process of
the cathode materials and exhibits comparable electrochemical
performance to conventional LIBs with liquid electrolytes. The
CV was performed to explore the electrochemical stability of
SPE, HPEs, and HPEIC with LFP cathode at different scan
rates (0.1, 0.5, and 1 mV s7!) as shown in Figure S8, Supporting
Information. All the SSBs show a well-resolved oxidation and
reduction peak around 3.6 and 3.22 V at 0.1 mV s which
correspond to the Fe?" to Fe** and Fe** to Fe?* redox reac-
tions of LFP cathodes and are comparable to liquid electrolyte-
based LFP LIBs.l The LFP|SPE]|Li cell exhibits redox peaks at
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3.822 and 3.02 V at 0.1 mV s7!, with a significant potential dif-
ference between the oxidation and reduction peaks (802 mV),
implying poor reversibility and cycle stability due to low ionic
conductivity and transference number of the SPE. No excessive
oxidation and reduction peaks are detected in the CV curves of
LFP|SPE|Li, LFP|HPE-AL-LLZO:15|Li, LFP|HPE-AL-LLZO:25|Li,
and HPEIC/Li SSBs, showing superior electrochemical stability.

2.6. Post-Mortem Analysis of Solid-State Cells

The post-mortem analysis of solid-state cells is crucial in
demonstrating the mechanism of improved electrochemical
performance of core-shell structure-based HPEIC and the
role of A-LLZO ceramic nanofibers in dendrite suppression

A /*('«(
“Dead Lllden nte_

-
A o

www.advenergymat.de

and cycling stability. Figure 10a—g shows post-FE-SEM micro-
graphs of the anode and cathode sides of the free-standing
SPE and HPEs, as well as the anode side of the HPEIC. The
SPE is severely damaged on the anode side by the aggrega-
tion of dead lithium and dendrite growth (Figure 10a). These
dendritic lithium particles penetrated the SPE membrane and
made contact with the cathode, resulting in a short circuit
after the 121st cycle (Figure 10a,b,i), which is consistent with
the symmetric cell dendrite study (Figure 6a). As a result, the
cathode particles adhere to the SPE, limiting electrochemical
performance. The low transference number of SPE generates
non-uniform Li-deposition on the anode metal side, resulting
in aggregated dead lithium, dendrites, and particle aggrega-
tion. The mechanical strength of SPE is insufficient to suppress
dendritic nucleation growth during the charge and discharge

Anode side

der:dye penetratlon

LiFePO,/C cathode

Carbon coated Al foil
10 ym

no separ&e

cathode .

Figure 10. Post FE-SEM micrographs after cycling. a,c,e,g) Facing anode side and b,d,f) facing cathode side. a,b) SPE, ¢,d) HPE with 15 wt% AIl-LLZO,
e,f) HPE with 25 wt% AI-LLZO; g) Surface and h) cross-sectional FE-SEM of HPEIC. Photographs of dissembled SSBs; i) LFP/SPE/Li, j) LFP/HPE:Al-

LLZO:15/Li, k) LFP/HPE:AI-LLZO:25/Li SSBs, and |) HPEIC/Li SSB.
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process, which increases internal resistance and causes signifi-
cant capacity fading. These issues are significantly reduced by
incorporating Al-LLZO ceramic nanofibers into SPE. There are
no dendrite-based aggregated particles on either the anode or
cathode side of the HPE membranes shown in Figure 10c—f,
and the cathode particles are not directly adherent to the HPE
membranes (Figure 10j,k). The high transference number and
good ionic conductivity of HPE membranes facilitate uniform
Li-deposition, preventing aggregated dead Li-particles from
forming at the interface between electrode and electrolyte. In
addition, its high mechanical strength can suppress dendritic
growth and penetration, as evidenced by the GCD profile of
symmetric cells (Figure 6a,e). However, the poor interface con-
tact between the free-standing electrolyte and electrodes affects
the surface morphology of the HPE membranes. It increases
internal resistance, significantly reducing the capacity, rate
performance, and cycling stability of conventional SSBs.
The interesting results are obtained from the interface-based
core-shell structure HPEIC, as shown in Figure 10gh,l. After
300 charge—discharge cycles, the anode side of HPEIC shows
a homogeneous morphology without any agglomerated dead
Li or cathode particles, implying the excellent interface contact
between HPE and cathode (Figure 10g). The integrated HPEIC/Li
SSB offered excellent capacity, rate capability, and cycling
stability.

Furthermore, even after 300 cycles, the interface-based core—
shell design is not fractured and still maintains a uniform inter-
face between electrode/electrolyte (Figure 10h), indicating that
this is a viable strategy to improve interface-based concerns in
all-SSB research and scalable manufacturing. The current work's
next goal is to explore and optimize the thickness, electrode size,
and anode type on the design of an interface-based core—shell
structure on the electrochemical performance of HPEIC, as well
as to develop a prototype SSB for practical applications.

3. Conclusion

Al-LLZO ceramic nanofibers were synthesized by optimizing
electrospinning processes and employed to prepare a hybrid
PVDF/LIiTFSI/Al-LLZO solid polymer electrolyte for room tem-
perature SSBs. The influence of Al-LLZO ceramic nanofibers
on the structural, morphological, electrical, and electrochem-
ical properties of HPE was thoroughly explored. The present
work proposed a unique strategy to address the significant
barrier of poor interface contact between electrode and electro-
lyte by designing an interface-based core—shell structure with
direct integration of HPE on a porous cathode surface. This
technique yields an ultrathin solid polymer electrolyte with a
thickness of 7 pm which is the thinnest solid electrolyte among
the LLZO CPEs reported in the literature. The HPEIC-LFP/Li
SSB at room temperature (25 °C) delivered an excellent initial
specific capacity of 166 mAh g at 0.1 C rate and 159 mAh g!
after 120 cycles at 0.5 C with capacity retention of 100% and
coulombic efficiency of 99.79%, indicating excellent cycling sta-
bility. In addition, the HPEIC-NMCB811|Li SSB delivered the dis-
charge capacity of 134 mAh g after 120 cycles at 0.5 C rate. The
rational design of interface-based core—shell structured HPEIC
exhibits low internal resistance and high Li-ion diffusion; it
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outperforms the conventional assembly of solid-state cells in
specific capacity, internal resistance, and rate performance.
The major interface-based challenges of SSBs were addressed
by designing an interface-based core—shell structure HPEIC,
which enables the scalable manufacture and practical applica-
tion of SSBs.

4. Experimental Section

Materials: The LINO; (99.99% Sigma-Aldrich), zirconium (IV)
propoxide (70 wt% in T-propanol, Sigma-Aldrich), La(NO3);.6H,0
(99.90%, Sigma-Aldrich), AI(NO;)3.9H,0 (99.99%, Sigma-Aldrich), PVP
(average M,, = 1300000, Sigma-Aldrich), dimethylformamide (DMF)
(99.9%, Sigma-Aldrich), bis(trifluoromethanesulfoneimide) lithium salt
(LITFSI) (99.99%, Sigma-Aldrich), glacial acetic acid (Sigma-Aldrich),
PVDF based binder (99.95%, MTI) were used for the preparation of
Al-doped Li;La;Zr,05, (Al-LLZO) ceramic nanofibers and solid polymer
electrolytes.

Fabrication of AI-LLZO Ceramic Nanofibers: Al-LLZO ceramic
nanofibers with a cubic structure was synthesized using electrospinning
techniques (Scheme 1a). The Al-LLZO precursor solution was prepared
by dissolving stoichiometric amounts of lithium nitrate, lanthanum (I11)
nitrate hexahydrate, and aluminum nitrate in 10 mL DMF solvent and
stirring for 3 h at room temperature (Solution A). In 2 mL acetic acid,
a stoichiometric amount of zirconium (IV) n-propoxide was mixed and
agitated until a milky white color appeared (solution B). Solution A was
poured into solution B and stirred for 6 h (solution C). The appropriate
wt% PVP (optimized PVP by varying the concentration) was added to
solution C with continuous stirring at room temperature overnight.
The precursor solutions were electrospun to produce interconnected
Al-LLZO ceramic nanofibers. The following electrospinning parameters
were optimized in this study: Feeding rate 0.5 mL h~', DC voltage 18 kV,
the distance between drum collector and needle 17 ¢cm, and rotation
speed 300 rpm. The as-spun Al-LLZO nanofibers were separated from
the nonwoven fabric and dried overnight in a vacuum oven at 100 °C.
The Al-LLZO nanofibers were then calcined for 3 h at three different
temperatures (600, 700, and 800 °C) at a heating rate of 1 °C min~.

Preparation of Hybrid Polymer Electrolytes: The free-standing SPE
(PVDF/LIiTFSI) was synthesized by dispersing 75 wt% PVDF in N-methyl-
2-pyrrolidone (NMP) for 5 h at 50 °C. The 25 wt% LiTFSI was added to
the PVDF/NMP solution and stirred for 24 h at room temperature; the
resultant solution was coated on a glass plate (20 cm width and 25 cm
length) using an electrode coating machine through the doctor blade
method. The coated solution was then vacuum dried for 12 h at 80 °C
to evaporate the solvent and yield the free-standing SPE. The same
procedure was used to prepare the free-standing HPEs by dispersing
different compositions (wt%) of Al-LLZO ceramic nanofibers into the SPE
solution and obtaining the free-standing thin HPEs with a thickness of
~35-39 um. The sample compositions and designations are as follows:
SPE (PVDF/LiTFSI:75/25 wt%), HPE:Al-LLZO:5 (PVDF/LITFSI/AI-LLZO:
70/25/5 wt%), HPE:A-LLZO:10 (PVDF/LITFSI/AI-LLZO:65/25/10 wt%),
HPE:AI-LLZO:15  (PVDF/LITFSI/AI-LLZO:  60/25/15 wt%), HPE:AI-
LLZO:20 (PVDF/LITFSI/AI-LLZO: 55/25/20 wt%), and HPE:AI-LLZO:25
(PVDF/LITFSI/AI-LLZO: 50/25/25 wt%).

Design of Interface-Based Core—Shell Structure Integrated Cathode/Ultra-
Thin Hybrid Polymer Electrolytes: The cathode electrode was prepared
by mixing commercial LFP powder (MTI Co.), PVDF binder and super
P carbon (MTI Co.) as a conductive additive (weight ratio—8:1:1) into
NMP. The mixer was stirred for 12 h to get a homogeneous viscose
slurry. The slurry was coated on the carbon-coated aluminum foil with
a doctor blade and dried for 15 h at 100 °C in a vacuum oven to remove
the solvent. The same procedure was employed for the preparation of
the NMC811 electrode. The mass density of the electrode (g cm™2) was
balanced by calendaring the coated electrode. The average loading mass
of the LFP and NMCB811 cathode was 3.752 mg (2.452 mg cm™2) and
4.5018 mg (2.942 mg cm?), respectively. The optimized composition
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15 wt% Al-LLZO ceramic nanofibers incorporated PVDF/LITFSI HPE
was chosen to design an interface-based core—shell structure by directly
integrating HPE on a cathode coated electrode (HPEIC). A low viscous
gel solution (5 wt% to the solvent) of HPE with carbon additive (super
P carbon for electronic conductivity) was prepared by dispersing the
optimized composition of PVDF, LiTFSI, and Al-LLZO nanofibers in NMP
solution and stirring for 48 h at 40 °C and 400 rpm. The low viscous HPE
gel solution was dropwise (0.1 mL cm2) coated on LFP cathode and
dried overnight at 60 °C in a vacuum oven. A slightly higher viscous gel
solution (10 wt% to the solvent) of HPE with carbon additive was then
deposited on the low viscous HPE coated LFP cathode and dried in a
vacuum oven at 60 °C. In this process, the pores and micro-voids in
the cathode were filled with HPE polymer, which also wrapped the LFP
particles on the cathode's surface (Scheme 1b). Then an ultrathin layer
of HPE slurry was coated on the HPE integrated LFP electrode via the
doctor blade method using an electrode coating machine. The integrated
HPEIC was vacuum-dried overnight at 100 °C to remove solvent residues
that generated the interface-based core-shell structure integrated
cathode/electrolyte frameworks. The same procedure was employed
to design the NMC811 cathode integrated HPEIC-NMC&11 system. The
integrated HPEIC was kept in a glove box with <0.1 ppm water content
and <0.1 ppm oxygen content. All the SPE, HPEs, and integrated HPEIC
samples were punched into appropriate sizes and dried at 80 °C in a
high vacuum oven for 12-18 h before assembling the solid-state cells.

Solid-State Battery Assembly: The CR2032-type conventional all solid-
state coin cells were fabricated by sandwiching free-standing SPE and
HPEs between a Li metal disk and LFP cathode. The integrated all-solid-
state coin batteries were made by directly stacking the HPEIC-LFP and
HPEIC-NMCB811 (cathode + electrolyte) with a lithium disk anode. The
integrated HPEIC cathode/electrolyte was punched into 14 mm, and the
Li-metal anode diameter was 14 mm. The HPEIC electrodes were sliced
from the electrolyte side to the cathode, so that no cathode particles came
outside and contacted with the anode. The SSBs were fabricated with an
ideal size of HPEIC and Li disk. The edge of the HPEIC was maintained
perfectly for all of the cells in the current work. All the batteries were
assembled in an Ar-filled glovebox with O, and H,0 levels < 0.1 ppm.

Materials and Electrochemical Characterizations: Thermogravimetric
(TGA) analysis was performed on a TGA, TG 209 F1 libra instrument
from 20 to 1100 °C and 20 to 800 °C at a heating rate of 10 °C min™'
in an air and N, atmosphere. XRD measurement was performed on a
Bragg-Brentano diffractometer using Cu K- radiation (4 = 1.54187) in
the 26 range between 10° and 80°. FE-SEM examined the surface and
cross-sectional morphology of the samples (FE-SEM, Zeiss Leo 1530).
TEM (JEOL JEM-2200FS) and SAED was applied to investigate the
crystal structure and formation of AI-LLZO ceramic nanofibers. The
complexation of polymer, salt, and fillers was ensured by FTIR analysis
(PerkinElmer). The mechanical performance of the solid polymer
electrolytes was assessed using universal tensile testing equipment
(Zwick/Roell, BT1-FRO.5TN. D14). The sample dimension for the test was
20 mm in length and 2 mm in width, and the tensile speed applied to
the sample was 5 mm min~".

EIS was used to determine the ionic conductivity of SPE and HPEs
by sandwiching the membranes (12.5 mm diameter) between stainless
steel electrodes in a Swagelok cell. The impedance measurement was
performed in the frequency range of 8 Hz to 2 MHz with 10 mV at room
temperature using an electrochemical workstation (Gamry reference
6000). The ionic conductivity of the SPEs and HPEs was estimated using
the following equation:

d
o= AXRb (1)
where o is total conductivity (S cm™), d is the thickness (cm) of the
solid electrolytes, A is the area (cm?) of the electrolyte, and R, is the
bulk resistance (£2) which is determined by the Nyquist plot by fitting
the data using equivalent circuit model. LSV (Gamry 6000) was used to
test the electrochemical stability of SPE and HPEs in the voltage range of
0to 6 V at a scan rate of 1 mV s7". The lithium-ion transference number
(tus) of SPE and HPEs were calculated using the chronoamperometric
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polarization method with electrochemical impedance. The following
equation is used to calculate t;,:

try =g (AV—IORO)/IO (AV_ISSRS) (2)

whereas the Iy is the steady state polarization current, AV is the DC
voltage applied during the polarization, I, is the initial current, and R,
and R; are the before and after polarization resistances of the passivating
layers. The solid-state ’Li NMR spectroscopy (Bruker 1 GHz AEON NMR
spectrometer) was performed to examine the transportation pathways
of Li-ions in the SPE and HPEs and Al-LLZO ceramic nanofibers. The
symmetric Li|SPE[Li and Li|HPE(15 wt%)|Li cells were fabricated by
stacking the SPE and HPE between two similar Li disks (14 mm diameter)
and tested the striping/plating performance of the cells by charging/
discharging in a galvanostatic mode (Arbin battery tester) at different
constant current densities (0.25, 0.5, 1, 2, 4, and 7 mA cm™) at 25 °C.
For each cycle, the cells were charged for 30 min and discharged for
30 min for 1050 h. EIS was used to determine the charge transfer
resistance and Li-ion diffusion in SSBs at a frequency range of 10 mHz
to 100 kHz. The room temperature battery performance of conventional
SSBs and integrated SSBs was examined using an Arbin battery tester and
GCD at current rates of 0.1 and 0.5 C throughout a voltage range of 2.5 to
4.2V (LFP SSBs) and 2.8-4.3 V (NMC811 SSBs) at 25 °C. The electrochemical
redox process was investigated using cyclic voltammetry (CV, Gamry
reference 6000) at three different scan rates of 0.1, 0.5, and 1 mV s™.
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