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Improving Room-Temperature Li-Metal Battery Performance
by In Situ Creation of Fast Li* Transport Pathways in a

Polymer-Ceramic Electrolyte

Jing Yu, Guodong Zhou, Yueging Li, Yuhao Wang, Dengjie Chen, and Francesco Ciucci*

Composite polymer-ceramic electrolytes have shown considerable potential
for high-energy-density Li-metal batteries as they combine the benefits of both
polymers and ceramics. However, low ionic conductivity and poor contact
with electrodes limit their practical usage. In this study, a highly conductive
and stable composite electrolyte with a high ceramic loading is developed for
high-energy-density Li-metal batteries. The electrolyte, produced through in
situ polymerization and composed of a polymer called poly-1,3-dioxolane in a
poly(vinylidene fluoride)/ceramic matrix, exhibits excellent room-temperature
ionic conductivity of 1.2 mS cm~" and high stability with Li metal over 1500 h.
When tested in a Lielectrolyte|LiFePO, battery, the electrolyte delivers
excellent cycling performance and rate capability at room temperature, with a
discharge capacity of 137 mAh g~ over 500 cycles at 1 C. Furthermore, the
electrolyte not only exhibits a high Li* transference number of 0.76 but also
significantly lowers contact resistance (from 157.8 to 2.1 Q) relative to
electrodes. When used in a battery with a high-voltage LiNiy sMn, ;Co, O,
cathode, a discharge capacity of 140 mAh g! is achieved. These results show
the potential of composite polymer-ceramic electrolytes in room-temperature
solid-state Li-metal batteries and provide a strategy for designing highly
conductive polymer-in-ceramic electrolytes with electrode-compatible

reduction potential (—3.04 V vs the stan-
dard hydrogen electrode).l'!l However, Li-
metal anodes (LMAs) are highly reactive
with commercial organic liquid electrolytes,
leading to electrolyte decomposition and re-
duced battery cycle life.2l Moreover, if a lig-
uid electrolyte is used, Li dendrites form
easily during cycling. In turn, these den-
drites may penetrate commercial separa-
tors and cause internal short circuits.?>?]
In addition, commercial organic liquids are
flammable, severely compromising battery
safety.”>?] Substituting flammable organic
liquid electrolytes with a solid-state elec-
trolyte that is stable against LMAs over-
comes these critical issues.

Among solid-state electrolytes, compos-
ite polymer-ceramic electrolytes (CPEs)
have shown considerable promise for
Li-metal batteries to boost energy den-
sity and safety[* The ceramics in CPEs
enhance ionic conductivity due to the
increased amorphization of the polymer

interfaces.

1. Introduction

Lithium metal is widely regarded as an ideal anode material for
next-generation rechargeable batteries due to its high theoret-
ical specific capacity (3860 mAh g™') and low electrochemical

host, while the polymers offer excellent
processability and flexibility, ensuring good
interfacial contact, and easy fabrication.[*"]
A variety of ceramic fillers (e.g., SiO,,
TiO,, Li,La;Zr,0,,, and Li;;GeP,S,;,)® and polymers (e.g.,
poly(ethylene oxide) (PEO), poly(vinylidene fluoride) (PVDF),
poly(vinylidene fluoride-co-hexafluoropropylene), and polyacry-
lonitrile (PAN)) have been used in CPEs.I>>®! In general, a higher
ionic conductivity of a CPE is achieved at lower ceramic filler
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concentrations.l*®’! Increasing the content of ceramic particles

can improve the mechanical strength and safety of a CPE, but
may also reduce its flexibility.**#] Consequently, the ceramic filler
loading in CPEs is usually kept low. In turn, ceramic particles
are isolated and unable to form a continuous network for Li*
transport. This can limit the performance of CPEs in Li-metal
batteries.[#>809]

Recently, Zheng et al. studied Li* transport mechanisms in a
Li,La;Zr,0,,-PEO (LiClO,) composite electrolyte with 50 wt.%
of Li;La;Zr,0,, using Li nuclear magnetic resonance.’”) The
authors found that Li* transport occurred primarily in the
Li,La;Zr,0,, phase in the composite electrolyte.['! Follow-
ing this important work, the development of composite elec-
trolytes with high ceramic loading has emerged.['!) For instance,
the Goodenough group proposed a polymer-in-ceramic (PIC)
electrolyte containing Li¢,La,Zr, ,Ta,,O;, (LLZTO), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), and PEO.[%] When
tested in a Li symmetric cell, this PIC electrolyte was able to pre-
vent dendrite formation for 680 h.[®] However, even with a high
loading of 60 wt.% of LiTFSI in the PEO/LLZTO-based PIC elec-
trolyte, its ionic conductivity was only able to reach 10~* S cm ™! at
55 °C.1%] The poor interparticle contact between the ceramic and
polymer in PIC blocked the Li* transport, thus reducing ionic
conductivity.®12] While various approaches, including adjusting
the ceramic particle sizel'*! and morphology,[** have been inves-
tigated to address this issue, it has proven difficult to effectively
improve interparticle Li* transport in PICs. As a result, the ionic
conductivity of PICs at room temperature has not achieved the
desired level of performance.

Another major challenge with PIC electrolytes is the high in-
terfacial resistance caused by poor surface contact between the
electrolyte and electrode.l3*%] This poor contact is more se-
vere for PICs with high ceramic content, which increases elec-
trolyte rigidity and reduces wettability with electrodes. On the
LMA side, poor interfacial contact leads to current density non-
uniformities, which trigger the formation of Li dendrites and
“dead” Li. “Dead” Li reacts with the electrolyte during cycling,
increasing the thickness of the solid electrolyte interface (SEI)
and hindering battery performance.[''®16] On the cathode side,
poor interfacial contact can also increase impedance and nega-
tively impact battery performance.l**'”] Additionally, the electro-
chemical instability between the electrolyte and cathode and the
volumetric changes in the active cathode material during cycling
contribute to an increase in charge transfer resistance originat-
ing from the electrolyte/cathode interface, leading to high po-
larizations, low active material utilization, and reduced battery
performance.[’®! The use of a soft polymer-based buffer layer
between the electrolyte and electrode can improve PIC interfa-
cial resistance.™!] For example, Huo et al. designed a multi-
layer electrolyte consisting of a PIC electrolyte (80 vol.% LLZTO
in PEO) sandwiched between two flexible ceramic-in-polymer
(20vol.% LLZTO in PEO) electrolytes.['**] Thanks to the presence
of the two buffer layers, this battery achieved a discharge capac-
ity of 118.6 mAh g1 at 0.1 C and room temperature.['*?] In other
research, Chen et al. directly casta LLZTO@PAN composite elec-
trolyte on the cathode surface and added a thin PEOQ/LiTFSI elec-
trolyte layer between LMA and the electrolyte.l®) The PEO/LiTFSI
layer reduced interfacial resistance and prevented chemical reac-
tions between LLZTO@PAN and LMA from occurring.l! A cor-
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responding LLZTO@PAN|PEO-based Li/LiFePO, (LFP) battery
delivered an initial discharge capacity of 167 mAh g~ at 0.1 Cand
60 °C with a capacity retention of 89.6% over 100 cycles.’] Despite
the improved performance, the multilayer structure complicates
electrolyte preparation, thus hindering process scalability. Fur-
thermore, introducing inactive materials into a battery reduces its
energy density. In short, the development of PICs with small in-
terfacial resistance has proven to be a considerable challenge. In
situ polymerization processes have received significant attention
as a means of improving the interface between the electrolyte and
electrode in solid polymer electrolytes for Li-metal batteries.!*!
These processes are commonly based on thermal or photo-curing
methods, but can be limited in terms of scalability. In con-
trast, we have developed an in situ polymerization approach
based on ring-opening polymerization at room temperature that
avoids damaging the battery and is more suitable for large-scale
production.

This work focuses on developing a novel approach for the in
situ polymerization of poly-PICs, a class of highly conductive,
dendrite-free, and safe PIC electrolytes enhanced with poly-1,3-
dioxolane (polyDOL). By injecting polyDOL into a PVDF/LLZTO-
based PIC scaffold and spontaneously polymerizing the entire
assembly at room temperature, higher ionic conductivity and en-
hanced interfacial contacts were obtained, leading to the suc-
cessful creation of an integrated electrode/electrolyte. The use
of a PIC scaffold ensures the mechanical strength and com-
patibility of the electrolyte with electrodes, while the incorpo-
ration of polyDOL improves interfacial contact and ionic con-
ductivity due to its ability to wet the PVDF/LLZTO composite.
This combination allows for the successful development of an
integrated electrode/electrolyte. As a result, the best poly-PIC
electrolyte among those developed, i.e., poly-PIC with 80 wt.%
LLZTO (poly-PIC80), exhibited: 1) high ionic conductivity (0.6,
1.3, and 2.1 mS ecm™! at 0, 30, and 60 °C, respectively); 2) a
high Li* transference number (0.76); and 3) a wide electrochem-
ical window (~4.83 V vs Li/Li*). Moreover, the integrated elec-
trolyte/electrode formed through in situ polymerization ensures
the formation of gapless electrolyte/electrode interfaces with re-
duced interfacial resistances (from 157.8 to 2.1 Q). These ef-
forts have led to the development of high-energy-density, room-
temperature solid-state Li-metal batteries. For instance, a Li|poly-
PIC80|Li cell demonstrated excellent stripping and plating at
0.2 mA cm™2 over 1500 h. The Li|poly-PIC80|LFP battery deliv-
ered excellent room-temperature cycling stability for >500 cycles
with a discharge capacity of 137 mAh g=! at 1 C and an excep-
tional rate capability of 126 mAh g=! at 3 C. As the polyDOL pre-
cursor effectively wetted the porous electrode layer before poly-
merization, cathodes with higher mass loading could be used.
Remarkably, LiNijsMn,,;Co,,0, (NMC811) with a mass load-
ing of 6.9 mg cm= was assembled into a Li|poly-PIC80|NMC811
battery, which had a high discharge capacity of 140 mAh g-! at
0.1 C for >80 cycles at room temperature. In conclusion, the
use of a poly-PIC electrolyte made through in situ polymeriza-
tion represents an effective approach for the development of
PIC electrolytes with high ionic conductivity and low interfa-
cial resistances. This has the potential to create safe and high-
energy-density solid-state Li-metal batteries that can operate at
room temperature, offering a promising solution for the next-
generation of rechargeable batteries.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. a) Schematicillustrating the preparation of a poly-PIC-based battery. Surface SEM images of b) polyDOL-free-PIC80 and c) poly-PIC80. Contact
angles between polyDOL and d) a PP separator, €) a PVDF membrane, and f) the polyDOL-free-PIC membrane. g) lonic conductivity of polyDOL-free-PICs
and poly-PICs at room temperature. h) lonic conductivity of poly-PIC80 versus temperature compared against previously reported PIC electrolytes.

incorporated into the PVDF/LLZTO-based battery and polymer-
ized in situ at room temperature. The polyDOL was fabricated
by mixing the DOL monomer with LiTFSI, methyl propionate
(MP), fluoroethylene carbonate (FEC), and LiPF, (more details
are in the Experimental Section). As shown in Movie S1 and
Figure Sla (Supporting Information), the produced polyDOL is a
transparent, solid-state analogue. Figure S1b (Supporting Infor-
mation) reports the Fourier-transform infrared (FTIR) spectra of
DOL and polyDOL. Different from the DOL spectrum, polyDOLs
FTIR had a prominent long-chain vibration peak at 845 cm™
originating from the ring-opening polymerization of DOL.[202-22]

2. Results and Discussion

The poly-PIC was facilely prepared by injecting polyDOL into the
PVDF/LLZTO membrane (i.e., a mixture of LiTFSI/LiBOB dual-
salt, PVDF, and LLZTO). The LiTFSI/LiBOB dual-salt recipe was
chosen based on our previous work,[?!l and PVDF/LLZTO were
used to construct the polymer-ceramic composite electrolyte.
Figure 1a shows schematically the poly-PIC-based battery prepa-
ration. A free-standing PVDF/LLZTO membrane was produced
by first film coating followed by drying at 60 °C in a vacuum oven.
The polyDOL, which was prepared as described below, was then
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Garnet LLZTO powders (Figure S2a, Supporting Information)
with an average particle diameter of 562 nm (Figure S2b, Sup-
porting Information) were prepared using a solid-state reaction
following our previous works.[°»?3] The sintered LLZTO pellet de-
livered a total ionic conductivity of 0.2 mS cm™" at room temper-
ature (Figure S2c, Supporting Information), consistent with the
literaturel?* and our previous research(?*?°] Figure S2d (Support-
ing Information) presents the X-ray diffraction (XRD) patterns
of the LLZTO powder and poly-PIC (e.g., poly-PIC80). LLZTO
had a pure cubic peak structure without detectable impurities,
suggesting the successful synthesis of LLZTO. The poly-PIC80
electrolyte displayed identical peaks as those of LLZTO, imply-
ing that LLZTO was structurally stable during poly-PIC prepa-
ration. Surface images of the pristine polyDOL-free-PIC80 (PIC
with 80 wt.% LLZTO) and poly-PIC80 are shown in Figure 1b,c.
The surface of polyDOL-PIC80 was smoother and denser than
that of polyDOL-free-PIC80, suggesting that polyDOL percolated
into the polyDOL-free-PIC80 bulk. Figure S3a,b (Supporting In-
formation) shows that both the polyDOL-free-PIC80 and poly-
PIC80 electrolytes had similar thicknesses of ~105 pm. Contact
angle experiments demonstrated the good wettability of polyDOL
against the polyDOL-free-PIC80. The contact angles of the poly-
DOL precursor in contact with a PP separator (celgard@2500),
a PVDF membrane, and polyDOL-free-PIC80 were 41.3°, 15.2°,
and ~0°, respectively (Figure 1d—f), where lower contact angles
imply better wettability.

Figure 1g presents the room-temperature ionic conductivity
of the polyDOL-free-PICs and poly-PICs for various LLZTO ra-
tios. All poly-PICs had higher ionic conductivity than polyDOL-
free-PICs. For example, the ionic conductivity of poly-PIC80
was 1.2 mS cm™' at room temperature, a value two or-
ders of magnitude higher than that of polyDOL-free-PIC80
(1.8 x 1072 mS cm™!). Furthermore, the room-temperature ionic
conductivity of all polyDOL-free-PICs and poly-PICs increased by
nearly an order of magnitude as the LLZTO content increased
from 50 to 80 wt.%, confirming the positive impact of this ce-
ramic on the ionic conductivity.?! Free-standing poly-PIC50,
poly-PIC60, poly-PIC70, and poly-PIC80 membranes were ob-
tained as shown in digital images (Figure S4a—d, Supporting In-
formation). However, when the LLZTO content was 90 wt.%, a
free-standing membrane could not be obtained (Figure S4e, Sup-
porting Information).

The ionic conductivity of the poly-PIC membranes was mea-
sured as a function of temperature (Figure S5a, Supporting Infor-
mation). Among the poly-PICs, poly-PIC80 had the highest ionic
conductivity at all investigated temperatures. For instance, the
ionic conductivity of poly-PIC80 was 0.6, 1.3, and 2.1 mS cm™!
at 0, 30, and 60 °C, respectively, much higher than other re-
cently reported PIC electrolytes (Figure 1h)[6%<89.132.26b] Eor the
poly-PICs, the activation energy obtained by fitting the conductiv-
ity against temperature using the Arrhenius equation decreased
with increasing LLZTO content (Figure S5b and Table S1, Sup-
porting Information), further indicating that increasing ceramic
content promoted Li* transport. In particular, poly-PIC80 had
the lowest activation energy (E,) of 0.17 eV among the studied
poly-PICs, lower than previously reported PIC electrolytes.[8+9:26]
Figure S6 (Supporting Information) schematically illustrates pos-
sible Li* transport pathways in the polyDOL-free-PIC and poly-
PIC electrolyte. Specifically, due to polyDOLs excellent wetta-
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bility against the polyDOL-free-PIC scaffold (Figure 1f), poly-
DOL penetrated the polyDOL-free-PIC bulk, increasing the frac-
tion of the material within that Li* conduction could occur. In
addition, in situ fabrication enabled a closely integrated elec-
trode/electrolyte assembly, which improved interfacial contact,
thus reducing interfacial resistance. As shown in Figure S7a
(Supporting Information), the in situ fabricated poly-PIC80
had good interfacial contact with the Li metal anode, exhibit-
ing a nearly seamless connection. In contrast, visible gaps
were observed between the polyDOL-free-PIC80 and Li metal
(Figure S7b, Supporting Information). Furthermore, the total re-
sistance decreased after the addition of polyDOL (Figure S8 and
Table S3, Supporting Information). For example, the interfacial
resistance (R,) of the poly-PIC80-based battery (~2.1 Q) was
nearly two orders of magnitude lower than that of the polyDOL-
free-PIC80-based battery (~157.8 Q). Notably, thanks to the for-
mation of an integrated structure after adding polyDOL, the poly-
PIC80-based Li/LFP battery presented a much smaller charge
transfer resistance (R,) (%99.0 Q) than the polyDOL-free-PIC80-
based Li/LFP battery (~2420.0 Q).

Li* transference number, t;;+, is a vital parameter for an elec-
trolyte and generally it is sought to be close to one. As shown
in Figure 2a—d, the t;;+ of poly-PICs increased from 0.32 to 0.76
with increasing LLZTO content, as t;;+ = 1 for LLZTO.['”] The
t,;+ of poly-PIC70 and poly-PIC80 were 0.73 and 0.76, respec-
tively, much higher than the value of typical polymer (<0.5) and
liquid (0.2-0.3) electrolytes.[?’] A high t,;+ has been reported to
reduce the concentration polarization within the electrolyte and
promote a uniform Li* deposition, in turn preventing Li dendrite
formation.[*>?8] Besides Li* transport, the mechanical strength
and thermal properties of poly-PICs were tested by tensile tests
and thermogravimetric analysis (TGA). The increased proportion
of LLZTO in poly-PICs improved mechanical strength. As shown
in Figure 2e, poly-PIC80 had the highest Young’s modulus of
117.7 MPa among poly-PICs. The thermal stability of poly-PICs
also improved with increasing LLZTO content (Figure 2f).

The compatibility between LMA and electrolyte is critical to
achieving high capacity and long-cycle stability. As shown in
Figure 3a,b, the Li|poly-PIC50|Li and Li|poly-PIC60|Li symmetric
cells were cycled at 0.2 mA cm~2 and 0.2 mAh cm=2 at 23 °C. The
polarization increased during cycling and the poly-PIC50 and
poly-PIC60 cells short-circuited at 747 and 904 h, respectively.
In sharp contrast, the symmetric cells with poly-PIC70 and poly-
PIC80 could cycle stably for 1500 h under identical conditions.
Furthermore, poly-PIC80 had the lowest voltage response among
all poly-PICs. Li/Cu cells were assembled to further evaluate the
compatibility between the poly-PICs and the LMA. As shown
in Figure S9a,b (Supporting Information), with the continuous
Li plating/stripping, polarization resistances gradually increased
for the Li|poly-PIC50|Cu and Li|poly-PIC60|Cu cells. In addition,
the Coulombic efficiency (CE) of both cells declined to 56% and
60% after the 290th and 296th cycles (Figure 3c), respectively.
In contrast, the Li|poly-PIC70|Cu and Li|poly-PIC80|Cu cells dis-
played outstanding cycling stability over 350 cycles with an av-
erage CE of ~95% (Figure 3c). The Li|poly-PIC80|Cu cell had a
lower polarization voltage than Li|poly-PIC70|Cu. For instance,
at the 350th cycle, the polarization voltage of Li|poly-PIC80|Cu
was 46 mV, less than half that of Li|poly-PIC70|Cu (106 mV), sug-
gesting that poly-PIC80 had better compatibility with LMA than

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Li transference number, ¢+, of a) poly-PIC50, b) poly-PIC60, c) poly-PIC70, and d) poly-PIC80 at room temperature. €) Young's modulus and

f) TG curves of poly-PICs.

all other prepared electrolytes (Figure S9c,d, Supporting Infor-
mation). Linear sweep voltammetry was used to study the elec-
trochemical window of poly-PICs. As shown in Figure 3d, all the
poly-PICs prepared had an electrochemical window >4.5 V ver-
sus Li/Li*. Furthermore, the electrochemical window widened
as the LLZTO content increased. As shown in Figure 3d and
Table S1 (Supporting Information), the oxidation for poly-PIC80
started at ~4.83 V, whereas for poly-PIC50 it was ~4.67 V.

To evaluate the electrochemical performance of poly-PICs,
Li/LFP batteries were assembled and operated between 2.5 and
4.2 V. As shown in Figure 4a,b and Figure S10a (Supporting In-
formation), Li|poly-PIC50|LFP had a much lower capacity com-
pared with other poly-PICs-based Li/LFP batteries, mainly due to
the lower ionic conductivity of poly-PIC50. The poly-PIC60-based
battery showed fluctuating CE and experienced significant capac-
ity decay after just 320 cycles, stopping operation at the 367th cy-
cle (Figure 4a; Figure S10b, Supporting Information). In contrast,
both poly-PIC70 and poly-PIC80-based Li/LFP batteries delivered
stable cycling performance with retained discharge capacities of
~137 mAh g! at the 500th cycle and high CEs of 99.9% over 500
cycles at 23 °C and 1 C (Figure 4a; Figure S10c,d, Supporting In-
formation). Moreover, Li|poly-PIC70|LFP and Li|poly-PIC80|LFP
batteries showed excellent rate capability at higher C-rates (Figure
4c; Figure S11, Supporting Information). For instance, Li|poly-
PIC80|LFP delivered specific capacities of 164, 156, 145, 135, and
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126 mAh g at 0.2, 0.5, 1, 2, and 3 C, respectively (Figure 4c).
When the current density returned to 1 C, the specific capac-
ity recovered to 145 mAh g™ and the cell could be operated
stably for 50 cycles (Figure S11c, Supporting Information). The
Li|polyDOL-free-PIC80|LFP battery was also tested for compar-
ison. As shown in Figure S12a (Supporting Information), the
polyDOL-free-PIC80-based battery had a low initial CE of 20.7%
with a specific capacity of 4 mAh g! at 0.2 C at room temperature.
The poly-PIC80-based battery had a significantly better capacity
of 158 mAh g~! with an initial CE 0f 95.2%, see Figure S12b (Sup-
porting Information). As the mass loading of LFP increased to
7.9 mg cm?, the Li|poly-PIC80|LFP battery delivered a high ini-
tial CE of 98.4% and sustained a discharge capacity of 150 mAh
g! over 50 cycles at 23 °C and 0.1 C (Figure S13, Supporting In-
formation).

A high-energy Li-metal battery with a high-voltage NMC811
cathode (mass loading of 6.9 mg cm™2) and poly-PIC80 as the
electrolyte was prepared. As shown in Figure 4d,e, this Li|poly-
PIC80|NMC811 battery operated from 2.8 to 4.3 V and main-
tained a discharge capacity of 140 mAh g™ over 80 cycles at
0.1 C. The poly-PIC80-based battery outperformed recently re-
ported PIC-based batteries (Table S2, Supporting Information).
Furthermore, a flexible and safe poly-PIC80-based pouch cell was
constructed. As shown in Figure S14 (Supporting Information),
a Li|poly-PIC80|LFP pouch cell illuminated a red light-emitting

© 2023 The Authors. Small published by Wiley-VCH GmbH
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sweep voltammograms of the Li|poly-PIC|SS (SS = stainless steel) cells.

diode (LED) when bent, cut, or folded. Moreover, the cut pouch
cell was functional even under flame exposure (Figure S14b and
Movie S2, Supporting Information).

To elucidate the mechanisms underlying the stable cycling
performance of the poly-PIC80-based Li-metal batteries, further
characterizations were conducted. Scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS) were used to
analyze the LMA surfaces after the rate performance tests. These
rate performance tests, consisting of five cycles at 0.2, 0.5, 1, 2,
and 3 C, followed by an additional 25 cycles at 1 C were car-
ried out for all the Li|poly-PIC|LFP batteries prepared. As shown
in Figure 5a,b, surface protrusions and Li dendrites were ob-
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served on LMA@poly-PIC50 (LMA from the Li|poly-PIC50|LFP
cell) and LMA@poly-PIC60 (LMA from the Li|poly-PIC60|LEP
cell). Whereas the LLZTO content increased, SEM images of
LMA@poly-PIC70 and LMA @poly-PIC80 (Figure 5¢,d) indicated
more uniform and smoother surfaces, suggesting suppressed
dendrite growth. The surfaces of the cycled LMAs were then char-
acterized by XPS depth profiling (Figure 5e). With reference to
the C 1s spectra, all the LMAs surfaces showed the hydrocar-
bon (C-C/C-H, 284.8 eV), polyether carbon (C-0O, 286.6 eV), car-
bonyl group (C=0, 288.8 eV), and Li carbonate (CO;, 289.9 eV)
peaks.[®! The significant C-F (293.0 eV) peak in LMA@poly-
PIC50 was mainly due to LiTFSI decomposition during cycling.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a) Cycling stability and b) enlarged cyclic profiles from 250 to 300 cycles of Li/LFP batteries with poly-PICs at 23 °C and 1 C. c) Typical charge—
discharge curves of Li|poly-PIC|LFP batteries at various C-rates. d) Cycling performance and e) typical charge—discharge curves of Li|poly-PIC80|NMC811

batteries with a mass loading of 6.9 mg cm=2 of NMC811 within the cathode.

As the LLZTO content increased, the C-F peak intensity re-
duced with C-F peak being barely observable for poly-PIC80,
indicating inhibited LiTFSI decomposition. Similar considera-
tions can be made from the analysis of the F 1s spectra. The
C-F, (688.5 eV) peak was more prominent for LMA@poly-PIC50
than for LMA@poly-PIC60, LMA@poly-PIC70, and LMA@poly-
PIC80. Indeed, the peak area ratio of LiF to the total area of
CF,, BF, and LiF (48% of LMA@poly-PIC60, 51% of LMA@poly-
PIC70, and 52% of LMA @poly-PIC80) increased, suggesting the
formation of a stable SEI layer. After sputtering, these differ-
ences could no longer be detected, with LiF being the dominant
peak of the inner part of the SEI. Furthermore, the presence of
peaks attributable to B-F (686.8 eV) in the F 1s spectra and B-O
and B-F peaks in the B 1s spectra (Figure S15, Supporting In-
formation) originating from the decomposition of LiBOB, sug-
gests that LiBOB was also involved in the formation of the SEI
on LMA@poly-PIC80.

Density functional theory (DFT) calculations were carried out
to elucidate the SEI formation mechanism. The lowest unoccu-
pied molecular orbital (LUMO) was calculated for each electrolyte
component. A low LUMO energy indicates a high tendency of
species to be reduced. As shown in Figure 6a, LiBOB had a low
LUMO energy of —3.16 eV, much lower than LiTFSI (—1.63 eV),
indicating that LiBOB facilitates SEI formation, consistent with
the XPS results. Furthermore, polyDOL had the highest LUMO
energy of 0.94 eV among the investigated components, suggest-
ing that polyDOL is stable against LMA. Therefore, adding poly-
DOL to the electrolyte can improve its stability with LMA. The
impact of polyDOL addition was further investigated by molecu-
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lar dynamics (MD) simulations of the PVDF-based polymer elec-
trolyte and polyDOL-based polymer electrolyte (see snapshots in
Figure 6b,c). Figure 6d shows the mean square displacement
(MSD) of Li*, TESI~, and PVDF in the PVDF-based polymer elec-
trolyte. The diffusion coefficients (Figure 6e) were calculated by
regressing the MSD curves against time (see details in the com-
putational section). Species in the polyDOL-based polymer elec-
trolyte showed higher diffusion coefficients. For instance, the dif-
fusion coefficient of Li* at room temperature was improved to
7.04 x 10713 m? s71, higher than that in the PVDF-based elec-
trolyte (3.62 x 10713 m? s7!) (Figure 6e). The radial distribution
functions, g(r), of TFSI~ anion and polyDOL molecule with re-
spect to Li* were calculated to analyze the Li* solvation structure
(Figure S16a, Supporting Information). A sharp peak of TFSI~
was observed at 2.0 A, indicating its presence in the first solva-
tion shell of Li*. The coordination number (CN) at a distance r
from the referenced Li* was obtained by integrating g(r) from
0 to r. The value of CN of a certain species indicated its place-
ment in the Li* solvation shell. As shown in Figure S16b (Sup-
porting Information), the CN number confirms that Li* are close
to TFSI~ with a high CN of 1.54 at 3.0 A, indicating that the
TFSI™ anion enters the first Li* solvation shell. This structure
is comparable to that seen in localized concentrated electrolytes,
which has been shown to promote Li* transport and electro-
chemical stability.[22+3% Therefore, incorporating the in situ gen-
erated polyDOL-based polymer electrolyte greatly promotes the
Li* transport. As a result, poly-PIC electrolytes have higher ionic
conductivity than polyDOL-free-PIC electrolytes with the same
ceramic content (Figure 1g).

© 2023 The Authors. Small published by Wiley-VCH GmbH
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3. Conclusion

We successfully developed a class of LLZTO-based polymer-
ceramic composite electrolytes for use in solid-state Li-metal bat-
teries. These electrolytes exhibit high ionic conductivity, wide
electrochemical windows, and strong mechanical properties.
Among the electrolytes synthesized, poly-PIC80 was found to be
particularly promising, exhibiting high ionic conductivity at var-
ious temperatures, a high Li* transference number, and a high
Young’s modulus. When tested in Li symmetric and asymmet-
ric Li/Cu cells, poly-PIC80 demonstrated excellent cycling sta-
bility at room temperature. In addition, the use of poly-PIC80
in a Li/LFP battery led to a high specific capacity over 500 cy-
cles. Moreover, when matched with a high-voltage NMC811 cath-
ode, poly-PIC80-based Li-metal batteries maintained a discharge
capacity of 140 mAh g™ over 80 cycles at 23 °C. Our experi-
mental and computational analyses also provide insight into the
mechanisms behind the formation and composition of the solid-
electrolyte interphase, which contributes to the enhanced capac-
ity and stability of these batteries. These findings represent a sig-
nificant advance toward the development of high-energy-density
and high-safety solid-state Li-metal batteries that can be utilized
at room temperature.
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4. Experimental Section

Materials: LiOH-H,0 (>99.0%, Sigma-Aldrich), ZrO, (<100 nm,
Sigma-Aldrich), Ta,Os (> 99 %, Alfa Aesar), LiTFSI (99%, Sigma-Aldrich),
LiBOB (98%, Dkmchem), LiPFg (99%, Sigma-Aldrich), polyvinylidene
fluoride (PVDF, Solef 5130, Solvay), DOL (AR, Dieckmann), N, N-
dimethylformamide (DMF, 99.9%, Prolabo), methyl propionate (MP, 99%,
Aladdin), fluoroethylene carbonate (FEC, 98%, Alfa Aesar), N-methyl-2-
pyrrolidone (NMP, 99.9%, MTI), Carbon black (TIMICAL SUPER C65,
MTI), LFP (Aleees), and NMC811 (Shanshan Corporation) were used with-
out further treatment. La, O3 (99 %, Sigma-Aldrich) was dried at 900 °C for
12 h to remove H,O.

Preparation of LLZTO: LLZTO was fabricated by a solid-state reac-
tion method in the previous work.[®%23] Stoichiometric amounts of La, 05,
LiOH - H,0, ZrO,, and Ta,O5 were mixed in isopropanol and ball milled
thoroughly. After drying at 200 °C on a hot plate for 2 h, the precursor
powder was calcined at 900 °C for 12 h in a MgO crucible. After adding an
extra 10 wt.% LiOH - H,O and 0.3 wt.% Al,O3, the sintered powder was
ground and uniaxially pressed into pellets. The obtained pellets were kept
at 1140 °C for 16 h to synthesize LLZTO. Lastly, the pellets were ground
again for 24 h at 500 rpm in a ball miller and stored in an Ar-filled glovebox
([H,0] < 0.01 ppm, [O,] < 0.01 ppm, Super 1220/750, Mikrouna).

Preparation of Electrolytes: 0.172 g LiTFSI, 0.078 g LiBOB, and (1 —x)
g PVDF (x = 0.5, 0.6, 0.7, or 0.8) were first stirred into 6.0 mL DMF at
60 °C to obtain a transparent solution. Then, x g of LLZTO powder was
added to the solution that was further stirred at 60 °C for 12 h. The viscous

© 2023 The Authors. Small published by Wiley-VCH GmbH
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mixture was then cast on a glass dish and dried for 8 h in a vacuum oven at
60 °C to obtain the PVDF/LLZTO membrane. Based on the LLZTO mass,
x, the membrane was denoted as polyDOL-free-PICX, where X = 100x. For
the preparation of polyDOL, 0.144 g LiTFSI, 300.0 pL DOL, and 50.0 uL
FEC were first mixed into a vial. Then, 0.038 g LiPFg previously dissolved
into 150.0 uL of MP was also added to the vial to further obtain the poly-
DOL precursor solution. Finally, 25.0 uL of the solution was immediately
injected into polyDOL-free-PICX. The polyDOL-enhanced PIC was denoted
as poly-PICX (X = 100x). The thickness of poly-PICX was controlled in the
range of 100-110 um. The PVDF membrane without LLZTO was also pre-
pared by tape casting; 0.172 g of LiTFSI, 0.078 g of LiBOB, and 0.5 g of
PVDF were added into 6.0 mL of DMF and stirred at 60 °C for 12 h to ob-
tain a viscous solution. Subsequently, the solution was cast on a glass dish
and dried for 8 h in a vacuum oven at 60 °C to obtain the PYDF membrane.

Cathode Preparation: LFP, conductive carbon black, and PVDF were
combined in the NMP solvent with a weight ratio of 8:1:1 and magnetically
stirred on a hot plate for 12 h. The obtained slurry was then cast onto
an Al foil and dried at 90 °C for 8 h to produce an electrode. In general,
the mass loading of the LFP cathode was in the 2.5-3.0 mg cm~2 range.
In addition, LFP and NMC811 electrodes with a higher mass loading of
7.9 and 6.9 mg cm™2, respectively, were prepared using a similar process,
which involved mixing the active material, carbon black, and PVDF in a
weight ratio of 9:0.6:0.4.
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Physical Characterizations: ~ FTIR characterization was performed using
a Bruker Vertex 70 FTIR spectrometer. SEM (JEOL-6700F and JEOL-6390)
was used to document the morphology of the LLZTO particles, poly-PICs,
and Li metal surfaces after cycling. A zeta potential nano-particle analyzer
(ZetaPlus) was employed to determine the size distribution of LLZTO par-
ticles. To test the wettability between the polyDOL precursor and the PP,
PVDF, and PVDF/LLZTO (e.g., polyDOL-free-PIC80), contact angle mea-
surements were conducted using a contact angle instrument (SDC-100,
SINDIN). TGA (SA Q5000, TA instrument) was performed from room tem-
perature to 750 °C at a heating rate of 10 °C min™' under N, flow. XRD
(PANalytical Empyrean Pro diffractometer) was conducted with Cu Ka ra-
diation (4 = 1.5406 A) in the 26 range from 10 to 70°. Tensile tests were
conducted using a UTM-I12 universal testing machine at a crosshead speed
of 10 mm min~". XPS was recorded using a PHI5600 X-ray photoelectron
spectrometer. The cycled Li metal anodes were washed three times with
dimethyl carbonate (DMC) prior to XPS characterization.

Electrochemical Characterizations: ~ All cells characterized electrochem-
ically were assembled within a glovebox (MIKOUNA). The ionic conductiv-
ity (o) of poly-PICs was calculated by ¢ = =, where A is the contact area
between poly-PIC and SS, L is the thickness of poly-PIC, R is the measured
ohmic resistance of a SS|poly-PIC|SS (SS = stainless steel) symmetric cell
that can be obtained from the electrochemical impedance spectroscopy
(EIS) spectra. EIS was measured within the frequency range of 0.5 Hz to
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7 MHz using a Bio-Logic VSP-300 electrochemical workstation. The acti-
vation energy (E,) was obtained following the Arrhenius equation ¢ (T) =
Ea

Ae %87, where T is the measurement temperature, A is a pre-exponential
factor, and kg is the Boltzmann constant. The temperature-dependent
conductivity tests were performed in a thermal chamber (SU-242-5, ES-
PEC North America). The ¢+ was calculated using the formula ¢+ =
Jss (AV=IoRo)
lo(AV=IssRss)
obtained by chronoamperometry, AV is the DC voltage applied, which is
10.0 mV, and Ry and R, are the initial and steady state resistances ob-
served from EIS. Linear sweep voltammetry (potential range of 2-6 V at a
scan rate of 5mV s™') was used to determine the oxidation potential, using
a Li|poly-PIC|SS cell. Cycling of symmetric cells and full batteries were per-
formed using a CT2001A battery testing system (LANHE). Li|poly-PIC|LFP
and Li|poly-PICINMC811 batteries were cycled within the voltage range of
2.5-4.2 and 2.8-4.3 V, respectively.

Density Functional Theory Calculations: DFT calculations were carried
out in Gaussian 093" with a hybrid B3LYP functionall®?! and 6-311G(d,p)
basis set(**] The molecular structures of different electrolyte components
were first optimized until forces converged within 4.5 x 10™* Hartrees
Bohr~!. Next, the energy of molecular orbitals was obtained using the
optimal molecular structures. HOMO and LUMO were visualized with
GaussView 5.0.9.34

Molecular Dynamics Simulations: ~Classical MD simulations were car-
ried out with GROMACSI*®] The OPLS-AA force field[3¢] and restrained
electrostatic potential (RESP) charge (obtained using Multiwfn[371) were
used. Bonds with hydrogen atoms were constrained using the linear con-
straint solver (LINCS) algorithm[33] In the case of the polyDOL-free-PIC
electrolyte, 60 LiTFSI, 40 LiBOB, 237 DMF, and 31 PVDF (degree of poly-
merization was set at ten) were added to a 300 x 300 x 300 A3 box. In
the case of the poly-PIC electrolyte, 47 LiTFSI, 23 LiPFg, 215 MP, 62 FEC,
and 40 polyDOL (degree of polymerization was set at ten) were added
to a 300 x 300 x 300 A3 box. First, the model system was relaxed for
100 ps under a canonical ensemble (NVT). Then, it was equilibrated for
5 ns (time step = 1 fs) under an isothermal-isobaric (NPT) ensemble.
After equilibration, the box shrank to 80 x 80 x 80 A, and the system
reached a density of 1.57 g cm™3. After that, a simulation lasting 5 ns (time
step = 1 fs) was carried out under the NVT ensemble. The temperature
for NPT equilibration and NVT production was controlled at 296.15 K us-
ing Nosé—Hoover temperature coupling. The pressure for NPT equilibra-
tion was controlled at 1 bar using Parrinello-Rahman pressure coupling
(coupling constant = 2 ps). Particle-Mesh-Ewald (PME) method![**! (cut-
off distance = 1.0 nm) was used to handle electrostatic interactions. The
simulation results were visualized using VMD.[40]

The RDF of a solvent or anion was calculated using g(r) =

, Where the Iy and I are the initial and steady-state currents

"f
4xr2pAr’
where ris the distance of an atom from the reference atom, p is the aver-
age probability density of an atom type in the system, and n, is the number
of atoms of the given species within a shell of radius r and a thickness of
Ar. Therefore, the g(r) was averaged over the entire simulation time.

The MSD of a certain species was calculated using MSD(t) =
% Z/’L |r;(£) = r: (0)|%, where r;(0) and r,(t) are the initial (time = 0) and
final (time = t) positions of the ith particle of that species, respectively
(N = total number of particles of that species). Correspondingly, the self-
diffusion coefficient, D, of that species was obtained from the following

MSD (tg+A#)—MSD (tg

formula: D = limp,_, o, e L where t, = initial time.[41]
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