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A self-healing plastic ceramic electrolyte by
an aprotic dynamic polymer network for
lithium metal batteries

Yubin He1,7, Chunyang Wang 1,7, Rui Zhang1, Peichao Zou1, Zhouyi Chen1,
Seong-Min Bak2,6, Stephen E. Trask 3, Yonghua Du 2, Ruoqian Lin4,
Enyuan Hu 5 & Huolin L. Xin 1

Oxide ceramic electrolytes (OCEs) have great potential for solid-state lithium
metal (Li0) battery applications because, in theory, their high elastic modulus
provides better resistance to Li0 dendrite growth. However, in practice, OCEs
can hardly survive critical current densities higher than 1mA/cm2. Key issues
that contribute to the breakdown of OCEs include Li0 penetration promoted
by grain boundaries (GBs), uncontrolled side reactions at electrode-OCE
interfaces, and, equally importantly, defects evolution (e.g., void growth and
crack propagation) that leads to local current concentration and mechanical
failure inside and on OCEs. Here, taking advantage of a dynamically cross-
linked aprotic polymer with non-covalent –CH3⋯CF3 bonds, we developed a
plastic ceramic electrolyte (PCE) by hybridizing the polymer framework with
ionically conductive ceramics. Using in-situ synchrotron X-ray technique and
Cryogenic transmission electronmicroscopy (Cryo-TEM), we uncover that the
PCE exhibits self-healing/repairing capability through a two-step dynamic
defects removal mechanism. This significantly suppresses the generation of
hotspots for Li0 penetration and chemomechanical degradations, resulting in
durability beyond 2000 hours in Li0-Li0 cells at 1mA/cm2. Furthermore, by
introducing a polyacrylate buffer layer between PCE and Li0-anode, long cycle
life >3600 cycleswas achievedwhen pairedwith a 4.2 V zero-strain cathode, all
under near-zero stack pressure.

Solid-state electrolytes (SSE) potentially offer higher energy density,
better resistance to Li0 dendrites, and enhanced safety compared with
conventional flammable, volatile, and leakable liquid electrolytes, and
therefore are gaining increasing interest for applications in electric
vehicles and large-scale energy storage systems1. Among all types of
SSE, oxide-based ceramic electrolytes (OCEs) possess advantages such
as high elastic modulus, better electrochemical stability than sulfide-

based SSE, low cost, and environment-benign properties2. However,
their wide application in solid-state Li0 batteries (SSLMB) was pre-
vented by a number of entangled chemical, electrochemical, and
mechanical challenges: (1) The ionic conductivity of OCEs is primarily
limited by sluggish Li+ diffusion kinetics through grain boundaries3,4.
(2) The high electronic conductivity of OCEs can easily result in the
direct deposit of Li0 dendrites at grain boundaries5. Defects and cracks
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generated during OCE fabrication and battery cycling are considered
“hotspots” for dendrite formation6,7. (3) The lithiation/degradation of
OCE in contact with Li0 will lead to uncontrolled SEI growth8,9. The
insufficient wettability of Li0 and the high modulus of OCEs result in
high contact resistance and electrode-electrolyte delamination, espe-
cially when operating under high current density and large areal
capacity10. (4) The hot-press sintering process at high pressure/tem-
perature complicates the fabrication process, and the OCEs’ brittle-
ness is non-compatible with conventional roll-to-roll battery
fabrication techniques1. Due to the above drawbacks, current OCEs
normally exhibit critical current density as low as <1mA/cm2, small
operating areal capacity (0.2mAh/cm2), high stack pressure require-
ment (>40MPa), and poor durability evidenced by short-circuiting or
rapid overpotential building-up within a few hundred hours7,11–14.
Existing strategies like optimizing the sintering conditions to reduce
impurities and defects at grain boundaries15, employing alloy anode
(negative electrode) such as LiIn, NaK, LiGa, etc. to avoid dendrite
formation16,17, and introducing artificial SEI to stabilize SSE-electrode
interfaces18 have led to steady progress in performance, such as
approaching a high critical current density of 3.2mA/cm2 and
enhanced full cell durability >100 cycles15,19. However, successfully
implementing the SSLMB technology requires simultaneously
addressing all the fundamental challenges of conductivity, dendrite
growth, interphase, stack pressure, and fabrication problems.

Here, to tackle the above challenges, we report a plastic ceramic
electrolyte (PCE) by embedding a commercial Li1.5Al0.5Ti1.5(PO4)3
(LATP, 70wt%) powder into a self-healing solid polymer electrolyte
(SH-SPE, 30wt%) with aprotic dynamic bonding network (Fig. 1a). As
evidence, the magic angle spinning solid-state NMR (MAS-ssNMR)
spectra presented in Fig. 1b and Supplementary Fig. S1 demonstrate
that as the (trifluoromethane) sulfonimide lithium methacrylate
(MTFSI) content increases, the signals of ethylene acrylate (EA) shift
gradually downfield. This shift can be attributed to the electron-
withdrawing effects of the F/O atoms in MTFSI. Conversely, with
increasing EA content, the signals of MTFSI shift upfield (Supplemen-
tary Fig. S1c), which further supports the presence of non-covalent
interactions between EA and MTFSI. Previous theoretical predictions
also show a high binding energy of 0.4–0.5 eV for this –CH3⋯CF3
interaction20,21, which surpasses the strength of water-water hydrogen
bonding (0.25 eV)22. Consequently, this non-covalent interaction is
extensively utilized in developing functional polymers, including
mechanically robust ionogels23 and stretchable elastomers24. In this
work, this non-covalent nature of –CH3⋯CF3 interaction leads to a
dynamically and reversibly crosslinked network24,25, where the break-
ing and reconnection of –CH3⋯CF3 bonding enables adaptive migra-
tion of ceramic particles inside the polymer matrix (evidence will be
discussed later),whichhasnever been achieved in conventional hybrid
SSEs where the ceramic is immobilized by crystalized or crosslinked
polymer chains with no self-healing capability. In addition, the aprotic
–CH3 group in ethylene acrylate monomer contains no reactive
hydrogen like in hydroxyl (O–H)26 and amine (N–H) groups27, which
also helps avoid the side reaction with Li0-anode.

A cold-milling strategy was employed to prepare the PCE with
desirable free-standing, flexible, and deformable properties (Fig. 1c) for
potential roll-to-roll SSLMB fabrication and low stackpressure operation
(<0.1MPa). The PCE also demonstrates remarkable self-healing cap-
abilitieswhichmake long-life SSLMBspossible (Fig. 1c). For thefirst time,
the healing kinetics of millimeter-sized cracks/defects was directly
visualized by operando X-ray fluorescence (XRF) microscopy. Cryo-TEM
chemical analysis reveals that grain boundaries of LATP can be well
infiltrated andprotectedbySH-SPE (Fig. 1d), leading toa 33-fold increase
in grain boundary ion conductivity (0.8mS/cm vs. 0.024mS/cm) and a
32-fold decrease in electron conductivity (5.7E−8S/cm vs. 1.5E−6 S/cm at
30 °C). Cryo-TEM characterization further revealed densely packed,
dome-shaped Li0 deposits well-protected by a uniform and compact

SPE-derived SEI layer. Owing to the uncommon self-healing capability,
optimized ion/electronconduction at thegrainboundary, and improved
interfacial stability, the PCE-based Li0-Li0 cell delivered dendrites-free
cycling for ~2000h at 22 °C and 1mA/cm2 (Fig. 1e, enlarged voltage-time
curves showed in Supplementary Fig. S2). To further eliminate the
possible side reaction of LATP after long cycles (e.g., >2000h), we
developed a hierarchical SSE (H-SSE) with a polyacrylate-based SPE as a
buffer layer between PCE and the Li0-anode (see Methods for details of
the buffer layer). When paired with a 4.2 V high-Ni zero-Co zero-strain
cathode (positive electrode), the H-SSE-based full cell operated stably
for 3600 cycles without short-circuiting. Also, remarkably, when paired
with a commercial high-loading NMC811 cathode (1.6mAh/cm2), it
shows capacity retention of 71% after 1000 cycles at 22 °C. All results
were measured in coin cells with a stack pressure lower than 0.1MPa.

Results and discussion
Self-healing mechanism and interfacial chemistry
The self-healing mechanism of PCE in real SSLMB was investigated by
operando XRF imaging. Incident X-ray energy of 3000 eV was
employed to excite both the sulfur element in SPE (highlighted in
green) and the phosphorus element in LATP (highlighted in red)
(Fig. 2a). In-situ cells with Li0 as the reference electrode, PCE as the
electrolyte, and stainless steel (SS) as the working electrode were
assembled inside a Kapton® tube and sealed with epoxy resin to avoid
air exposure (Fig. 2b). Note that a thicker PCE of ~2mmwas employed
to provide a large volume size for better observation of the self-healing
process. While in other electrochemical measurements, the thickness
of PCE is 350 µm (Supplementary Fig. S3). Figure 2a highlights a
millimeter-sized void deficient of S and P (region R1with dark contrast)
whichwas naturally formed during battery fabrication (void formation
is commonly observed in OCE-based batteries10). After cycling at
0.2mA/cm2 for 12 h at 22 °C, the void was largely healed through
migration of both SH-SPE and LATP. The self-healed region around the
residual void shows evident enrichment of S (green colored in R3 and
R4 regions) which is a fingerprint of SH-SPE. In contrast, the com-
pletely healed region R4 (close to the bulk PCE) is composed of both
SPE and LATP. The observed different healing states in the above
indicate a two-step self-healing mechanism: first, SPE infiltrates into
the void, and subsequently, micron-sized LATP particles migrate
through the SPE matrix to fill the voids.

Next, more detailed in-situ monitoring was performed to further
confirm the two-step self-healing mechanism and to understand the
healing kinetics. Figure 2c presents time-resolved high-resolution XRF
images showing the healing kinetics of two neighboring voids. The two
300-µm-sized voids were completely self-repaired within 20 h. The
observed uneven distribution of LATP and SH-SPE after 10 h resulted
from the infiltration of SH-SPE and the diffusion of LATP, indicating
that the SH-SPE infiltration and LATP diffusion is a dynamic process.
Additionally, the varying LATP content in different regions could cre-
ate a concentration gradient, promoting the diffusion of LATP to low
concentration regions. Therefore, with extended battery cycling, we
believe this inhomogeneity may gradually decrease and will not sig-
nificantly affect the dendrite inhibition capability of PCE, as evidenced
by the excellent durability of the Li0|PCE|Li0 cell (Fig. 1e). Figure 2d
shows the quantitative analysis of the void size evolution with cycling
time (the void size is defined as the square root of the void area). It is
interesting to find that the self-healing process significantly acceler-
ated with decreased void size. For example, with the void size
decreased from ~282 to ~226 µm, the self-healing rate increases from
~5.6 to ~22.6 µm/hour, which is much faster than the Li0-deposition
speed at 1mA/cm2 (4.82 µm/hour). This accelerated self-healing rate
can be attributed to the three-dimensional nature of voids, where the
volume of a void is proportional to the cube of its diameter. Conse-
quently, the self-healing process is significantly accelerated at smaller
void sizes due to the much smaller volume.
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Fig. 1 | Design concept of the plastic ceramic electrolyte (PCE). a Schematic
illustration showing the design concept of PCE through embedding the LATP
powder into a dynamicpolymer network.b 1HNMR spectra showing the –CH3⋯CF3
non-covalent interaction between EA and MTFSI monomers. c Photographs
showing the self-healing ability and flexibility of PCE at 22 °C. After cracking, as

shown in the top picture, the PCE can self-heal after hand-milling at room tem-
perature for 1min, as shown in the middle picture. d Cryo-TEM images and EDS
mapping of PCE. Enriched C, F, and S elements between two LATP grains show that
the grain boundaries were well-infiltrated by the SH-SPE. e Voltage-time profiles at
22 °C of the solid-state Li0-Li0 cells employing the PCE as the electrolyte.
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schematic illustration of the tube battery and experimental set-up for XRF and XAS
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showing the accelerated self-healing process. Operando S K-edge XAS obtained at
the PCE-electrode interface (e) and bulk PCE area (f) at 22 °C. gOverlaid S K-edge, P
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To investigate the effect of cycling current density on the self-
healing rate, we provided XRF images illustrating the self-healing of
140-µm-sized void at a cycling current density of 0.05mA/cm2 (Sup-
plementary Figs. S29–S31). At this lower current density, the self-
healing rate was 23.6 µm/hour for 142-µm voids and 50.9 µm/hour for
76-µm voids. For comparison, at 0.2mA/cm2, the self-healing rate was
22.6 µm/hour for voids sized of 226 µm (Fig. 2). These findings suggest
that the self-healing rate remains relatively constant across different
cycling conditions, indicating that the process is primarily diffusion-
limited. During the first step of self-healing, the polymer component
infiltrates the voids, creating a concentration gradient that drives the
diffusion of LATP ceramics into the voids to facilitate repair. At the
PCE-electrode interface (Supplementary Fig. S4), operandoXRF results
also confirmed no electrode-electrolyte delamination or crack forma-
tion during cycling, although no external pressure was applied. In the
meantime, the electrode surface was gradually wetted and covered by
the PCE, attributed to the excellent flexibility and self-infiltration
ability of the PCE. It should be noted that the voids/cracks formation is
considered the primary cause of cell failure6,7,10. This self-healing PCE
may hold the potential for eliminating the long-existing dendrite for-
mation and manufacturing challenges of SSEs.

Operando S K-edge X-ray absorption spectroscopy (XAS) was
further performed to reveal the chemistry at the PCE-Li0 interface. In
the time-resolved XAS profiles (Fig. 2e), pristine PCE shows a major
peak at 2482 eV which is ascribed to the transition of S 1s to –SO2– in
the LiTFSI salt. With prolonged cycling, new peaks emerging between
2472 eV and 2480 eV suggests the reduction of –SO2– to lower charge-
state species such as S–Ox

28 and Li2Sx
29,30. For comparison, XAS profiles

from the bulk PCE show no noticeable change (Fig. 2f). The electro-
chemical reduction of LiTFSI is responsible for forming a stable SEI31,
and this is further supported by ex-situ XPS results (Supplementary
Fig. S5), where S–Ox and Li2Sx can be clearly identified in the S 2p
profiles32. In addition, the SEI is also enriched in LiF, Li2O, Li3N, and
Li2CO3, further suggesting the contribution of SH-SPE component to
forming stable SEI. The effectiveness of this SEI in preventing LATP
degradation was proved by the operando P K-edge XAS, where no
changes in the pre-edge energy and peak shape were observed (Sup-
plementary Fig. S6). While for the pristine LATP, the pre-peaks at
2148 eV and 2150.5 eV almost disappeared after cycling, indicating the
structural change of the NASICON phase33 due to lithiation8 and sub-
sequent degradation into Li3PO4 and Li3P

9, which could be further
supportedby theXPSP 2p andO 1sprofiles as shown inSupplementary
Figs. S7 and S8. Finally, to confirm that the Smigration originates from
the dynamic polymer mainchain, we performed verification experi-
ments by replacing LiTFSI with LiClO4 (in later sections, the original
PCE formulation with LiTFSI salt was employed). Consequently, the
individual migration process of LATP, polymer mainchain, and lithium
salt could be monitored by operando tracking of the P, S, and Cl ele-
ments, respectively. As shown in Fig. 2g, the polymer mainchain and
LiClO4 salt are found to migrate synchronously, and completely filled
the 300-µm-sized void within 12 h. Based on the individual P, S, and Cl
mapping in Supplementary Fig. S9, the calculated infiltration speed
was 33.8 µm/hour (Supplementary Fig. S10). This result further con-
firms the self-infiltrating capability of the dynamically crosslinked
mainchain. To thebest of our knowledge, this is thefirst study to reveal
the self-healing mechanism of a hybrid SSE, and this dynamically-
crosslinking and self-infiltrating design are conceptionally different
from conventional hybrid SSEs which employs covalently-crosslinked
or crystalized polymers.

Structure and chemistry of deposited Li0 and SEI
To demonstrate the effectiveness of this self-healing and SEI-forming
PCE in enabling dendrite-free Li0-anode, Fig. 3a presents representative
Cryo-TEM images of the Li0 deposited at 0.5mA/cm2 for 1 h (Li0-Cu cell).
The images were obtained in high-angle annular dark-field (HAADF)

mode (see details inMethod). The results show that the deposited Li0 is
densely packed and has a smooth chunk morphology. Energy-
dispersive spectroscopic (EDS) maps (Fig. 3b) of the deposited Li0

reveal a thin uniform layer of SEI. The SEI derived from the electro-
chemical reduction of SPE is enriched in C, N, O, F, and S elements,
which is consistent with the XAS and XPS characterization. Figure 3c
presents a representative atomic-resolution Cryo-TEM image of the Li0

deposit. The well-defined (110) plane (with a lattice space of 0.243 nm)
of the Li0 suggests that the deposited Li0 has a perfect bcc structure.
Figure 3d, e shows representative electron diffraction pattern (EDP) and
atomic-resolution Cryo-TEM images of the Li0 deposit covered by the
surface SEI. It is seen that the SEI is composed of nano-sized domains
(e.g., Li2O indicated by the dashed circles in Fig. 3e) with varied crys-
tallographicorientations. Consistentwith the atomic-resolution images,
theBragg spots andpolycrystalline ring in theEDPcanbe indexedas the
(110) plane of the body-centered cubic (bcc)-structured Li0 and the (111)
plane of the face-centered cubic (fcc)-structured Li2O, respectively.
From the above, the dendrite-free Li0 deposition and uniform SEI
morphology revealed by Cryo-TEM experiments could be ascribed to
the SEI-forming and self-healing ability of PCE, and also rationalizes the
excellent electrochemical properties and full cell durability, which will
be discussed in the following section.

Interphasial and interfacial ion transport
The SH-SPE also facilitate interphasial Li+ ion transport by infiltrating
the grain boundaries of LATP, as evidenced by cryo-TEM images in
Fig. 1d. To confirm this, we conducted 6Li-6Li 2D exchange NMR (2D-
EXSY) to demonstrate Li+ inter-exchange between the polymer phase
and ceramic phase34. The two diagonal peaks in Fig. 4a correspond to
self-correlation signals of SH-SPE at −2.00 ppm and LATP at −0.97
ppm, respectively. Furthermore, Li+ ion exchange between SH-SPE and
LATP results in off-diagonal cross-peaks, indicated by the dashed box
in Fig. 4b. Increasing the mixing time (Tmix) allows more time for Li+

diffusion between phases, leading to increased cross-peak intensity
(Fig. 4c).Notably, the appearanceof clear cross-peaks at a shortmixing
time of 5ms and room temperature (Fig. 4b) indicates rapid Li+

exchange between the polymer and ceramic phases35. In Fig. 4d, we
further employed an isotope exchange method to investigate ion
conduction pathways within PCE. By cycling a 6Li|PCE|6Li cell, the 7Li
atom in PCE is gradually replaced by the 6Li atom, enhancing the 6Li
signal intensity where Li+ transport occurs. As shown in the 6Li NMR
spectra (Fig. 4e), after isotope exchange from 7Li to 6Li, the integral
area for the SH-SPE signal increased by 7.1-fold, while the integral area
for the LATP signal increased by 6.3-fold, which is comparable to that
of SH-SPE. This result suggests that Li+ ions transport equally through
both the polymer and ceramic phases, due to their comparable ionic
conductivities (Supplementary Fig. S36). This uniform transport miti-
gates the uneven deposition and dendrite formation that could arise
fromdifferences in ionic conductivity between thephases36. Due to the
grain boundary infiltration of SH-SPE and fast interphasial ion trans-
port kinetics, the PCE exhibits low grain boundary resistance (RGB) of
~55 ohms (σGB = 0.8 mS/cm) at room temperature (Fig. 4f). In com-
parison, pristine LATP pellet has an RGB and σGB of 5000 ohms and
0.024 mS/cm, respectively. This decreased RGB results in high ionic
conductivities of 0.75mS/cm at 30 °C and 5.09 mS/cm at 100 °C
(Fig. 4g). In addition, PCE also possesses a good Li+ transference
number of 0.74 (Supplementary Fig. S11), attributable to the single-ion-
conducting nature of LATP ceramic.

Figure 4h shows the electrochemical impedance spectroscopy
(EIS) evolution with cycling time (see equivalent circuit fitting in Sup-
plementary Fig. S12). The Li0|PCE|Li0 cell showed constant and low
charge transfer resistance ~14.5 ohm·cm2, attributing to the stable
interfacial chemistry as revealed by operando XAS and Cryo-TEM. In
sharp contrast, Li0|LATP|Li0 cell showedhigh charge transfer resistance
reaching 50000ohm·cm2 due to the uncontrolled side reactions at the
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interface8. SEM characterization reveals a smooth, dense, and uniform
morphology of the deposited Li0 under PCE (Fig. 4i). Furthermore, the
Li0|PCE|Li0 cell could be continuously discharged to a high areal
capacity of 6mAh/cm2 (Fig. 4j), which corresponds to the plating of 29-
µm-thick Li0. The inserted EIS plots showed constant bulk resistance,
suggesting no dendrite penetration through PCE. The constant charge
transfer resistance also suggests minimized side reaction and
electrode-electrolyte delamination, which is hard to achieve in con-
ventional OCE-based SSLMB10. Also from amanufacturing perspective,
the cold-milled PCE avoids the high-temperature, high-pressure, hot-
press sintering fabrication of OCEs. The SH-SPE was also synthesized
via a single-step, solvent-free, and highly convenient (10min at 22 °C)
UV-polymerization approach under near-quantitative monomer con-
version yield (see Methods and Supplementary Fig. S13).

Long-term durability of PCE
Figure 5a further compares the long-termdurability of Li0|LATP|Li0, Li0|
SH-SPE|Li, Li0|PCE|Li0 cells. At a small current density of 0.05mA/cm2,

the Li0|LATP|Li0 cell failed within 100h, as indicated by the rapid
overpotential build-up caused by interfacial side reaction (Supple-
mentary Fig. S14). Li0|SH-SPE|Li0 cell showed improved durability at
0.2mA|cm2, then short-circuiting occurred at 1000h (Supplementary
Fig. S15). In sharp contrast, the Li0|PCE|Li0 cell stably cycled for
>4000 h, and enlarged voltage-time curves (Supplementary Fig. S16)
showed steady overpotential during cycling, providing further evi-
dence that no soft-shorting occurred. This improved durability of PCE
could be attributed to the combination of the ceramicwith the flexible
polymer filler. The polymer component can infiltrate voids and grain
boundaries, eliminating ‘hot-spots’ for dendrite formation. Addition-
ally, the polymer component provides more intimate interfacial con-
tact, minimizing local current concentration and enabling stable Li0

deposition. It should be noted that the above performance was
achieved with pristine Li0-anodes, i.e., without introducing any artifi-
cial SEI37 or employing alloy-type anodes38. Also, all results were mea-
sured in coin cells with a stack pressure lower than 0.1MPa. In Fig. 5b,
LiFePO4 (LFP) cathode was first paired with PCE due to its high safety,
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Fig. 3 | Cryo-TEM experiments reveal densely-packed Li0 deposits protected by
uniform SEI. a Representative cryogenic scanning transmission electron micro-
scopy (Cryo-TEM) images showing the smooth chunkmorphologyof the deposited
Li0 with PCE. The images were obtained in high-angle annular dark-field (HAADF)
mode. b High-angle annular dark-field STEM (HAADF-STEM) image, and energy-
dispersive spectroscopic (EDS) maps of the deposited Li0 with the PCE electrolyte.
The result shows that a thin and uniform layer of solid electrolyte interface (SEI)

enriched inC, N,O, F, and S forms on the Li0 surface. cAtomic-resolution Cryo-TEM
image showing the structure of the Li0 deposit. The Li0 (110) spacing is indicated in
the inset. d Electron diffraction pattern (EDP) of Li0 deposit. The Bragg spots and
diffraction rings corresponding to Li0 andLi2O respectively are indicated by arrows.
e Atomic-resolution Cryo-TEM image showing the SEI on the surface of the Li0

deposit. The SEI comprisesnano-sizeddomains (e.g., Li2O indicated bydash circles)
with varied crystallographic orientations.
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excellent stability, and low cost. At 22 °C and C/2 (0.19mA/cm2), the
Li0|PCE|LFP cell showed cycling stability >1300 cycles with a high
capacity retention of 92%, i.e. the capacity decay per cycle is 0.006%.
The charge-discharge curves in Fig. 5c show a stable overpotential
during cycling, and no sign of soft-short-circuiting could be observed.
To demonstrate the compatibility with a high voltage cathode (4.3 V),
we further employed a high-Ni zero-Co zero-strain cathode
(LiNi0.8Mn0.13Ti0.02Mg0.02Nb0.01Mo0.02O2, 0.6mAh/cm2) developed in
our previous study39 to pair with the PCE. The cell showed a high initial
capacity of 152mAh/g. After 500 cycles at C/2 (0.23mA/cm2) and 22 °C

(Fig. 5d, e), the retained capacity is 123mAh/g (81%). Note that the
above results were achieved under low stack pressure in coin cells
(~0.1MPa) and no catholyte was employed.

The hierarchical architecture further improves full-cell
durability
The PCE has solved the electronic conductivity, grain boundary resis-
tance, mechanical instability, and fabrication challenges of OCEs, thus
dramatically improving the durability of LATP from<100 h at 0.05mA/
cm2 to ~2000 h at 1mA/cm2. However, considering the intrinsic poor
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kinetics. a–c 2D EXSY NMR of PCE at different mixing time of 1ms, 5ms and
100ms. d Schematic illustration of the isotope exchangemethod for revealing the
ion conduction pathway. e 6Li solid-state NMR spectra of the pristine PCE and the
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showing the grain boundary resistance at 30 °C. SS refers to stainless steel blocking
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Ea
kT . h Evolution of EIS plots for Li0|PCE|Li0 cell when

cycling at 0.2mA/cm2 at 50 °C. Inset is the evolution of EIS plots for Li0|LATP|Li0 cell
when cycling at 0.05mA/cm2 at 50 °C. i SEM images showing the surface mor-
phology of Li0 deposits after discharging a Li0|PCE|Cu cell at 0.2mA/cm2 and 22 °C.
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electrochemical stability of LATP against Li0-anode and the thin coat-
ing of SH-SPE on LATP, side reactions are still possible after long-term
cycling. Therefore, we further developed a hierarchical architecture
(H-SSE, Fig. 6a) comprising a polyacrylate-based SPE (PA-SPE, 120-µm-
thick) as the buffer layer, and the PCE as the dendrite-inhibiting layer
(see Methods for details about PA-SPE). XPS profiles in Fig. 6b and
Supplementary Fig. S17 show that no Ti, Al, or P was detected in the H-
SSE-derived SEI. Instead, the SEI is mainly composed of LiF, Li3N, Li2O,
Li2CO3, and SOx originating from the electrochemical reduction of PA-
SPE, suggesting the complete isolation of LATP from Li0 anode. In
addition to optimizing the interfacial chemistry, the PA-SPE buffer
layer also enables an extremely low electron conductivity of 2.3E-9 S/
cm at 22 °C (Fig. 6c), which is 652-fold lower than the pristine LATP.
Supplementary Figs. S18–S27 summarizes the additional electro-
chemical properties of H-SSE. H-SSE shows a high ionic conductivity of
1.01 mS/cm at 30 °C (Supplementary Fig. S18a) and a wide electro-
chemical stability window of 0–4.6 V vs. Li+/Li (Supplementary
Fig. S18b). Smooth and dendrite-free morphology of plated Li0 was
revealed by both SEM (Supplementary Fig. S19) and cryo-TEM char-
acterization (Supplementary Fig. S20). Under Li0|H-SSE|Li0 cells, high
critical current density (>30mA/cm2, Supplementary Figs. S21, 22) and
further improved durability were achieved. The Li0|PCE|Li0 cell was
then cycled at current density of 1mA/cm2, demonstrating stable
cycling for 2900 h (Supplementary Fig. S23). The total amount of
plated Li0 during cycling can be quantified by the accumulated areal

capacity (AAC), calculated as AAC =Current density (mA/
cm2) × Cycling time (hours). Consequently, when cycling at 1mA/cm2,
the AAC of the Li0|PCE|Li0 cell reached 2900mAh/cm2. When cycling
the cell at a higher current density of 2mA/cm2 and a large cut-off areal
capacity of 2mAh/cm2, the cell also delivered an AAC of 2000 mAh/
cm2 (Supplementary Fig. S24). In addition, we further cycled the Li0|
PCE|Li0 cells at higher current densities of 5mA/cm2, 10mA/cm2, and
20mA/cm2, with cut-off areal capacities of 2mAh/cm2, 1mAh/cm2, and
0.5mAh/cm2, respectively. As shown in Supplementary Figs. S25–S27,
the AAC reached 1400mAh/cm2 and 1500mAh/cm2 when the cells
were cycled at 20mA/cm2 and 10mA/cm2, respectively. To confirm
this excellent dendrite inhibiting capability originates from the PCE,
we also provide the cycling stability of the PA-SPE buffer layer (without
PCE) in Supplementary Figs. S23, 24. Li0|PA-SPE|Li0 cells exhibit amuch
shorter cycling life of <200 h at 1mA/cm2 and <50 h at 2mA/cm2, due
to the absence of ceramic components to block the dendrites.

Next, the H-SSE was paired with different cathodes. Li0|H-SSE|LFP
cell showed good rate capability (Fig. 6d) by delivering a specific
capacity of 140mAh/g at C/2 (0.16mA/cm2) and 114mAh/g at 3 C
(0.99mA/cm2). At 50 °C and 2C (0.69mA/cm2), the LFP-based cells
showed cycling durability of ~4000 cycles with a high capacity reten-
tion of 88%, i.e., the capacity fade per cycle is 0.003% (Fig. 6e). After
cycling at C/2 (0.38mA/cm2) and 22 °C for 2400 cycles (loading = 4.5
mg/cm2), the capacity retention is 84%. Due to itswide electrochemical
window and excellent interface with Li0-anode, the H-SSE is also
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compatible with a commercial high-loading LiNi0.8Mn0.1Co0.1O2

(NMC811) cathode. Due to its high loading (7.4mg/cm2), the r.t. per-
formance of the Li0-NMC811 cell was evaluated at a lower C-rate of C/6
(0.24mA/cm2). As shown in Fig. 6f, the cell showedan initial capacity of
129.9mAh/g, and the capacity after 640 and 1000 cycles was 104 and
92mAh/g (80% and 71% retention). The charge-discharge curves
depicted in Supplementary Fig. S28 further prove no soft-shorting
occurred despite the large cycling capacity. Note that the cell was
cycled at low stack pressure in coin cells (0.1MPa), room temperature
(21 °C), and without any catholyte.

To further improve the cycling stability, the 4.2 V high-Ni zero-Co
zero-strain cathode (LiNi0.8Mn0.13Ti0.02Mg0.02Nb0.01Mo0.02O2,

0.6mAh/cm2)39 was paired with the H-SSE (Fig. 6g). A high initial
capacity of 144mAh/g was achieved at 1 C (0.55mA/cm2) and 50 °C.
The cell then cycled stably for 3600 cycles (6 months) without short-
circuiting. The capacity retentions at 1650 and 2860 cycles were 80%
and 70%, respectively. For comparison, the capacity of PA-SPE-based
cells (without PCE) declined from 144 to 80.5mAh/gwithin 700 cycles.
The capacity fade rate of 0.063% per cycle is 6-fold higher than the H-
SSE-based cell (0.010%), indicating the critical role of PCE as a dendrite
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(1.95mg/cm2). f Performance of H-SSE-based full cells at 22 °C when employing
high-loading NMC811 (7.4mg/cm2). g Performances of H-SSE-based and PA-SPE-
based full cells at 50 °C when employing a high-Ni, zero-Co, zero-strain cathode
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based full cell, while the Coulombic efficiency of the PA-SPE-based full cell is shown
in Supplementary Fig. S32.
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inhibiting layer to improve full cell durability. To further evaluate the
potential of the PCE in practical applications, we tested the perfor-
mance of H-SSE when paired with the zero-strain cathode in pouch
cells (Supplementary Fig. S37). Despite the absence of external pres-
sure, the pouch cell demonstrated an initial discharge capacity of
141.8mAh/g at 1 C (0.58mA/cm2) and 50 °C, maintaining good dur-
ability over 400 cycles. The capacity retention was 79% after 400
cycles, and the average coulombic efficiency from the 1 st to the 400th
cycle was 99.94%. In Supplementary Tables S1–S3, we further com-
pared battery performance with previously reported solid polymer
electrolytes. The PCE exhibits notable improvements in Li0 anode
compatibility, durability, and areal capacity, thereby demonstrating
the effectiveness of our design in achieving durable and high-
performance solid-state batteries.

In summary, we have developed a cold-milled plastic ceramic
electrolyte (PCE) that avoids the high-pressure, high-temperature, hot-
press sintering fabrication of conventional OCEs. The self-healing
capability originated from the aprotic and dynamically crosslinked
polymer network was demonstrated by operando XRF characteriza-
tion, and is crucial for eliminating the defects/cracks/voids of SSE and
maintaining its mechanical integrity. Infiltrating the grain boundaries
with the SH-SPE has delivered dramatically enhanced ionic con-
ductivity and decreased electron conductivity. Completely isolating
the LATP from Li0-anode via the dual protection from the PA-SPE
buffer layer and SH-SPE grain boundaries protection layer has enabled
robust SEI and full cell durability >4000 cycles. Despite demonstrating
good cycling durability, the initial low coulombic efficiency and dis-
charge capacity need further improvement. These issues may stem
from potential side reactions at the cathode-electrolyte interface and
high resistance at room temperature, which contributes to voltage
hysteresis40. Future studies will focus on enhancing the initial cou-
lombic efficiency by developing a stable cathode-electrolyte interface
(CEI)41 and addressing the low discharge capacity through the design
of composite cathodes to improve ion conduction within the elec-
trode. Overall, this study has addressed the conductivity, interface,
mechanical, stack pressure, and fabrication challenges of solid-state
Li0-anode batteries and demonstrated long cycle life, high current
density, and high areal capacity full cells. This study also provides
approaches for the SSE community: to solve the electrochemical/
mechanical failures of inorganic electrolytes via combing polymer
electrolytes with functionality like SEI-forming, self-healing, and
stimuli-responsiveness.

Methods
Materials
Ethyl acrylate (EA, 99%), ethylene glycol dimethylacrylate (EDA, 98%),
azobisisobutyronitrile (AIBN, 98%), lithium perchlorate (LiClO4, 99.99%),
and 4-fluoro-1,3-dioxolan-2-one (FEC, 99%) were purchased from Sigma
Aldrich and used as received. Phenylbis(2,4,6-trimethylbenzoyl) phos-
phineoxide (PPO, 96%), lithium bis (trifluoromethanesulfonyl) imide
(LiTFSI, 98%), and succinonitrile (SN, 99%) were purchased from TCI.
(Trifluoromethane) sulfonimide lithium methacrylate (MTFSI) was pur-
chased from Specific Polymer and used as received. Li1.5Al0.5Ti1.5(PO4)3
(LATP, 99.9%) with particle size of 1–5 µm were purchased from MSE
Supplies and used as received.

Synthesis of the self-healing solid polymer electrolyte (SH-SPE)
The SH-SPE was synthesized via a solvent-free, one-pot UV-poly-
merization method42. EA and LiMTFSI were employed as the mono-
mers because the non-covalent bonding between –CH3 and –CF3
groups could provide dynamic and revisable interaction between
polymer chains to enable self-healing function24. SNwas employed as a
solid crystal plasticizer due to its non-flammability, solid nature, and
excellent solvating ability to lithium salt43. FEC (5 wt%) was used as the
SEI forming additive due to its well-document capability to form a LiF-

rich SEI44. Note that no covalent crosslinker was employed to ensure
the efficient infiltration of polymer into the voids/cracks. Experimen-
tally, EA (0.35 g), LiMTFSI (0.35 g), SN (1 g), LiTFSI (0.6 g), and FEC
(0.11 g, 5 wt%) were mixed without the addition of any solvent and
stirred for 3 h to form a homogenous precursor. PPO (0.1 wt%) as the
photoinitiator was then added to the precursor. After stirring for
5mins, the precursor was poured onto a clean glass plated and
exposed to UV irradiation (365 nm) for 10mins. The obtained SH-SPE
was then stored in the glove box before use.

Themonomer conversion yield and the chemical structure of SH-
SPE were determined by 1H NMR spectra (Supplementary Fig. S13). As
shown in the spectra of EA and MTFSI, signals 1–2 and 9–11 at 5.5–6.2
ppm were assigned to protons on the C=C double bonds. After UV
polymerization, these signals completely disappeared, and the emer-
ging signals 18–19 at 1.5–2.5 ppm were assigned to the polymer back-
bone of SH-SPE. This result suggests a near quantitative (~100%)
monomer conversion yield after UV polymerization. In the spectra of
SH-SPE, signal 13 at 1.1 ppm and signal 16 at 4 ppmwere assigned to the
polymerized EA and MTFSI units, respectively, suggesting the suc-
cessful introduction of both the proton-donating group and the
proton-accepting group into the SH-SPE.

Synthesis of the plastic ceramic electrolyte (PCE)
Inside an Ar-filled gloved box, the SH-SPE (1.5 g) and LATP (3.5 g) were
hand-milled inanagatemortar at22 °C.Afterwards, theobtainedPCEwas
roll-pressed to a thin film, folded, and roll-pressed again. The above
process was repeated multiple times until a homogenous solid mem-
brane was obtained. The PCE was then stored inside the glove box
overnight to ensure the well-infiltration of SH-SPE into the grain bound-
aries of LATP. The thickness of PCE was 350 µm (Supplementary Fig. S3).

The incorporation of 30wt% SH-SPE aims to reduce grain
boundary resistance, impart self-healing capabilities, form a stable SEI,
and simplify the electrolyte fabrication process. By decreasing grain
boundary resistance and enhancing ionic conductivity, the PCE
demonstrates improved battery performance at room temperature.
The flexibility and self-healing properties of the PCE reduce mechan-
ical failure and dendrite penetration during battery operation, thereby
mitigating safety hazards related to short-circuiting. Additionally, the
cold-milling process and improved processability enable the fabrica-
tion of thinner PCE layers compared to conventional ceramic elec-
trolytes, leading to an increased energy density.

Themodulus of SH-SPE and PCE wasmeasured using a rheometer.
Supplementary Fig. S34 shows the viscoelasticity of SH-SPE, indicating
the change in storage modulus (G’) and loss modulus (G”) with
increasing strain rate. SH-SPE exhibits a G’ range from 104 to 105Pa. As
the strain rate changes, G’ consistently exceeds G”, confirming the solid
nature of SH-SPE45. With the introduction of 70wt% LATP ceramic, G’
dramatically increases to 106-107Pa, which could be due to particle-
particle friction enhancing the mechanical rigidity of PCE46,47. Supple-
mentary Fig. S35 also illustrates the stretchability of SH-SPE and PCE,
both of which can be stretched to over 220% of their original length
without breaking. This suggests good flexibility, which is ideal for
avoidingmechanical fractures duringbattery fabrication andoperation.

Compared with traditional polymer electrolytes, the PCE com-
bines the advantages of both polymer and ceramic electrolytes. The
high modulus of ceramic particles provides a physical barrier to block
dendrite penetration, thereby extending the cycling life of Li0-anode
batteries. Additionally, the single Li+ conducting nature of LATP cera-
mic enables a high Li+ transfer number (tLi+) of 0.74 (Supplementary
Fig. S11), which enhances effective Li+ conductivity and minimizes
dendrite formation by reducing concentration polarization48. More
importantly, this PCE demonstrates a uncommon dual-phase self-
healingmechanismwith a fast healing rate of 22.6 µm/hour, effectively
eliminating “hot spots” for dendrite formation, such as voids and
cracks.
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Compared with previous self-healing solid electrolytes, this study
employed aprotic –CH2–CH3 moieties, avoiding the use of Li0-reactive
–OH and –NHmoieties26,27, which enables better interfacial stability with
the Li0 anode. Additionally, this study reveals and quantifies the real-time
self-healingmechanism during battery cycling, demonstrating a fast self-
healing rateof 22.6 µm/h. Furthermore, thePCEexhibits adual-phase self-
healing process, allowing ceramic particles to migrate through the
polymernetworkandfill voids.Thehighmodulusof theceramicparticles
could also contributes to dendrite inhibition. These advantages have led
to significantly enhanced cycling durability compared with previous self-
healing solid electrolytes (Supplementary Table S3). In practical appli-
cations, batteriesmight be charged once every 24h and discharged over
a period of 10–50h. These typical usage patterns and charging cycles
align well with the self-healing rate of our PCE.

Synthesis of the PA-SPE buffer layer
The PA-SPE was synthesized via a thermal polymerization pathway
developed in our previous study49. Similar to SH-SPE, SN was employed
as a solid crystal plasticizer due to its non-flammability, solidnature, and
excellent solvating ability to lithium salt43. FEC was used as the SEI
forming additive due to its well-document capability to form a LiF-rich
SEI44. Experimentally, the EA (0.3 g), EDA (0.3 g), SN (1 g), LiTFSI (0.6 g),
and FEC (0.11 g, 5wt %) were mixed without the addition of any solvent
and stirred for 1 h to form a homogenous liquid precursor. AIBN (0.1wt
%) as the thermal initiator was then added to the precursor. After stir-
ring for 5min, the liquid precursor was poured onto a glass fiber rein-
forcement and sandwiched between two pieces of stainless steel. After
heating at 65 °C overnight to initiate the polymerization of monomers,
the obtained PA-SPE was peeled-off from the stainless steel and stored
in the glove box before use. The thickness of PA-SPE was ~120 µm.

Electrode preparation and battery assembly
The LFP and the high-Ni, zero-Co, zero-strain cathode50 were prepared
by a slurry-casting method. Active material (80mg), superP (10mg),
and PVDF binder (10mg in an 8wt% NMP solution) were mixed with a
ThinkyMixer® and then cast onto anAl foil. After drying under vacuum
at 80 °C for 20 h, the obtained electrodewas punched into 12mmdiscs
and stored in the glove box before use. The high-loading NMC811
cathode was provided by the CAMP Facility at Argonne National
Laboratory. Li0 foil with diameter of 12mm and thickness of 450 µmor
250 µm was employed as the anode. Solid-state batteries were assem-
bled under a 2032-type coin cell configuration inside the glove box
with water content <1 ppm and O2 content <0.1 ppm. The obtained
batteries were tested on a NEWARE multichannel cycler. To confirm
electrolyte infiltration andmixingwith the cathode, SEM-EDSmapping
of the cross-section of an NMC811 cathode after cycling with H-SSE is
provided in Supplementary Fig. S33. N and S elements from the poly-
mer component were found to be homogeneously distributed within
the cathode. This suggests that lithium salt (LiTFSI) and succinonitrile
solid crystal plasticizer could infiltrate the pores of the cathode layer,
creating an ion conduction pathway. As a result, H-SSE can cycle with
commercial pre-cast cathodes without the need for additional ceramic
or polymeric ionic conductors, enhancing the compatibility of our
electrolyte with conventional battery fabrication techniques.

Electrochemical characterization
Electrochemical impedance spectroscopy (EIS) profiles of Li0|SSE|Li0 or
SS|SSE|SS cells were obtained under a frequency range from 1MHz to
1 Hz and polarization voltage of 5mV. Ionic conductivities of the SSEs
were calculated using Eq. (1):

σt =d=ðRt �SÞ ð1Þ

where Rt (ohm), S (cm2), and d (cm) are the resistance, area, and
thickness of the prepared SSEs in the SS|SSE|SS cells.

Cyclic voltammetry (CV) was employed to measure the electro-
chemical stability window (ESW) of prepared SSEs. Li0|SSE|SS cells with
Li0 as the reference electrode and SS as the blocking electrode was
firstly assembled and then scanned at 1mV/s from open circuit
potential to 4.6 V and then with step-down scanning voltages from
4.6 V to −0.3 V.

Li+ transference number (tLi+) was measured under the cell con-
figuration of Li0|SSE|Li0 employing the potentialstatic polarization
method established by Bruce and Vincent51. The tLi+ was calculated
using Eq. (2):

t + =
Iss ΔV � I0R0

� �

I0 ΔV�ISSRSS

� � ð2Þ

Where ΔV, I0, and Iss are the polarization voltage, the current at the
initial state, and the current at the steady state, respectively. R0 andRSS

are the charge transfer resistance at the initial and steady-state,
respectively. The measurements of ionic conductivity and transfer-
ence number were performed once for each sample.

Material characterization
SEM characterization was conducted using a LEXI-FEI Magellan400.
The Li0 deposits for SEM characterization was obtained after dischar-
ging a Li0|PCE|Cu cell or Li0|H-SSE|Cu at 0.2mA/cm2 at 22 °C. Kratos
AXIS-Supra was employed to record the X-ray photoelectron spec-
troscopy profiles. To characterize the SEI, Li0-Li0 symmetric cells
employing different electrolytes were cycled at 0.2mA/cm2 at 22 °C.
Following cycling, the coin cells were disassembled to retrieve the
cycled Li0 anode. All samples for XPS measurement were transferred
under an inert atmosphere through an Ar-filled glove box. The vis-
coelastic properties of SH-SPE andPCEwere evaluatedusing a TADHR-
2 rheometer in oscillation mode with a parallel plate configuration.
Solid-state NMR experiments were carried out utilizing a Bruker
Avance 500 spectrometer operating at a magnetic field strength (B0)
of 11.7 T. All experiments were conducted using a Bruker double-
resonanceMASprobe. The Larmor frequencies for 7Li, 6Li and 1H nuclei
were 194.37MHz, 73.6MHz, and 500.13MHz, respectively. Calibration
of the spectrometer for 7Li and 6Li experiments was performed relative
to a 1M LiCl solution (set at 0 ppm). Calibration of the spectrometer
for 1H experiments was performed relative to tetramethylsilane (TMS)
(set at 0 ppm). Samples were packed into a 4mmdiameter ZrO2 rotor,
with a spinning rate set at 8000Hz. To analyze the ion conduction
pathway, 6Li isotope exchange experiments were conducted. The PCE
electrolyte underwent cycling in a 6Li-6Li symmetric cell for 160 h to
replace 7Li+ ions with 6Li+ ions. Subsequently, the cell was dis-
assembled, and the PCE electrolyte was loaded into the ZrO2 NMR
rotor within a glove box. The signal intensity of the resulting 6Li
spectrum was normalized based on sample mass and the number of
scans, and then compared with that of the pristine PCE.

Tender energy X-ray fluorescence (XRF) microscopy and XAS
characterization
XRFmicroscopy and XAS spectra were obtained at beamline 8-BM (TES)
of the National Synchrotron Light Source II (NSLS II) at Brookhaven
National Laboratory. A tube battery geometric with Li0 as the reference
electrode, PCE as the electrolyte, and stainless steel (SS) as the working
electrode was assembled inside a Kapton® tube and sealed with epoxy
resin to avoid air exposure. A detailed procedure for assembling the in-
situ cells is described as follows: lithium metal was melted at 200 °C
inside the glove box. Stainless steel wire (SS, 0.8-mm-diameter) was then
dip-coated by the liquid-state lithiummetal. The prepared Li0-anode was
inserted into a 30-mm-length, 2-mm-diameter Kapton® tube, and then
sealed with epoxy resin. PCE and SS rod (2-mm-diameter) were then
inserted through another side of the tube and the tube end was then
sealed with epoxy resin (see Fig. 2b and Supplementary Fig. S38). In this
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experiment, the thickness of PCE is around 2mm to provide a large
volume size for better observing the self-healing process. In other elec-
trochemical measurements, the thickness of PCE was ~350 µm. The as-
obtained in-situ cell was perfectly sealed in an aluminum-coated plastic
bag before use. For XRF and XAS experiments, the cell was quickly
transferred to a He-filled chamber. The chamber was continuously
purged by He to maintain O2 content <0.1%. For XRF data analysis, the
area of the void was measured by ImageJ® software. The size of the void
was defined as the square root of the void area.

Cryo-TEM experiment
For the cryo-TEM experiments, a Gatan single-tilt liquid nitrogen
holder was used to transfer the samples under frost-free conditions at
−196 °C (liquid nitrogen). The TEMexperimentwas performedon JEOL
transmission electron microscopes operated at 200 and 300KeV
(JEOL 2100F and JEOL GrandArm). For the Cryo-TEM sample prepara-
tion, the TEM grid was placed on a Cu disc and then employed as the
working electrode in coin cells. After Li0 deposition at 0.5mA/cm2 for
1 h, the cell was disassembled, and the TEM grid was sealed in an
aluminum-coated plastic bag. The TEM grid was then quickly plunged
into a liquidnitrogenbath, loaded onto the precooled cryo holder, and
finally transferred into the TEM.

Data availability
The data generated in this study are provided within in the Supple-
mentary Information/Source Data file. Source data are provided with
this paper. Additional data related to this research can be obtained
from the corresponding authors upon request. Source data are pro-
vided with this paper.
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