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he expanding demand for energy storage calls for safe, highenergy density, and low-cost batteries. Lithium (Li) metal
with a very high theoretical specific capacity of 3,860 mAh·g−1
and the lowest reduction potential (−3.04 V vs. standard hydrogen electrode) has been strongly regarded as a promising
anode material in next-generation rechargeable batteries (1–3).
However, the uncontrolled dendrite growth during Li plating and
stripping results in potential issues such as short circuiting and
short lifespan (4), hindering the practical applications of Li metal
batteries (LMBs) over decades (5).
Generally, Li metal anodes are operated in organic liquid electrolytes, which compromise on the viscosity and dielectric constant.
Those organic electrolytes react with the Li metal, forming a solidelectrolyte interphase (SEI) (6–8). However, the as-formed SEI is
heterogeneous, which induces the inhomogeneous Li deposition (9,
10). Consequently, Li dendrites are generated inevitably on a
working anode in liquid electrolytes. Moreover, the natural SEI is
too fragile to tolerate the volumetric and morphological change of
Li metal anode (11). With the increasing cycle number, the repeated crack and formation of the SEI accelerate the continual
consumption of both Li metal and electrolyte, increasing the interfacial resistance between the Li anode and electrolyte (12). It
also causes a serious safety hazard when Li dendrites penetrate
through a separator and contact with a cathode directly (13).
Extensive efforts have been devoted to solving the above problems, including electrolyte additives (7, 14), stable nanostructured Li
metal hosts (15), and the separator modification (16, 17). Despite
these efforts varying from each other, most of them aim to adjust
the ion distribution during cycling. In terms of the ion distribution,
www.pnas.org/cgi/doi/10.1073/pnas.1708489114

space-charge theory is widely accepted in cases of nonaqueous
electrolytes. In this theory, the electrolyte is divided into a quasineutral region and a space-charge region. The quasi-neutral region
approaches the cathode side, at which the ion transfer is governed
by diffusion. In contrast, when ions travel close to the anode side,
the ion transport is mainly driven by the electric field, leaving a
space-charge region that accounts for ramified Li metal growth.
Consequently, it is rewarding to design the electrolyte, which can
regulate the ion distribution (including both Li cations and the
counter anions) to inhibit Li dendrite growths (18, 19). Recently,
several lithiophilic matrices were proposed to regulate the diffusion
behavior of Li ions, realizing uniform distribution of Li ions near the
anode side (6, 20, 21). Archer and coworkers (22, 23) pioneered the
concept of anion regulation and found that a portion of immobilized
anions (even as small as 10%) in liquid electrolytes contribute to
stable electrodeposition and 10-fold increased cell lifetime (24).
Immobilizing anions in liquid electrolytes improves the cycling
performance of Li metal anodes significantly. However, such an
approach is unreliable, owing to the intrinsic reactivity of Li metal
and the fragile SEI formed in liquid electrolytes (25). Moreover,
the liquid electrolyte also suffers from leakage, fire, and explosion,
hindering the development of next-generation LMBs seriously. To
address the aforementioned issues and build a safe battery, the
solid electrolyte is regarded as one of the ultimate choices to
operate Li metal anodes safely even at elevated temperature,
which can avoid leaking, combusting, and corroding Li metal inherently (26–29). The excellent electrochemical stability of solid
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Lithium metal is strongly regarded as a promising electrode material
in next-generation rechargeable batteries due to its extremely high
theoretical specific capacity and lowest reduction potential. However, the safety issue and short lifespan induced by uncontrolled
dendrite growth have hindered the practical applications of lithium
metal anodes. Hence, we propose a flexible anion-immobilized
ceramic–polymer composite electrolyte to inhibit lithium dendrites
and construct safe batteries. Anions in the composite electrolyte are
tethered by a polymer matrix and ceramic fillers, inducing a uniform
distribution of space charges and lithium ions that contributes to a
dendrite-free lithium deposition. The dissociation of anions and lithium ions also helps to reduce the polymer crystallinity, rendering
stable and fast transportation of lithium ions. Ceramic fillers in the
electrolyte extend the electrochemically stable window to as wide as
5.5 V and provide a barrier to short circuiting for realizing safe batteries at elevated temperature. The anion-immobilized electrolyte
can be applied in all–solid-state batteries and exhibits a small polarization of 15 mV. Cooperated with LiFePO4 and LiNi0.5Co0.2Mn0.3O2
cathodes, the all–solid-state lithium metal batteries render excellent
specific capacities of above 150 mAh·g−1 and well withstand mechanical bending. These results reveal a promising opportunity for
safe and flexible next-generation lithium metal batteries.

electrolytes enables high-voltage cathode materials to pair with a Li
metal anode, widening the working voltage window and therefore
increasing the gravimetric energy density (30, 31). Besides, solidstate batteries can be packed more densely in a flexible configuration, increasing the volumetric energy density as well (32, 33).
In this contribution, we develop an anion-immobilized solid-state
composite electrolyte to protect Li metal anodes (Fig. 1). Garnettype Al-doped Li6.75La3Zr1.75Ta0.25O12 (LLZTO) ceramic particles
are well dispersed in a polymer–Li salt matrix to synthesize a
polyethylene oxide (PEO)–lithium bis(trifluoromethylsulphonyl)imide
(LiTFSI)-LLZTO (PLL) solid electrolyte membrane. In contrast
to routine liquid electrolytes with mobile anions, the PLL solid
electrolyte contributes to effective immobilization of anions for
realizing uniform ion distribution and dendrite-free Li deposition.
On the one hand, the active ceramic filler serves as a rigid part to
block dendrites and offers an ultimate protection at extreme temperature (34). On the other hand, the polymer–Li salt substrate acts
as a soft part to adapt the changes in the electrode for maintaining
a closely contacted interface and sufficient cross-boundary ion
transportation. Chemical and mechanical interactions between ceramic particles and the polymer matrix result in reduced PEO
crystallinity and pinned TFSI− anions, enabling relatively fast Li+
conduction and a wide electrochemical stability window. We further
successfully demonstrate the application of this flexible membrane in
all–solid-state LiFePO4 (LFP)-Li and LiNi0.5Co0.2Mn0.3O2 (NCM)-Li
batteries and manage to obtain dendrite-free LMBs.
Results and Discussion
To link polymer chains onto TFSI− anions and LLZTO particles
intensively, a PEO substrate was mixed with Li salts at first, and
then LLZTO particles were added with continual rapid stirring at
65 °C, which was slightly above the melting point of PEO. During
the fast mixing at elevated temperature, PEO chains can be fibrillated mechanically and partially entangled with TFSI− anions
and LLZTO particles. When cooled down to room temperature,
the polymer chains were pinned locally, leading to the increase of
noncrystallized PEO with immobilized anions.
The as-obtained PLL composite electrolyte is freestanding, is
mechanically flexible, and can be fully bended (Fig. 2 A and B),
making it feasible for fabricating flexible solid-state batteries.
Detailed morphology was characterized by scanning electron

Fig. 1. Schematic of the electrochemical deposition behavior of the Li metal
anode with (A) the PLL solid electrolyte with immobilized anions and (B) the
routine liquid electrolyte with mobile anions.
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microscopy (SEM). The PLL membrane exhibits a clear and
smooth surface with few protuberances (Fig. 2C). The cross-section
image indicates a thickness of around 30 μm, from which it can be
clearly observed that the PEO-Li salt polymer and ceramic particles are fully intermingled (Fig. 2D).
X-ray diffraction (XRD) patterns were conducted to investigate
the crystallinity (Fig. 2E). LLZTO acts as the most rigid part in the
composite membrane. Nearly all diffraction peaks of LLZTO powders match well with the standard pattern of the known garnet phase
Li5La3Nb2O12 (Powder Diffraction File 80-0457), while signals of
other impurities are below the detection limit. Li5La3M2O5 (M = Nb,
Ta) is widely accepted as a model with a typical garnet-type cubic
structure to identify the crystalline composition of LLZTO (35). This
well-matched curve indicates the garnet-type crystalline nature of
LLZTO, which is regarded as a promising oxide electrolyte for solidstate LMBs due to its high ionic conductivity, excellent electrochemical stability, and outstanding mechanical properties such as a
shear modulus of 55 GPa (36, 37). Another critical part in the
electrolyte is the soft PEO matrix. There are strong and sharp
characteristic peaks in the XRD pattern of pure PEO membrane,
indicating its crystallizing tendency at room temperature. However,
the intensities of its characteristic peaks drop markedly upon the
addition of Li salts, indicating the reduction of PEO crystallinity. In
the PLL composite electrolyte, all components are integrated without
losing their own identities. The weakened peaks of PEO also suggest
the increase of PEO phase with low crystallinity. The polymer chains
in amorphous PEO phase can wrap and immobilize anions, which is
crucial for high ionic conductivity of a composite electrolyte.
Thermogravimetric analysis (TGA) was employed to evaluate
the thermal stability of various electrolytes (SI Appendix, Fig. S1).
All three electrolytes, i.e., PEO, LiTFSI-PEO, and PLL, are relatively stable until 300 °C, in sharp contrast to thermally unstable
and volatile organic liquid electrolytes (21). As the temperature
rises, PEO decomposes at 350–400 °C; while in the TGA curve of
LiTFSI-PEO, the slope above 400 °C is ascribed to the decomposition of LiTFSI. The vanishing of polymer significantly
threatens the survival of electrolyte membranes. Little weight was
retained above 500 °C in both PEO and PEO-LiTFSI electrolytes.
The cathode and anode will meet directly, raising serious safety
issues at this condition. Nevertheless, as for the PLL composite
electrolyte, there is 42.6% of initial weight left at a temperature of
800 °C, which is 10 times higher than that of ceramic-filler–free
electrolytes. This indicates the extraordinary thermal stability of
remaining LLZTO fillers, which thereby act as a barrier between
electrodes at extreme conditions and ensure safety.
The electrochemical stability window is a determinant factor for
electrolytes applied in high-voltage Li batteries toward high-energy
densities. It can be obtained from the linear sweep voltammetry of
the tested electrolyte sandwiched between a Li counter electrode
and a stainless steel working electrode. The PLL composite electrolyte (with 40% LLZTO ceramic particles) exhibits a voltage
window as large as 5.5 V without distinct reaction (SI Appendix,
Figs. S2 and S3), indicating its good tolerance to polarization and
great potential for high-voltage Li batteries. The key lies in the
addition of LLZTO particles, which widens the voltage window
from less than 5.0–5.5 V. LLZTO and its surface passivation layer
render excellent electrochemical stability against the Li metal, and
finely dispersed ceramic fillers help to remove impurities from the
interfaces. All of these account for the enhanced stability of PLL
composite solid electrolyte in a working battery.
The conductivity of a composite electrolyte, which is mainly
featured by either cation or vacancy conduction, is a key factor for
practical applications. The PLL composite electrolyte renders low
electrical conductivity according to potentiostatic coulometry
measurements under various bending states (SI Appendix, Fig. S4).
The ionic conductivities of PLL composite electrolyte with different LLZTO contents were evaluated by electrochemical impedance spectroscopy (EIS). Symmetric cells were utilized for the
Zhao et al.

Fig. 2. Morphological and structural characterization for the PLL composite solid electrolyte. (A and B) Digital images of the PLL electrolyte at (A) flat and (B)
bended states. (C and D) SEM images of (C) the surface and (D) a cross-section of the PLL electrolyte. (E) XRD patterns of the PLL electrolyte (red), the PEO-LiTFSI
electrolyte (green), pure PEO membrane (orange), LLZTO powders (blue), and the powder diffraction file (PDF) of Li5La2Nb2O12. (Scale bars in C and D, 10 μm.)
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dendrite-free Li deposition. In the electrolyte with mobile anions
(featured by small t+), free anions tend to move in the opposite
direction to cations, becoming a barrier for cation transportation
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measurements, consisting of two identical stainless steel foils as
blocking electrodes and a PLL electrolyte membrane sandwiched
in between (SI Appendix, Figs. S5 and S6). The evaluation was
conducted at 20–80 °C. An Arrhenius plot of ionic conductivity
was obtained correspondingly, along with a well-fitted EIS spectrum at 25 °C (Fig. 3A). An intercept of a real axis and an inclined
tail appear in each EIS spectrum. The intercept at high frequency
was used for calculating the ionic conductivity based on the
membrane thickness and the electrode surface area (38). The
straight line at low frequency represents the migration of Li ions
and reveals the interfacial inhomogeneity. The PLL composite
electrolyte with 40% LLZTO content has a preferable ionic
conductivity of 1.12 × 10−5 S·cm−1 at 25 °C, probably because the
multiple ion conducting channels consisting of polymer segments,
LLZTO crystals, and heterogeneous interfaces performed and
cooperated the best with the moderate ratios. The conductivity increased with the rise of testing temperature. It approaches
10−3 S·cm−1 at 70 °C, which is comparable to those of liquid
electrolytes. Compared with other composite electrolytes with
nonactive fillers such as SiO2 (∼2 × 10−6 S·cm−1 at room temperature) (39) and Al2O3 (1.0 × 10−6 S·cm−1 at room temperature) (40), the PLL electrolyte exhibits notable improvements in
ionic conductivity at both room and elevated temperatures.
In addition to the relatively high Li ionic conductivity, PLL
composite electrolyte with 40% LLZTO also possesses a Li ion
transference number (t+) as high as 0.58 (Fig. 3B and SI Appendix,
Fig. S7 and Table S1). While for the solid composite electrolytes
without ceramic fillers (LiTFSI-PEO) and with inadequate ceramic
fillers (20% LLZTO) t+ is 0.37 and 0.38, respectively, indicating
that anions are not fixed effectively. The t+ of routine liquid
electrolytes is as limited as 0.22 in 1.0 M LiPF6–ethylene carbonate/diethyl carbonate (EC/DEC = 1:1, in volume) and 0.21 in
1.0 M LiTFSI–1,3-dioxolane/dimethoxyethane (DOL/DME = 1:1,
in volume). The low t+ of routine liquid electrolytes reflects ineffective transportation of Li ions, which leads to a strong space
charge near the anode and hence dendritic Li deposition. In
contrast, the PLL composite electrolyte with a high t+ is expected
to effectively protect the Li metal anode in a working battery.
The advantage of the high-t+ PLL composite electrolyte is illustrated by modeling the distribution of Li ions on the anode
surface (Fig. 3 C and D). Uniformly distributed Li ions can guide

Fig. 3. Diffusion behaviors of Li ions in the PLL electrolyte. (A) The Arrhenius
plot of the PLL electrolyte at temperatures from 20 °C to 80 °C. Inset shows the
EIS spectrum of the electrolyte at room temperature (25 °C). (B) t+ of (i) PLL
composite electrolyte, (ii) PEO-LiTFSI solid electrolyte, (iii) 1 M LiPF6-EC/DEC,
and (iv) 1 M LiTFSI-DOL/DME liquid electrolytes. (C and D) t+ from the anode
surface to the bulk electrolyte (C) after 1.0 s and (D) at the steady state with
0%, 25%, 50%, 75%, and 100% of immobilized anions. These results were
obtained from the finite-element method (FEM). (E and F) SEM images of Li
metal plating on Cu foils with the presence of (E) PLL and (F) routine liquid
electrolytes (1 M LiPF6-EC/DEC). (Scale bars in E and F, 10 μm.)
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Fig. 4. Electrochemical cycling performance of the PLL electrolyte. (A and B)
Cycling performance (A) and corresponding galvanostatic discharge/charge
profile (B) of the all–solid-state LFP j Li metal battery at a rate of 0.1 C and at
60 °C (1.0 C = 180 mA·g−1). (C) Voltage profiles of the lithium plating/
stripping in a Li–Li symmetrical cell with PLL (60 °C) and routine liquid
electrolytes (25 °C) at a current density of 0.10 mA·cm−2. (D) An all–solidstate NCM j PLL electrolyte j Li metal pouch cell was assembled to light the
LED at both flat and bended states.

under an applied electric field. Therefore, a large concentration
gradient of Li ions forms from the bulk electrolyte to the anode
surface. More seriously, such a gradient becomes more predominant with the time of Li deposition extending. When anions
are immobilized, it is much easier for Li ions to diffuse from the
bulk electrolyte to the anode surface. Hence, a much more harmonious environment is built for uniform Li deposition. Anion
immobilization is beneficial for the inhibition of space charge
formation, which could induce a homogeneous Li+ distribution
and further lead to a uniform Li deposition. Besides, this surface
environment with a uniform distribution of Li ions is established
rapidly, exhibiting the potential to reclaim Li ions from disturbance. Therefore, the PLL composite electrolyte with a high t+,
namely a high fraction of immobilized anions, renders uniform
distribution of Li ions and hopefully dendrite-free Li deposition.
The influence of the PLL electrolyte (with 40% LLZTO) on the
Li deposition was visibly probed by SEM. A total of 0.10 mAh·cm−2
of Li metal was deposited on Cu foils at a current density of
0.10 mA·cm−2, with the presence of a PLL solid electrolyte
membrane and a 1.0-M LiPF6-EC/DEC liquid electrolyte, respectively (Fig. 3 E and F). Obviously, Li dendrites grow and accumulate in the liquid electrolyte, forming an extremely uneven
surface. Once the dendrites keep growing and reach cathodes, the
short circuiting will occur, and this situation is even worse since it
is difficult for compliant liquid electrolytes to block dendrites. On
the contrary, the PLL composite solid electrolyte contributes to
smooth Li deposits and it is also rigid enough for dendrite inhibition (41–44). Compared with Li dendrites deposited in liquid
electrolytes, Li metal is plated uniformly and free of dendrites on
the Cu foil surface by using the PLL electrolyte.
With excellent mechanical and electrochemical properties
proved, the PLL composite electrolyte was applied in all–solidstate lithium batteries. Cells of LFP j Li metal were adopted to
demonstrate the cycling performance, which were assembled
without liquid electrolyte addition. The all–solid-state batteries
11072 | www.pnas.org/cgi/doi/10.1073/pnas.1708489114

exhibited stable cycling capability. A specific capacity of around
155 mAh·g−1 and a Coulombic efficiency of 99% were retained
(0.1 C) at 60 °C (Fig. 4A). The cells maintain excellent cycling
performance with 13% capacity fade in 100 cycles, indicating the
potential of PLL composite electrolytes in practical applications.
Flat plateaus appeared in both charge and discharge profiles, and
polarization during cycling was as limited as 0.05 V (Fig. 4B).
Although batteries with PLL electrolytes are promising for future
applications, it is noteworthy that there are limitations resulting
from elevated temperature operation, including a more sophisticated battery management system (BMS), limited applications in
some consumer electronics, and longer startup time, etc. Much
more effort is needed to conquer these issues.
The long-term electrochemical stability of PLL composite solid
electrolytes against the Li metal was evaluated by using symmetrical Li j Li cells. The electrolyte membrane was sandwiched between two Li metal foils. The Li metal was plated and stripped
time after time to mimic a practical cycling process. Fig. 4C and SI
Appendix, Figs. S8 and S9A display voltage profiles of cells cycled
at a current density of 0.10 mA·cm−2. The cell with the PLL
electrolyte exhibited excellent stability with a nearly constant
voltage polarization of 15 mV during the 400-h cycling. Li j Li cells
at a current density of 0.20 mA·cm−2 also render a stable cycling
with a polarization as limited as 60 mV for 800 h (SI Appendix, Fig.
S10). The interfacial resistances between PLL electrolyte and Li
metal before and after cycling are all below 15 Ω (SI Appendix, Fig.
S11 and Table S2), which are much lower than that of a routine
liquid electrolyte (∼70 Ω; SI Appendix, Table S1). Besides, the
resistance was even slightly reduced after 100 cycles, owing to the
enhancement of interface optimization after cycles. The interface
between PLL electrolyte and Li anode remained stable during
cycling, from which a safe battery will benefit a lot. However, the
interface was unstable in a routine liquid electrolyte at both room
and elevated temperatures (Fig. 4C and SI Appendix, Figs. S8, S9,
and S12). The voltage polarization was severer than that of the cell
with the PLL electrolyte, indicating large fluctuations upon cycling.
This can be ascribed to the uneven Li plating/stripping and heterogeneous Li metal/electrolyte interface. The remarkable performance of the PLL composite electrolyte against liquid electrolytes
results from the fixed anions, homogeneous ion distribution, and
fast transport of Li ions.
To demonstrate the versatility of the PLL composite electrolyte, an all–solid-state NCM j PLL electrolyte j Li metal pouch
cell was assembled to light a light-emitting diode (LED) (Fig.
4D). The LED can be lighted whenever the pouch cell is flat or
bended, indicating the ability of the PLL composite electrolyte to
be applied in flexible devices. Therefore, the PLL composite
electrolyte can not only stabilize the Li metal anode, suppress Li
dendrite growth, and enhance the safety of LMBs, but also hold
promise for flexible and wearable electronics.
The improved electrochemical performance of Li metal anodes cycled with the PLL solid electrolyte can be attributed to
two factors. First, anions as large as TFSI− can be firmly trapped
by PEO chains and LLZTO particles. Fixed anions contribute to

Fig. 5. Schematic of the immobilized anions tethered to polymer chains and
LLZTO ceramic particles.
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polymer melting shifts to a lower temperature, suggesting the increase of amorphous phase. This can also be proved in the cooling
part of DSC curves, as well as in XRD results.
Interfaces between heterostructured materials have been witnessed to transport ions, although the mechanisms are still debated (53, 54). In the light of Lewis acid/base theory, it can be
proposed that acidic groups on garnet particles and anions in Li
salts will link with each other. TFSI−, as a Lewis base, furnishes
the electron pair shared by the acidic group and TFSI− anion
(55). The affinity between oxide fillers and Li–salt anions facilitates the dissociation of LiTFSI, after which anions get immobilized while free Li cations emerge and move rapidly along the
extended interface.
It was suggested that the polymer with more amorphous phases
contributes to the increase of Li ionic conductivity. In recent years,
finite-element simulations revealed that ion transportation occurs
near the ceramic–polymer interface (56, 57). In addition, Li NMR
was also utilized and indicated that Li ions prefer to migrate
through the ceramic phase in the Li7La3Zr2O12–PEO composite
electrolyte system (58). Although the ion migration path in the
composite electrolyte is still controversial, all three ion channels
contribute to the fast ion conduction in composite electrolytes. It is
also possible that in different conditions (such as different temperatures or charge/discharge stages), the three channels perform
synergistic roles.
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Conclusions
We proposed a flexible anion-immobilized PLL composite electrolyte membrane to inhibit dendrites in a Li metal anode. Through
the addition of LLZTO particles, the crystallization of PEO is
sharply reduced and anions are effectively immobilized due to their
interactions with ceramic particles and polymer matrix, resulting in
well-distributed Li ions and dendrite-free deposition. The PLL
composite electrolyte possesses a high Li ionic conductivity of
1.12 × 10−5 S·cm−1 at 25 °C and a wide electrochemical window of
5.5 V. The existence of LLZTO fillers affords a barrier to avoid
short circuiting. With such excellent mechanical and electrochemical properties, the PLL composite electrolyte was applied in
all–solid-state LMBs and achieved stable cycling performance with
high specific capacities and dendrite-free Li deposition. The development of an anion-immobilized composite electrolyte reveals a
promising opportunity for next-generation safe and flexible LMBs.
Materials and Methods
The PLL composite electrolyte was prepared by first dissolving PEO and LiTFSI.
The Al-doped LLZTO powders were added into the solution. The as-obtained
slurry was sealed and stirred rapidly at 65 °C until good dispersion. The electrolyte membrane was obtained by doctor blading the slurry on a polytetrafluoroethylene plate. More details on the materials and methods can be found
in SI Appendix.
ACKNOWLEDGMENTS. The authors thank Kai Liu, Chong Yan, Ying-Zhi Sun, Jin
Xie, and Xiao-Ru Chen at Tsinghua University for helpful discussion. This work
was supported by the National Key Research and Development Program (Grants
2016YFA0202500, 2016YFA0200102, and 2015CB932500) and the National
Natural Science Foundation of China (Grants 21422604 and 21676160).

PNAS | October 17, 2017 | vol. 114 | no. 42 | 11073

CHEMISTRY

an improved conductivity (24) and dendrite-free Li deposition (45).
Second, the relatively slow dynamic response, especially the slow
anion movement, helps the PLL solid electrolyte tolerate turbulence during cycling. An efficient Li metal anode demands homogeneous plating/stripping. However, defects and turbulence are
difficult to avoid in a working battery. In liquid electrolytes, ions
and electrons travel freely in the interspace. Once a tiny Li dendrite
forms, the local electrical field will change rapidly, making it easier
for subsequent Li deposition on the existing tip. The deposited Li
continuously acts as a preferential deposition spot, resulting in
endless Li growth. Finally, a hazardous dendrite appears. This
domino effect leads to easy loss in efficiency. On the contrary, in
the solid electrolyte with immobilized anions, the turbulence in ion
distribution can be tolerated due to the slow transport of anions.
Ions move uniformly, driven by the electric field, resulting in
continuously homogeneous deposition of Li metal (46, 47).
To better understand the origin and role of immobilized anions
in the PLL composite electrolyte, diffusion behaviors of Li ions in
the electrolyte are thoroughly investigated. Li ions in the composite electrolyte can move through three conducting channels: (i)
LLZTO particles whose content is above the percolation threshold (48), (ii) the PEO-Li salt substrate with reduced polymer
crystallinity and enhanced Li salt dissociation, and (iii) interfaces
between ceramic fillers and the polymer matrix with immobilized
anions (Fig. 5).
Li ion channels within the LLZTO crystals are constructed from
(La3Ta2O12)n− chains interconnected through Li and La ions. In
this work, the LLZTO ceramic used in the PLL electrolyte was
sintered with an excess amount of Li precursors. As a result, the
number of Li ions (or atoms) is beyond the number of tetrahedral
sites, resulting in the occupation of octahedral sites by excess Li
and shortening of the Li–Li distance. The electrostatic repulsion
between the fairly close Li ions, together with the dynamic process, pushes Li ions to move along the transport channels in the
LLZTO crystal (49). Previous ab initio calculations revealed that
Li ions migrated in a priority sequence of octahedral site, tetrahedral site, and vacant octahedral site (27). In addition, Li2CO3 is
widely believed to form on the surface of LLZTO exposed in air,
which may also help Li ions migrate, following an interstitial–
substitutional exchange (knockoff) mechanism (48, 50).
Chains in the polymer substrate are known to transport Li ions
through segmental motions, which will be promoted in amorphous
regions (51, 52). Differential scanning calorimetry (DSC) was introduced to evaluate the ability of polymer chains in the matrix to
move segmentally. SI Appendix, Fig. S13 exhibits the DSC curve
and SI Appendix, Fig. S13, Inset shows the enlarged curve at
around −40 °C, representing the glass transition temperature (Tg).
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