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A B S T R A C T   

Solid-state electrolytes (SSEs) are considered as promising alternatives for liquid electrolytes to achieve high 
energy density and safe lithium metal batteries. However, their practical utilization is limited owing to low ionic 
conductivity and insufficient interface stability. Here, a unique gradient trilayer SSE (20 µm) is designed to 
improve compatibility of anode/electrolyte/cathode interfaces and enhance structural integration to provide 
continuous Li+ transport channels. One side anti-oxidation polymer layer improves the high-voltage tolerance for 
electrolyte/cathode interface, and the other side anti-reduction polymer layer provides soft interfacial contact 
and compatibility with Li-metal anode. Remarkably, the ultrathin porous membrane as host allows the fully 
penetration of two different polymers to form a gradient middle layer, providing excellent structural integration 
and fast Li+ transport. Thus, the Li||Li symmetric cells with gradient trilayer electrolyte can stably operate over 
2500 h under 0.1 mA cm− 2. The LiNi0.8Co0.1Mn0.1O2||Li solid-state batteries with gradient trilayer electrolyte 
deliver over 107 mAh g− 1 capacity after 1000 cycles at 0.5C. This work provides a novel strategy to significantly 
enhance multilayer SSE with gradient interface in solid-state lithium-metal batteries.   

1. Introduction 

Solid-state lithium metal batteries (SSLMBs) with high-voltage 
cathode are expected to satisfy high energy density and more stringent 
safety requirements [1–4]. The development of solid electrolyte is one of 
the most critical steps of SSLMBs [5,6]. Unfortunately, no single solid 
electrolyte system can process excellent interfacial compatibility with 
both the Li-metal anodes and high-voltage cathodes concurrently to 
meet the demand for high energy density [7,8]. As the most extensively 
studied inorganic solid electrolytes, garnet Li7La3Zr2O12 (LLZO) shows 
high conductivity (10-4 S cm− 1) and electrochemical stability [9,10]. 
However, some drawbacks such as brittle nature and inadequate inter
facial contact with electrodes result in the inorganic solid electrolytes 
displaying poor battery performance [11]. Among solid polymer elec
trolytes, The polyethylene oxide (PEO) solid electrolyte displays good 
interface compatibility with Li-metal anode [12]. However, it shows low 
ionic conductivity and poor mechanical strength [13,14]. Meanwhile, 
the PEO electrolyte is easily decomposed by LiNixCoyMnzO2 (X + Y + Z 

= 1,0.5 < X < 1)(NCM) cathodes, which limits its application in high 
voltage cathode systems [15,16]. The polyvinylidene fluorideco- 
hexafluoropropylene (PVDF-HFP) polymer has been widely used as 
solid state electrolyte because of their excellent antioxidative abilities, 
good film-forming properties, and high ionic conductivity, which makes 
it possible to match with high voltage cathode materials [13,17]. 
However, the rigid PVDF-HFP electrolyte shows poor physical contact 
with lithium metal, and even displays side reactions between the elec
trolyte and lithium metal [18,19]. Even though the composite solid 
electrolytes containing polymer and inorganic fillers become an inno
vative method to promote ionic conductivity and mechanical robust
ness, the electrolytes/electrodes interface problems have not been 
solved in a targeted manner [20,21]. To date, single solid electrolyte 
system has been caught in a dilemma to simultaneously meet the de
mands of high voltage tolerance and good lithium metal compatibility, 
high ionic conductivity, and good mechanical flexibility and strength 
[22–24]. 

To solve the aforementioned challenges, an intelligent strategy of 
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designing multilayer electrolyte structure has attracted extensive 
attention [22,24–26]. Different functional solid electrolytes are applied 
and conformed to a composite matrix to solve the interfacial issues of 
cathode and anode, respectively [25,27,28]. Zhou et al. reported a 
double-layer polymer solid electrolyte (DLPSE) with a thickness of 
240–260 µm, in which one polymer provides the interface stability of 
electrolyte/Li-anode, while the other side provides the compatibility 
with high-voltage cathode [29]. Another multilayered solid electrolyte 
was designed by stacking the oxidation-resistance poly(acrylonitrile) 
(PAN), the PAN@Li1.4Al0.4Ge1.6(PO4)3 layer, and the reduction-resistant 
polyethylene glycol diacrylate (PEGDA) together, which delivers good 
interface compatibility in electrolytes/electrodes [30]. The different 
interface problems from the cathode and anode can be successfully 
solved by the multilayer structure, while the uncontrollable thickness of 
multilayer electrolytes and the lack of structural integration in this 
multilayer structure will lead to new interface problems. It still needs to 
be further ameliorated to obtain a better-integrated SSE [31–33]. 

Herein, we designed a gradient trilayer solid-state electrolyte 
(GTSSE) with excellent interface compatibility for high-voltage solid- 
state lithium metal batteries by a facile secondary casting and one-step 
drying process. In this GTSSE, the oxidation tolerant PVDF-HFP polymer 
can improve the interface high-voltage stability and form an indis
pensably continuous contact with cathode materials. On the anode side, 
the PEGDME polymer provides soft interfacial contact and remarkable 
compatibility with lithium metal anode. Meanwhile, the high porosity of 
ultrathin membrane not only improves mechanical properties as the 
firm host, but also allows the fully mobile and mutual penetration of two 
polymers aforementioned, working as gradient middle layer with fast 
Li+ transport. This gradient layer evenly connects with other two het
erogeneous polymer layers to remove new heterogeneous interface and 
enhance the integration of this trilayer structure, thus delivering 
continuous and uniform Li+ transport channels. Moreover, the thickness 
of GTSSE is no more than 20 µm, thus reducing Li+ transport distance 
and achieving better electrochemical performance, also improving the 
gravimetric/volumetric energy density. Because of the ingenious design, 
the as-obtained electrolyte provides short and continuous Li+ transport 
paths, sufficient mechanical strength and excellent interface compati
bility, demonstrated remarkable long-cycling performance in solid-state 
lithium-metal batteries derived from both LiFePO4 (LFP) and LiNi0.8

Co0.1Mn0.1O2 (NCM811). Remarkably, the NCM811|GTSSE|Li battery 
presents a reasonable discharge specific capacity of 107.1 mAh g− 1 after 
an ultralong life of 1000 cycles. 

2. Results and discussion 

The schematic illustration for preparation process of a gradient tri
layer solid electrolyte is seen in Fig. 1a. First, the PVDF-HFP-Li salt 
slurry is evenly coated on the glass plate with a scraper. Then the ul
trathin porous membrane is laid flat on the PVDF-HFP slurry, and the 
slurry gradually penetrates into the pores of ultrathin membrane 
(Fig. S3, Fig. S4). When the ultrathin porous membrane is half soaked by 
PVDF-HFP, the PEGDME-Li salt slurry is uniformly dropped on the 
surface of the ultrathin porous membrane to fill the remaining space, in 
which 10 wt%PEO is added to improve the film-forming stability of 
PEGDME layer. PVDF-HFP and PEGDME will gradually mix inside the 
ultrathin porous membrane, and finally form continuous and gradient 
distribution as a gradient middle layer. The composite solid electrolyte is 
dried in the vacuum oven at 80 ◦C for 24 h to evaporate the dime
thylformamide (DMF) solution. The as-obtained GTSSE with an ultra
thin thickness of 20 μm exhibits fantastic mechanical flexibility 
(Fig. S1). In the solid-state battery (Fig. 1b), the GTSSE is constructed by 
an ultrathin porous membrane as the gradient layer to connect with 
other two functional layers. The high porosity ultrathin membrane as 
the host allows the fully mobile and mutual penetration of two polymer 
layers aforementioned, in which the blending polymer leads to a 
gradient middle layer, providing exceptional integration and ultrathin 
thickness. Furthermore, on the Li metal side, the PEGDME with more 
stable –OCH3 group displays superior features in the interface compat
ibility with lithium-metal anode, which will form a favorable passiv
ating solid-electrolyte interface (SEI) layer [3]. On the cathode side, 
considering that EO-based electrolyte is vulnerable when working in 
high voltage cathodes [17]. The PVDF-HFP with VDF-based polymer is 
designed to directly contact the cathode, which broadens the electro
chemical window, as well as contributes to continuous contact among 
electrolytes and cathode with PVDF-HFP additives. The cross-sectional 
scanning electron microscopy (SEM) image of GTSSE is presented in 
Fig. 1c. The middle ultrathin porous membrane is evidently covered by 
these two polymers. Since the high porosity of ultrathin membrane al
lows the fully mobile and mutual penetration of two polymers afore
mentioned. Although the trilayer structure possesses obvious 
boundaries, which come from the edges of ultrathin porous membrane, 
the whole polymer component shows continuous distribution to ensure 
the structural integration. Moreover, the composite middle layer ex
hibits different polymer crystalline states between that of PVDF-HFP and 
PEGDME, proving the mixture of these two polymer contents, which will 
work as the gradient middle layer to eliminate the influence of 

Fig. 1. Design and synthesis of gradient trilayer solid-state electrolyte. a) The diagram of preparation process for GTSSE. b) Structural schematic diagram of high- 
voltage lithium metal battery with GTSSE. c) Cross-sectional SEM image of the GTSSE. d) Cross-sectional EDS maps of GTSSE. 
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heterogeneous interface between different polymers in the trilayer 
electrolyte. The top side is fully covered with PVDF-HFP (Fig. S2a), and 
the oxidation tolerant polymer layer is beneficial to interface stability 
and continuous contact with composite cathode. The bottom side is 
covered by PEGDME (Fig. S2b), which can provide excellent interface 
compatibility and soft interfacial contact with Li anode. From the sec
tion–view of Fig. 1d, the EDS mapping reveals that the F element is 
inhomogeneously distributed in this trilayer structure. According to the 
concentration of F element in the middle layer, different from that in the 
PVDF-HFP layer, it shows a decreasing trend from the PVDF-HFP side to 
the PEGDME side, proving that the gradient polymer distribution is 
successfully constructed. 

The X-ray diffraction (XRD) in Fig. 2a is used to examine and char
acterize the crystallinity of GTSSE, PVDF-HFP membrane and PEGDME 
membrane. Compared with the characteristic peaks of PVDF-HFP 
membrane and PEGDME membrane, the characteristic peaks of GTSSE 
are weaker, showing the preliminary mixture of these two polymers in 
the mixture. However, GTSSE shows higher crystallinity than PVDF- 
HFP/PEGDME mixed membrane, suggesting that the mixture of two 
polymers occurs in the middle layer. On the two sides of this mixing 
region, the pure PVDF-HFP and PEGDME layers are still remained. This 
inhomogeneous distribution will be helpful for the construction of the 
middle gradient layer with low crystallinity region [34,35]. Electro
chemical impedance spectroscopy (EIS) measurement was carried out 
by using stainless steel|SSEs|stainless steel symmetric cells for ionic 
conductivity of SSEs ranging from 20 ◦C to 60 ◦C in Fig. 2b. The GTSSE 
presents the ionic conductivity of 2.91 × 10-5 S cm− 1 and 1.32 × 10-4 S 
cm− 1 at 20 ◦C and 50 ◦C, respectively, higher than those of the PVDF- 
HFP electrolyte (1.58 × 10-5 S cm− 1 at 20 ◦C and 9.12 × 10-5 S cm− 1 

at 50 ◦C) and the PEGDME electrolyte (1.07 × 10-5 S cm− 1 at 20 ◦C and 
8.58 × 10-5 S cm− 1 at 50 ◦C) (Fig. S5a, b). The ionic conduction of the 
GTSSE is obviously enhanced, which can be attributed to the gradient 
middle layer with fast lithium-ion transport. Meanwhile, the ionic 
conductivity at different temperatures can be fitted by the 
Vogel–Fulcher–Tamman equation (Fig. 2c). Because of the synergistic 
effect of electrolyte structure integrity and fast lithium-ion transport 
layer inside gradient middle layer, the energy barrier becomes lower for 
Li+ transport in GTSSE. Therefore, the fitting value of activation energy 
(Ea) for GTSSE electrolyte is 0.393 eV, which is noticeably lower than 

that for PVDF-HFP electrolyte (0.457 eV) and PEGDME electrolyte 
(0.538 eV). The lithium-ion transference number (tLi+ ) is another key 
factor for proper function in battery systems. For symmetric Li|GTSSE|Li 
cell, a relatively high (0.38, Fig. 2d) is acquired at room temperature 
(RT), which is close to the theoretical maximum value of most polymer 
electrolyte (=0.4) [36]. Moreover, the above-mentioned exceptional 
electrochemical performances of GTSSE also take advantage of its lower 
glass transition temperature (Fig. S6), which is more favorable for the 
rapid transfer of lithium ions [37,38]. 

The electrochemical window is a dominant parameter of the elec
trolyte applicability for high-voltage Li metal batteries. As presented in 
Fig. 2e, the PEGDME electrolyte began to decompose at 4.2 V (versus 
Li+/Li), while the GTSSE can be stable up to 4.8 V due to the combi
nation of PVDF-HFP layer, indicating the GTSSE design can be combined 
with high-voltage cathodes. Thermal stability of PVDF-HFP electrolyte, 
PEGDME electrolyte, and GTSSE was evaluated by thermogravimetric 
analysis (TGA). The GTSSE started to decompose at a relatively high 
temperature over 240 ℃, indicating the DMF solvent has been 
completely removed, as well as the GTSSE has good thermal stability 
compared with PVDF-HFP electrolyte and PEGDME electrolyte (Fig. S7). 
In Fig. 2f, the GTSSE displays a high modulus of 9.59 MPa, which is 
clearly higher than that of PVDF-HFP membrane (2.51 MPa) and 
PEGDME membrane (0.18 MPa). The stress–strain tests verify that the 
GTSSE has sufficient mechanical strength while ensuring short lithium- 
ion transport distance properties due to the introduction of the ultrathin 
porous membrane as a host. 

The interfacial performance for long-term cycling stability and 
voltage polarization of Li|SSEs|Li symmetric cell was investigated by 
long-term lithium stripping/plating experiment at 0.1 mA cm− 2 for the 
area capacity of 0.1 mAh cm− 2 (in Fig. 3a). To avoid direct contact 
between PVDF-HFP and lithium metal, another PEGDME layer was 
covered on the PVDF-HFP side to form Li|PEGDME|GTSSE|Li cell 
(Fig. S8). As shown in Fig. 3a, the Li|PEGDME|GTSSE|Li cell exhibits 
outstanding electrochemical stability, and the initial polarization 
voltage value cycling is 25 mV, and after cycling for 2500 h is 48 mV. 
Conversely, the Li|PVDF-HFP|Li cell shows a rapid and continuously 
increasing polarization voltage and finally the battery broke down after 
only 192 h of cycling, which indicates inferior interfacial stability owing 
to the adverse reactions between PVDF-HFP and Li metal. Unlike the 

Fig. 2. Characterizations of gradient trilayer solid-state electrolyte a) XRD patterns of ultrathin porous membrane, PVDF-HFP membrane, PEGDME membrane, 
PVDF-HFP/PEGDME membrane, and GTSSE. b) EIS curves of GTSSE from 20 to 60 ◦C. c) Arrhenius plots of different SSEs. d) Current–time curve following DC 
polarization of Li|GTSSE|Li symmetrical cell at 10 mV s− 1 (inset: EIS variation before and after polarization at RT). e) LSV curves of PVDF-HFP electrolyte, PEGDME 
electrolyte, and GTSSE at RT. f) Stress–strain curves of PVDF-HFP membrane, PEGDME membrane, and GTSSE (inset: PEGDME membrane curve was magnified). 
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PVDF-HFP electrolyte, the cells assembled with the PEGDME electrolyte 
last for 432 h without short circuit, implying good interface stability 
between the PEGDME layer and Li anodes. However, the Li|PEGDME|Li 
cell shows slightly increased polarization voltage due to the lower ionic 
conductivity of PEGDME electrolyte. This result indicates that the 
excellent long-cycle stability of the GTSSE is not only due to the good 
interfacial compatibility of PEGDME with Li metal, but also due to the 
low crystalline region of the gradient middle layer in the GTSSE which is 
beneficial to fast Li-ion transport, thus exhibiting low polarization. To 
explain the reasons behind the excellent performance in Li|GTSSE|Li 
cell, the surface morphologies of Li metal after cycling are presented via 
SEM images. The Li|PVDF-HFP|Li and Li|PEGDME|Li symmetric cells 
were cycled for 192 h and 432 h, respectively. Obviously, these cracks 
and pores are observed on the surface of Li metal (Fig. 3b, c). On the 
contrary, the Li|PEGDME|GTSSE|Li cell shows a flat lithium surface, 
although it looks like the surface has a few cracks without lithium 
dendrites growing after 2500 h cycling (Fig. 3d). The X-ray photoelec
tron spectroscopy (XPS) spectra of F 1 s and C 1 s of Li anodes after 
cycling are depicted in Fig. 3e-h. The C 1 s spectra contain four peaks 
characteristic of C–C, C-O, –COO, and -CF3 bonds. For the GTSSE, the 
peaks of C–C, C-O, –COO are greatly reduced compared with PVDF-HFP 
electrolyte, revealing that the SEI layer is more stable and generated 
fewer side products [39]. Moreover, a strong LiF peak is detected from Li 
anode in the Li|PEGDME|GTSSE|Li cell, which promotes long-term 
uniform lithium plating/stripping behaviors [40–42]. 

In order to evaluate the practicality of three SSEs in SSLMBs, the LFP| 
SSEs|Li batteries were assembled and tested at 50 ℃. The long-term 
cycling performance of the LFP|GTSSE|Li battery is much better than 
that of the LFP|PEGDME|Li and LFP|PVDF-HFP|Li batteries presented in 
Fig. S9a. The LFP|GTSSE|Li battery shows an initial discharge capacity 
of 142.5 mAh g− 1 at 0.5C and displays a slight and negligible 

overpotential increase than control sample during long-term cycling 
(Fig. S9b; Fig. S10a, b,). The discharge capacity stabilizes 135.4 mAh g− 1 

after 150 cycles, corresponding to 95% of the initial discharge capacity. 
By contrast, the LFP|PEGDME|Li and LFP|PVDF-HFP|Li batteries pre
sent a fast capacity decay and exhibit badly discharge capacity of 93.8 
mAh g− 1 (LFP|PEGDME|Li) and 27.3 mAh g− 1 (LFP|PVDF-HFP|Li) after 
150 cycles. These results show significantly improved capacity retention 
on account of the synergistic effect of the reliable interface stability and 
the gradient middle layer with fast Li+ transport in GTSSE. Moreover, 
the rate performance of the LFP|SSEs|Li batteries under different rates 
from 0.1 to 1C are displayed in Fig. S9c, the discharge capacity curves of 
LFP|PEGDME|Li and LFP|PVDF-HFP|Li batteries decrease sharply and 
the gaps compared with LFP|GTSSE|Li are getting larger when the 
current density increases. Meanwhile, the discharge voltage plateau of 
the GTSSE battery slowly descends without serious polarization 
(Fig. S11). Especially at 1C, the LFP|PEGDM|Li and LFP|PVDF-HFP|Li 
batteries only deliver 87.7 mAh g− 1 and 12.5 mAh g− 1, respectively, 
while the LFP|GTSSE|Li batteries can still possess an excellent discharge 
capacity of 126.3 mAh g− 1. 

To demonstrate the ability of SSEs operating at higher voltage, the 
NCM811|SSEs|Li batteries were assembled for further study. As shown 
in Fig. 4a, the NCM811|SSEs|Li batteries were activated at a small 
current (0.1C, 1st-3rd). The galvanostatic charge–discharge curves of 
NCM811|PVDF-HFP|Li or NCM811|PEGDME|Li delivery sudden ca
pacity fade and even cannot work 200 cycles at 0.5C at 50 ◦C. In sharp 
contrast, the NCM811|GTSSE|Li battery demonstrates a high discharge 
capacity retention of 83% (137 mAh g− 1) of the initial capacity 
(4th:164.7 mAh g− 1) after 200 cycles. Moreover, the NCM811|GTSSE|Li 
battery still presents a reasonable cyclability discharge specific capacity 
of 107 mAh g− 1 after an ultralong cycle life of 1000 cycles at 0.5C. It is 
demonstrated that the ultrathin gradient trilayer SSE with no other 

Fig. 3. Symmetric cells with gradient trilayer solid-state electrolyte. a) Galvanostatic cycling of the Li|PVDF-HFP|Li, Li|PEGDME|Li, and Li|GTSSE|Li symmetric cells 
at a current density of 0.1 mA cm− 2 for 0.1 mAh cm− 2. Surface morphology images of Li metal b) in PVDF-HFP electrolyte, c) in PEGDME electrolyte, and d) in GTSSE 
after lithium plating/stripping 192 h, 432 h, and 2500 h, respectively. XPS spectra of Li anodes from e-f) Li|PVDF-HFP|Li and g-h) Li|PEGDME|GTSSE|Li symmetric 
cells after lithium plating/stripping 192 h and 2500 h, respectively. 
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heterogeneous interface not only effectively improves long-term inter
face stability between SSE and high-voltage NCM811 cathode materials, 
but also enhances structural integration to provide continuous and 
uniform Li+ transport channels. As shown in Fig. 4b, the NCM811| 
GTSSE|Li battery shows a significantly lower overpotential increase 
than that of NCM811|PVDF-HFP|Li battery and NCM811|PEGDME|Li 
battery (Fig. S12a, b). The reason for this result is that in the GTSSE one 
side anti-oxidation polymer (PVDF-HFP) layer improves the high- 
voltage tolerance and continuous contact for electrolyte/cathode inter
face, and the other side anti-reduction polymer (PEGDME) layer pro
vides soft interfacial contact and compatibility with Li-metal anode. 
Meanwhile, the GTSSE with a gradient middle layer, provides excellent 
structural integration and fast Li+ transport channels. The lower polar
ization voltage observed in typical charge/discharge profiles indicates 
slight polarization, which is favorable for long-term cycling. The charge 
transfer resistance (Rct) and the interface resistance (Rif) are represented 
in the middle frequency region [43–45]. The resistances (Rct + Rif) of 
NCM|PVDF-HFP|Li, NCM|PEGDME|Li and NCM811|GTSSE|Li batteries 
before cycling are 198.0 Ω, 176.3 Ω and 151.0 Ω, respectively (Fig. S13). 
Whereas, the resistance of NCM811|PVDF-HFP|Li (438.4 Ω) and 
NCM811|PEGDME|Li (281.6 Ω) greatly increases after 50 cycles, the 
NCM811|GTSSE|Li battery still remains a relatively stable interfacial 
resistance (219.8 Ω) (Fig. 4c), indicating that the GTSSE can effectively 
help to improve the interfacial stability between the electrolyte and 
electrodes. 

Fig. 4d and Fig. S14 show the rate performance of the NCM811|SSEs| 
Li batteries. The NCM811|GTSSE|Li battery shows discharge capacities 
of 188, 172, 165, 145, and 117 mAh g− 1 at 0.1, 0.2, 0.5, and 1C, 
respectively, and also delivers superior capacity reversibility when 

current density backs to 0.1C (187 mAh g− 1), illustrating that the elec
trolyte hardly decompose at high current density and the interfaces 
between electrolyte and electrodes are still in stable adhesion. On the 
contrary, the batteries using PEGDME or PVDF-HFP electrolytes show 
low discharge capacity and obvious capacity decay with the increase of 
current density, which is mainly due to poor interface stability and low 
ionic conductivity. For practical evaluation, the NCM811|GTSSE|Li 
pouch batteries were assembled shown in Fig. 4e-h. The pouch battery 
shows an open circuit voltage of 3.7 V and could make the LED device 
work normally after curling to multiple folding, and even being cut 
twice (Fig. S15). Benefitting from the structural integration of the 
GTSSE, the polymer layers in the GTSSE will not fall off with multiple 
folding, and the pouch batteries show high safety after twice cutting. 

3. Conclusion 

In summary, we designed a gradient trilayer solid electrolyte (20 µm) 
with excellent interface compatibility for ultralong-life and high-voltage 
solid-state batteries by a facile secondary casting and one-step drying 
process. The GTSSE possesses two functional layers to provide interface 
compatibility with cathode and lithium metal anode, respectively. The 
gradient middle layer with ultrathin firm porous membrane and uniform 
polymer blending delivers enhanced structural integration and contin
uous Li+ transport channels. The obtained GTSSE shows a high ionic 
conductivity of 1.32 × 10-4 S cm-1at 50 ℃ and an electrochemical 
window of 4.8 V. As a result of the exceptional intrinsic advantages of 
the GTSSE, the Li|GTSSE|Li symmetric cell can stably plated/stripped 
for more than 2500 h at the current density of 0.1 mA cm− 2. The LFP| 
GTSSE|Li battery delivers highly capacity retention of 95% after 150 

Fig. 4. NCM811||Li full batteries with gradient trilayer solid-state electrolyte. a) Cycling performance of NCM811||Li batteries with different SSEs at 0.5C, together 
with the typical voltage profiles of b) the GTSSE. c) Nyquist plots of the LFP|PVDF-HFP|Li, LFP|PEGDME|Li batteries after 50 cycles, and LFP|GTSSE|Li batteries after 
200 cycles. d) Rate performances of NCM811||Li batteries with SSEs. e) The voltage images of the NCM811|GTSSE|Li battery under original. f-h) Optical photographs 
of the flexible NCM811|GTSSE|Li pouch battery can light up LED lamps under different conditions. 
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cycles at 0.5C. Notably, the NCM811|GTSSE|Li battery still presents a 
reasonable cycle ability discharge specific capacity of 107.1 mAh g− 1 

after an ultralong cycle life of 1000 cycles at 0.5C. The GTSSE provides a 
promising model based on gradient multilayer electrolyte structure to 
develop safe and high energy density solid-state Li metal batteries. 
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