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Abstract
Quasi-solid-state electrolytes that possess high ionic conductivity, excellent interface stability, and low interfacial resistance, 
are required for practical solid-state batteries. Herein, a heterogeneous quasi-solid-state hybrid electrolyte (QSHE) with a 
robust lithium-ion transport layer composed of Li1+xAlxTi2−x(PO4)3 (LATP) nanoparticles (NPs) at the anode/electrolyte 
interface was fabricated using electrospun nanofibers as a skeleton via a facile in situ polymerization approach. The QSHE 
exhibits a high ionic conductivity (0.98 mS cm−1), a wide electrochemical window (4.76 V vs. Li/Li+), and favorable com-
patibility with lithium metal (maintaining stability over 2000 h in a symmetrical cell) at room temperature. When coupled 
with a Li|LiFePO4 battery, the QSHE enables the battery to retain 95.4% of its capacity after 300 cycles at 2 C. Moreover, 
the atomic force microscopy verifies the high Young’s modulus of the LATP-dominated bottom layer, while numerical 
simulation validates the effective distribution of lithium ions at the interface facilitated by LATP NPs, hence contributing to 
dendrite-free lithium plating/stripping morphology. This straightforward strategy could pave the way for the development 
of high-performance and interfacially stable lithium metal batteries.
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Introduction

The surging demand for electric vehicles and grid 
energy storage has accelerated the development of high-
energy–density batteries [1–4]. Among various recharge-
able batteries, lithium (Li) metal batteries are deemed as a 
promising candidate because the use of Li metal anode offers 
significant advantages, including a remarkable theoretical 
capacity of 3860 mAh g−1 and an ultralow redox potential 
of − 3.04 V vs. standard hydrogen electrode [5–8]. How-
ever, conventional carbonate-based liquid electrolytes (LE) 
are detrimental to Li metal due to unwanted side reactions, 
resulting in low plating/stripping Coulombic efficiency (CE) 
and hazardous dendrite growth [9–11]. In addition to the 
above challenges, the leakage of LEs also poses a risk to 
the safe operation of batteries. Hence, the development of 
solid-state electrolytes has attracted tremendous research 
attention [12, 13].

All-solid-state electrolytes (ASSEs) are currently based 
on polymers and ceramics [14–16]. Polymer-based solid-
state electrolytes (SSEs) require high operating temperatures 
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to elevate their ionic conductivities, but their low mechanical 
strength cannot prevent lithium dendrite growth [17, 18]. 
Ceramic-based SSEs, while demonstrating high ionic con-
ductivities ranging from 10−4 to 10−3 S cm−1 at room tem-
perature and ultra-high mechanical strength, suffer from high 
interface impedances between the inorganic ASSE and the 
electrode due to the solid–solid contact, leading to large cell 
polarization [19–21]. The introduction of a small amount of 
LE to improve the electrode/electrolyte interfaces has been 
suggested but compromises battery safety performance [22]. 
Therefore, novel SSEs that can operate at room temperature, 
suppress lithium dendrite growth, and achieve good interface 
contact with electrodes are highly desired [23].

Quasi-solid-state polymer electrolytes (QSPEs) produced 
by in situ polymerized have attracted significant interest 
because of their seamless contact with electrodes, result-
ing in small interfacial resistances [24, 25]. By incorporat-
ing various salts and novel additives to improve the ionic 
conductivity [26–28], in situ polymerized QSPEs have fea-
tured unique functionalities, including single-ion conduc-
tor [29], thermal failure/flame retardancy [30], wide work-
ing temperature range [31, 32]. Nevertheless, the current 
polymerization methods involving heating and ultraviolet 
radiation are relatively intricate, impeding their practical 
utilization [33]. Simple polymerization methods for QSPEs 
that can accelerate their commercialization through a real-
istic roll-to-roll production process need to be explored. 
The commonly used solvent, 1, 3-dioxolane (DOL), in Li 
metal batteries shows great potential for commercial applica-
tions as it can be initiated by commonly used lithium salts 
[34–36] at room temperature, and the resulting polymer-
ized DOL (PDOL) has good compatibility against Li metal 
[37]. Ma et al. [38] mixed DOL with a carbonate-based 
solvent to expand the redox window of the electrolyte, and 
the LiPF6-initiated solid/liquid hybrid electrolyte exhibited 
excellent compatibility with a nickel-rich layered oxide 
cathode (LiNi0.8Co0.1Mn0.1O2). Liu and co-workers [34] 
introduced trioxymethylene to partially inhibit the polym-
erization of DOL, aiming to further improve the ionic con-
ductivity by leveraging unpolymerized DOL as a plasticizer. 
In addition, Huang et al. [39] introduced 1,1,2,2-tetrafluoro-
ethyl 2,2,3,3-tetrafluoropropyl ether (TTE) into PDOL to 
regulate the solvation structure, leading to a QSPE with 
enhanced cycle stability under high voltage. However, the 
limited strength of PDOL is insufficient to inhibit the growth 
of lithium dendrites. It should be noticed that the current 
studies primarily focus on the preparation of homogeneous 
QSPEs, while the development of heterogenous quasi-solid-
state hybrid electrolytes (QSHEs) featuring a robust inor-
ganic rich layer at the Li metal side is expected to effectively 
alleviate lithium dendrite growth.

In this work, a heterogenous QSHE with an inorganic 
component-rich bottom layer was prepared through 

in situ polymerization using a conventional LiPF6 salt. 
Li1+xAlxTi2−x(PO4)3 (LATP) nanoparticles (NPs) were 
selected as the inorganic filler to enhance the overall 
ionic conductivity and Young’s modulus of the bottom 
region due to its high ionic conductivity and mechanical 
strength. Concurrently, an electrospun polyvinylidene flu-
oride-hexafluoropropylene (PVDF-HFP) nanofiber mem-
brane, with the strong electro-withdrawing effect provided 
by C–F groups, was employed to encapsulate the DOL 
precursor solution, forming a 3D Li+ transport network 
[40–42]. During polymerization, the added LATP NPs will 
simultaneously deposit on the side near the Li metal due 
to gravity, thereby promoting the transport of Li+ through 
the interface, as depicted in Fig. 1. Although LATP was 
reported to react with Li [43], sufficient wetting and filling 
of the precursor polymer solution at the electrode interface 
mitigate the side reactions between Li and LATP [44]. 
Importantly, the QSHE possessed an average Young’s 
modulus of ~ 3.2 GPa at the ceramic-rich region facing 
the Li anode, surpassing that of homogeneous QSPE. The 
ceramic-rich (bottom) region with high Young’s modulus 
in the QSHE ensures efficient resistance against the Li 
dendrites and the soft polymer-rich (top) layer minimizes 
the interfacial impedances. Furthermore, COMSOL simu-
lation results demonstrated that LATP NPs also act as a 
Li+ ion redistributor to alleviate the concentration gradient 
in the cells, facilitating a more uniform deposition of Li. 
As a result, the Li|Li symmetric cells with the QSHE dem-
onstrated stable polarization curves for more than 2000 h, 
and the assembled Li|LiFePO4 (LFP) cells displayed excel-
lent cyclic performance and rate capability.

Experimental Section

Materials

LFP (battery grade), conductive carbon black, polyvi-
nylidene difluoride (PVDF, Arkema900), N-methyl-
2-pyrrollidone (NMP, Aladdin; AR), PVDF-HFP (Sigma; 
Mw = 455,000), N, N-dimethylformamide (DMF, SCR; 
AR), lithium di(trifluoromethyl sulfonyl) imide (LiTFSI, 
DoDoChem; 99.5%), lithium hexafluorophosphate (LiPF6, 
DoDoChem; 99.9%), Li1.3Al0.3Ti1.7(PO4)3 (Canrd; 300 nm), 
DOL (DoDoChem; 99%), methyl propionate (MP, Aladdin; 
99%), fluoroethylene carbonate (FEC, DoDoChem; 99.9%), 
and commercial liquid electrolyte (1 M LiPF6 in dimethyl 
carbonate: ethylene carbonate = 7:3 vol.%) were used as 
received. All the solid powders or particles used in this study 
were dried at 80 °C over 12 h, and the DOL, MP, and FEC 
were dehydrated by molecular sieve (DoDoChem; 4A) in a 
glove box (Mikrouna) over 24 h before use.
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Preparation of LFP Cathode

LFP, carbon black, and PVDF at a mass ratio of 8:1:1 were 
dissolved in NMP to prepare a homogeneous slurry, which 
was then coated on the aluminum foil through a simple doc-
tor blade. The LFP electrode was then dried in a vacuum 
oven at 80 °C for 12 h to ensure complete volatilization of 
NMP. The mass loading of the as-prepared LFP electrode 
was ~ 3.5 mg cm−2.

Preparation of Electrospun PVDF‑HFP Matrix

The precursor solution for electrospinning was prepared by 
dissolving 2.1 g PVDF-HFP in 10 mL DMF overnight. A 
10 mL syringe fitted with an 18G needle (inner diameter: 
0.92 mm, external diameter: 1.28 mm) was used to load the 
precursor solution. During electrospinning, a high voltage 
of 20 kV was applied with a feeding rate of 1.0 mL h−1. 
Notice that the humidity during electrospinning was con-
trolled at ~ 40%. The obtained PVDF-HFP membrane was 
dried at 80 ℃ overnight for further use.

Preparation of In Situ Polymerized QSPE/QSHE 
and Cell Assembly

QSPE: The preparation of electrolytes was carried out 
inside a glove box filled with pure argon gas (O2 < 0.1 ppm, 
H2O < 0.1 ppm). Firstly, 1.0 M LiTFSI was dissolved in a 

mixed solution of DOL and FEC (5:1, vol.%), and 0.5 M LiPF6 
was dissolved in MP, respectively. After that, the above two 
solutions were mixed with a volume ratio of 3:2 and stirred 
for 10 min to form a homogeneous precursor. During battery 
assembly, 60 μL of the precursor solution was dropped into the 
trimmed PVDF-HFP membrane. Finally, the assembled cells 
were laid up for 24 h to allow the spontaneous polymerization 
of precursor solution, thus obtaining in situ polymerized QSPE 
inside the batteries.

QSHE: in contrast to QSPE, 20 wt.% LATP particles were 
added to the vial with the mixed solution. The polymerization 
of the solution containing LATP particles in the PVDF-HFP 
membrane was denoted as QSHE.

Material Characterizations

The porosity of the electrospun PVDF-HFP was measured 
through the n-butanol absorption method. The sample with 
a diameter of 16 mm was immersed in n-butanol for 2 h and 
then blotted the excess liquid on the surface with filter paper. 
The porosity was calculated based on Eq. (1) listed below [45]:

where Wdry and Wwet are the mass of membranes before and 
after soaking, ρ and Vdry represent the density of n-butanol 
and the volume of membranes, respectively.

(1)Porosity(%) =
Wwet −Wdry

�Vdry

Fig. 1   Diagram of different lithium deposition behaviors in LE, QSPE, and QSHE
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The electrolyte uptake was measured by immersing the 
PVDF-HFP membranes into the liquid electrolyte, i.e.,1 M 
LiPF6 in ethylene carbonate: dimethyl carbonate = 3:7, 
vol.%, for 2 h, which was calculated using the following 
Eq. (2) [45]:

where W1 and W2 are the mass of membranes before and 
after immersion in the electrolyte.

The morphology of pure nanofiber membrane, QSPE, 
QSHE, and cycled lithium was observed by scanning elec-
tron microscope (SEM; Regulus 8100). The polymerized 
electrolyte was placed in the glove box for 48 h to remove 
the residual liquid. Energy dispersive spectroscopy (EDS) 
was used to characterize the element distribution of the sam-
ples. The structures of QSPE and QSHE were identified by 
X-ray diffractometer (XRD; Bruker, D8 ADVANCE) at a 
rate of 10 °C min−1 in the scanning range of 5°–60°. The 
Young’s modulus of the QSHE and QSPE electrolytes were 
measured through atomic force microscopy (AFM; Bruker, 
NanoWizard 4). Nuclear magnetic resonance spectroscopy 
(NMR; JEOL, JNM-ECZ600R/S1) was conducted to collect 
the 1H-NMR and 13C-NMR spectra with dimethyl sulfox-
ide (DMSO-d6) serving as the deuterated solvent. Fourier 
transform infrared spectroscopy (FTIR; NICOLET IS10) 
was conducted to examine the chemical structure of DOL 
before and after polymerization, and the polymerization 
degree was further determined using gel permeation chro-
matography (GPC; 1260 infinity II). The thermal stability 
of QSPE and QSHE was studied using a thermogravimet-
ric analyzer (TGA; TGA, Q50) with a heating rate of 10 ℃ 
min−1 from 30 to 600 °C in a nitrogen atmosphere. A dif-
ferential scanning calorimeter (DSC; TA, DSC25) was also 
applied under the nitrogen atmosphere to test the glass tran-
sition temperature (Tg) from − 80 to 40 °C and the heating 
and cooling rates were 10 °C min−1. The solid electrolyte 
interphase (SEI) composition on the cycled Li metal anodes 
was characterized using X-ray photoelectron spectroscopy 
(XPS; Thermo Fisher, ESCALAB Xi +).

Electrochemical Characterizations

CR2032-type coin cells were assembled in a glove box 
filled with pure argon gas (O2 < 0.1 ppm, H2O < 0.1 ppm). 
Stainless steel (SS)|QSPE/QSHE|SS cells were assembled 
to measure the ionic conductivity (σ) and activation energy 
of QSPE/QSHE by electrochemical impedance spectros-
copy (EIS), the frequency range was set at 0.1 Hz–100 kHz 
from − 30 to 30 ℃ using an electrochemical workstation 
(CHI760E). The ionic conductivity was calculated by:

(2)Electrolyteuptake(%) =
W2 −W1

W1

where L and S are the thickness and contact area of electro-
lytes and R is the bulk resistance. The temperature-depend-
ent ionic conductivity was fitted with the Vogel–Tam-
mann–Fulcher equation [46] to calculate the activation 
energy (Ea) of the electrolyte:

where σ0 and kB, respectively, represent the pre-exponential 
factor and Boltzmann constant. T0 refers to the reference 
temperature which typically falls 10–50 K below Tg. Here, 
a T0 value 50 K below Tg was used for calculation. The Li+ 
transference number ( tLi+ ) was determined by combined 
methods of direct current polarization and EIS using Li|Li 
symmetric cells. The applied polarization voltage (ΔV) and 
alternating current impedance frequency were 10 mV and 
1 MHz–1 Hz, respectively. The values of tLi+ could be cal-
culated by the following equation [46]:

where I0 and IS are the initial and steady-state current, R0 
and RS are the initial and steady-state interfacial resistances. 
The electrochemical stable window (ESW) was tested by 
linear sweep voltammetry (LSV) with Li|QSPE/QSHE|SS 
cells with a scan rate of 1 mV s−1 between 2.0 and 6.0 V vs. 
Li/Li+. Cyclic voltammetry (CV) of Li|QSPE/QSHE|LFP 
was measured at different scan rates (υ). Based on the Ran-
dles–Sevick equation [33], the Li+ diffusion coefficient (DLi) 
of QSHE and QSPE was calculated according to Eq. (5):

where ip stands for the peek current, n is the number of elec-
trons involved in the redox reaction and A is the active area 
of the electrode. CLi is the concentration of Li+ transferred 
in the charge–discharge process.

To evaluate the performance of QSHE and QSPE, Li|Li, 
Li|Cu, and Li|LFP cells were assembled and tested using 
the LANHE battery testing system (CT3001A). When the 
Li|QSHE|Cu cells were assembled, the LATP-rich side of 
QSHE was designed to face the copper foil for a fair com-
parison. The cyclic performance of Li|LFP full cells was 
tested within a voltage range of 2.5–4.3 V.

Computational Methods

The finite element method (FEM) was used to study the dis-
tribution of Li+ ions in QSHE and QSPE through COMSOL 

(3)� =
L

RS

(4)� = �0 ∙ T
−
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Multiphysics 6.1. The migration of Li+ ions driven by the 
electric field and diffusion flow in both the quasi-solid-state 
polymer phase and solid phase of LATP NPs are considered 
[47]. FEM simulation was conducted based on the following 
partial differential equations for the two simplified models 
of electrostatic and transport of dilute species:

where E and φ, respectively, stand for the electric field and 
electric potential. N is the flux vector of Li+, and D and c are 
the diffusion coefficient and concentration of Li+, μ is the 
ion mobility. The diffusion coefficients (D) in these simpli-
fied models were calculated based on the Nernst–Einstein 
Equation:

where σ is the ionic conductivity, n and z are the number 
of ions per unit volume and ionic valences, e is the charge 
of the electron, kB and T represent the Boltzmann constant 
and absolute temperature. The QSPE was simplified as a 
sieve plate with a thickness of 30 μm. As for the QSHE, 
it was simplified as a double-layer sieve plate. The upper 
layer is the same as QSPE, while the under layer with a 
thickness of 5 μm is composed of tightly packed spheri-
cal LATP particles with a diameter of 0.3 μm and a gap of 
0.7 μm, see illustration in Fig. S1. The current density was 
set to 0.02 mA cm−2 with an applied potential difference 
(∇φ) of 0.02 V. The initial Li+ ion concentration was set as 
1 mol L−1.

Results and Discussion

Morphology and Structure of QSPE and QSHE

Figure 2a illustrates the synthesis process of QSHE. The 
LATP NPs gradually settle down to form an LATP-dom-
inate layer during polymerization. As shown in Fig. 2b 
and Fig. S2, the thickness of the electrospun PVDF-HFP 
membrane can be tuned from ~ 30 to 140 μm, which fur-
ther governs the thickness of QSHE. The obtained elec-
trospun PVDF-HFP membrane exhibits good flexibility, 
which can be folded multiple times without damage. 
SEM images (Fig. 2c, d) confirm that the randomly dis-
tributed nanofibers are successfully assembled into a 3D 
network with high porosity (~ 82.3%) (Table S1), a value 

(7)� = −∇�

(8)� = −D∇c + �c�

(9)
�c

�t
= −∇�

(10)� =
nz2e

2

kBT
D

higher than ~ 47.7% for the commercial Celgard 2500 
(Table S3). Such a membrane enables a high electrolyte 
uptake of ~ 206.5% (Table S2), which is far superior to the 
86.2% of commercial separators (Table S4). The crystal-
linity of the prepared electrolytes was determined by XRD 
(Fig. S3). A wide diffraction peak between 10° and 30° of 
the two electrolytes represents a typical amorphous phase 
of polymers. Besides, the sharp XRD peaks observed 
in the QSHE suggest the existence of LATP NPs in the 
QSHE. As shown in Fig. 2e–g, the PDOL throughout fills 
the pores of the PVDF-HFP membrane, and an LATP-
rich bottom layer can be observed, as verified by the EDS 
result. TGA and DSC were conducted to compare the ther-
mal properties of QSPE and QSHE. As shown in Fig. S4, 
the addition of LATP has a marginal effect on the thermal 
stability of both electrolytes, and the Tg values are − 61.03 
and − 61.66 °C for QSPE and QSHE, respectively, indicat-
ing that the Li+ transport is favorable in QSHE at room 
temperature [48]. To evaluate the mechanical properties of 
the synthesized electrolyte, Young’s modulus of the QSPE 
and the top and bottom surfaces of the QSHE were meas-
ured, as displayed in Figs. S5, 2h, i. The values of each 
Young’s modulus in the images were calculated by fitting 
the force curves (Fig. S6) and the histograms are displayed 
in Fig. S7. The average Young’s modulus of the polymer-
dominated surface (190.8 MPa) of QSHE is similar to that 
of QSPE (128.1 MPa), while the high Young’s modulus of 
the LATP-dominated layer reached ~ 3.2 GPa, confirming 
that the inclusion of LATP NPs significantly enhances the 
mechanical strength of the polymer matrices, thus helping 
to inhibit Li dendrite growth.

Figure 3a and Fig. S8 show the polymerization of DOL 
initiated by LiPF6. It can be found that the solutions change 
from liquid to gel after 12 h. The detailed mechanism of 
polymerization is presented in Fig. 3b. NMR results con-
firm that the chemical shifts of QSPE and QSHE are con-
sistent with those of PDOL, suggesting the successful 
polymerization of DOL in QSPE and QSHE (Fig. 3c, d) 
[36]. As shown in the 1H spectra, the chemical shifts of the 
–CH2–CH2–O– (3.74 ppm) and –CH2–O–CH2– (4.75 ppm) 
species in DOL shifted to 3.55 and 4.59 ppm after polym-
erization, respectively. Meanwhile, the emergence of new e 
(66.99 ppm) and f (95.37 ppm) peaks in 13C spectra also val-
idates the open ring polymerization of DOL. FT-IR and GPC 
were further carried out to support the polymerization of 
DOL. The characteristic peaks of DOL (918 and 1030 cm−1) 
disappeared in QSPE/QSHE accompanied by the emergence 
of long-chain species (845 cm−1) (Fig. 3e) [49]. Based on 
the GPC results, the average molecular weight and polydis-
persity index of QSHE were 181,344 and 1.37, respectively, 
which was similar to 188,967 and 1.36 of QSPE, suggesting 
the addition of LATP NPs does not affect the polymerization 
of DOL (Fig. 3f).
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Electrochemical Performance of QSPE and QSHE

To evaluate the properties of designed electrolytes, a cou-
ple of important metrics including ionic conductivity, Ea, 
Li+ transference number, and ESW were measured. The 
bulk resistances of QSPE and QSHE were tested to calcu-
late the ionic conductivity, as shown in Fig. S9. At 30 °C, 
QSHE exhibits an excellent ionic conductivity of 0.98 mS 
cm−1, which is higher than that of QSPE (0.77 mS cm−1). 

Figure S9c shows the ionic conductivities of QSPE and 
QSHE within a wide temperature range, which are further 
fitted using the Vogel–Tamman–Fulcher equation. The 
calculated Ea for the QSHE is 0.12 eV, which is slightly 
lower than that for the QSPE (0.14 eV), consistent with the 
higher ionic conductivity of QSHE. The calculated tLi

+ for 
the QSHE is approximately 0.62, which is slightly higher 
than that of QSPE (Fig. 3g, h). The high tLi

+ in QSHE can 
be ascribed to the entrapment of large TFSI− anions by the 

Fig. 2   a Schematic showing the preparation of QSHE. b Digital 
images of the electrospun PVDF-HFP membrane and SEM images of 
PVDF-HFP membrane: c cross-section view, and d top view. e Cross-
sectional element distribution in QSHE. SEM images of QSHE: f 

cross-section, and g top and bottom view. h, i AFM images (left) and 
corresponding Young’s modulus (right) of the top and bottom surface 
of QSHE
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PVDF-HFP [50] and PDOL network [48], as well as the fast 
Li+ transport in LATP. Except for high Li+ conductivity, the 
electrochemical stability of the electrolyte is also critical for 
stable battery cycling. The LSV results in Fig. S10 demon-
strate the ESWs of QSPE and QSHE are 4.60 and 4.76 V, 
respectively. The wide ESW can be attributed to the polym-
erized long chains and the addition of LATP fillers [51].

Furthermore, Li|QSHE|Cu and Li|QSPE|Cu cells were 
assembled to assess the Li plating/stripping efficiencies. 
Figure 4a–c shows that the QSHE exhibited a stable CE 
of ≈ 94% over 140 cycles at 0.5 mA cm−2 with a smaller 
overpotential, while the CE of QSPE dropped significantly 
to below 84%. The compatibility between the Li anode and 
the designed electrolytes was further investigated. Compared 
to the Li|QSPE|Li symmetric cell, the bulk and interface 
resistances of the Li|QSHE|Li cell increased slightly after a 
100-h cycle (Fig. 4d, e). The critical current density (CCD) 
was determined by increasing the plating/stripping current 

densities from 0.05 to 2 mA cm−2 with a fixed capacity of 1 
mAh cm−2 in Li|QSHE|Li and Li|QSPE|Li symmetric cells. 
Figure 4f shows that the QSHE operated stably until the 
current density reached 1.3 mA cm−2, which was signifi-
cantly higher than that in QSPE (0.4 mA cm−2). Besides, the 
Li|QSHE|Li symmetric cells displayed stable polarization 
voltages of ~ 20 and 40 mV without a significant increase 
for more than 2000 h at 0.1 and 0.2 mA cm−2, respectively 
(Fig. 4g and S11). In contrast, short circuits occurred quickly 
in Li|QSPE|Li cells, manifesting the inferior interface sta-
bility of QSPE against Li metal anode compared to QSHE.

Electrochemical Performance of Li|LFP Full Cells

CV tests of Li|LFP batteries employing QSPE and QSHE 
at different scan rates were conducted at a scan rate of 
0.1 mV s−1. Figure 5a shows the use of QSHE electro-
lyte in Li|LFP batteries results in an oxidation/reduction 

Fig. 3   a Digital images of QSPE and QSHE. b (i) The hydrolysis pro-
cess of LiPF6 and (ii) the polymerization mechanism of DOL. c 1H-
NMR, d 13C-NMR spectra, and e FTIR spectroscopy of DOL, QSPE, 

and QSHE. f GPC profiles of QSPE and QSHE. Chronoamperometric 
and Nyquist plots (inset) of g QSHE and h QSPE
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voltage gap of ~ 0.24 V, outperforming the QSPE counter-
part (~ 0.32 V). As the scan rate increased, the polarization 
of Li|LFP batteries increased (Fig. S12). The QSHE and 
QSPE exhibited DLi

+ values in the order of 10−9 cm2 s−1, 
as calculated based on Eq. (5) (Fig. 5b), surpassing 10−13 
cm2  s−1 of commercial electrolytes [34]. The Nyquist 
plots of Li|QSHE|LFP and Li|QSPE|LFP cells in Fig. 5c 
showed that QSHE has a smaller initial interface imped-
ance and is more stable against Li compared to QSPE, 
which could be attributed to the fast Li+ transport at the 
interface supported by LATP NPs. The detailed values 
of fitted bulk and interphase resistances are reported in 
Table S5. Besides, the Li|LFP batteries using QSPE and 
QSHE were also assembled to evaluate the cyclic and rate 
performance. The QSHE enabled the battery to deliver 
an initial discharge capacity of 144.9 mAh g−1 at 0.5 C, 
which slightly increased to 148.5 mAh g−1 (Fig. S13a). 
A similar trend was also observed for the Li|LFP battery 
using QSPE, whose discharge capacity increased from 

140.9 to 144.9 mAh g−1 during the initial activation pro-
cess. When the current density was increased to 2 C, the 
battery using QSHE presented an initial discharge capacity 
of 128.6 mAh g−1, accompanied by a high capacity reten-
tion of 95.4% after 300 cycles (Fig. 5d). By contrast, the 
QSPE-based Li|LFP battery delivered a discharge capacity 
of 118.6 mAh g−1 and maintained 77.7% of initial capacity 
after 300 cycles. The charge–discharge curves in Fig. S13b 
and S13c also manifested that the Li|QSHE|LFP battery 
possessed smaller polarization voltages and more stable 
cyclic performance than the Li|QSPE|LFP counterpart. 
Moreover, the Li|LE|LFP battery exhibited fast capacity 
decay, which can be attributed to the formation of unstable 
SEI and the corrosion of Li in commercial LE (Fig. S14a). 
After 300 cycles, the cell exhibited a reversible capacity of 
121.1 mAh g−1, corresponding to a capacity retention rate 
of 77.6% (Fig. S14b). Therefore, the design of a LATP-
rich layer towards Li metal in heterogeneous QSHE can 
promote uniform Li deposition/dissolution and prevent Li 

Fig. 4   a CEs of Li|QSHE|Cu and Li|QSPE|Cu cells. Li plating/strip-
ping curves of b Li|QSHE|Cu and c Li|QSPE|Cu cells. Nyquist plots 
of d Li|QSHE|Li and e Li|QSPE|Li cells before and after cycles. 

Polarization curves of symmetric Li|QSHE|Li and Li|QSPE|Li cells, 
f rate performance, and g long-term stability at 0.1 mA cm−2 for 0.1 
mAh cm−2 of Li|QSHE|Li cells
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dendrite growth during the charging/discharging process, 
hence extending the lifespan of Li metal batteries. The 
pressure applied for cell assembly was also investigated 
since the pressure has a significant impact on the mechani-
cal and electrochemical performance of solid-state bat-
teries. As shown in Fig. S15, with an assembly pressure 
ranging from 400–750 MPa, the Li|QSHE|LFP delivered 
comparable capacities at 2 C. The Li|LFP batteries exhib-
ited much the same reversible capacities at low current 
densities (0.1, 0.2, 0.5 C) whenever QSPE or QSHE was 
used (Fig. 5e). Notably, at a high current density of 4 C, 
the Li|LFP battery with QSPE displayed a capacity of 
only ~ 95 mAh g−1, while the cell using QSHE retained a 
capacity of ~ 102 mAh g−1. The corresponding charge–dis-
charge profiles in Fig. 5f and g confirm the cell with QSHE 
exhibited smaller voltage hysteresis. At current densities 
of 2 and 4 C, the cells with QSHE displayed polarization 
voltages of 0.25 and 0.51 V, respectively, which are much 
smaller than 0.7 and 1.16 when QSPE was applied.

Lithium Metal Morphology and SEI Chemistries

To clarify the ion transport manipulated by the LATP layer 
in QSHE, COMSOL Multiphysics was applied to monitor 
the Li+ ion distribution after charging. As shown in Fig. 6a, 
a large concentration gradient difference was formed during 
the charging process in QSPE, which increases the transport 
barrier and polarization of Li+. On the contrary, the inclu-
sion of LATP NPs mitigates the Li+ concentration gradient 
in QSHE (Fig. 6b), offering fast and abundant Li+ transport 
channels [47]. To this end, smooth and dense Li deposition 
was achieved during repeated charge–discharge processes.

SEM and XPS were carried out to further study the mor-
phology evolution of cycled Li metal anodes and SEI chem-
istry on Li anodes. Large cracks and mossy Li were observed 
on the surface after only 10 cycles when the commercial 
LE was used, indicating its poor compatibility with metal-
lic Li (Fig. S16). When QSPE was used, many “dead” Li 
can be observed, indicating the PDOL with a low Young’s 

Fig. 5   Electrochemical performance of Li|QSHE|LFP and 
Li|QSPE|LFP cells. a CV curves at 0.1 mV s−1. b The fitting curves 
between CV peak current data as a function of the square root of scan 

rate. c Nyquist plots before and after cycles. d Cyclic performance at 
2 C. e Rate capability and corresponding charge–discharge curves of 
Li|LFP batteries using f QSHE and g QSPE
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modulus cannot effectively prevent the growth of Li den-
drites (Fig. 6c). In contrast, the heterogeneous QSHE with 
a LATP-rich bottom layer enabled reversible deposition of 
Li on pristine Li metal anode, verifying the importance of 
introducing a robust inorganic layer to promote the uniform 
distribution and fast transport of Li+ (Fig. 6d). Meanwhile, 
the EDS mapping proved that LATP NPs are absent on the 
Li metal surface (Fig. S17). Furthermore, the SEI chemis-
try on Li metal was elucidated through XPS (Fig. 6e–g and 
Fig. S18). In the C 1s spectra, the typical peak at 284.8 eV 
represents the C–C/C–H bond, while the peaks at 286.3, 
288.5, and 290.7 eV correspond to C–O–R, O–C–O, and 
C–C–O bonds, respectively, which were derived from the 
–CH2CH2OCH2O– unit of PDOL [32, 52]. Besides, the 
additional peak of Li2CO3 suggested a relatively unstable 
SEI layer of QSPE. The O 1s spectra can be deconvoluted 
into two peaks at 531 and 532.6 eV, corresponding to Li2O 
and Li2CO3/LiOH [53, 54]. Moreover, the higher content of 
Li2O in QSHE may originate from the slight reaction of Li 
metal with LATP NPs during the polymerization process 
[43], which not only enhances the stability of SEI but also 
facilitates Li+ transport [33], differing from the large amount 

of unstable LiOH in QSPE. Meanwhile, the peaks near 684.9 
and 687.8 eV in the F 1s spectra are related to Li–F and 
C–F bonds [53], which can be attributed to the decomposi-
tion of FEC, LiTFSI, and LiPF6. Therefore, the introduction 
of LATP alleviates the decomposition of Li salts and FEC, 
which leads to the formation of a proper amount of lithium 
fluoride (LiF) in the SEI [33, 55]. As a result, the SEI layer 
containing inorganic and organic components combined 
with the LATP layer in QSHE can effectively adapt to the 
volume change during cycles and inhibit the growth of Li 
dendrites for long-term cycles.

Conclusions

In conclusion, a heterogeneous QSHE with a LATP-rich 
bottom layer was prepared through in situ polymerization 
of DOL using electrospun PVDF-HFP as the skeleton. In 
such an electrolyte, the incorporation of LATP NPs not only 
improves the overall ionic conductivity (0.98 mS cm−1 at 
30 °C) but also enhances Young’s modulus of the QSHE’s 
bottom layer facing Li metal. In addition, FEM results 

Fig. 6   Simulation results and schematic diagram of Li+ ion distribution in a QSPE and b QSHE; SEM images of the Li metal surface of c QSPE 
and d QSHE after cycling; XPS of cycled Li metal in QSHE: e C 1s, f O 1s, g F 1s
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confirm that the LATP NPs promote a more uniform dis-
tribution of Li+ throughout the electrolyte, contributing to 
uniform Li deposition. Consequently, the Li|QSHE|Li cells 
displayed ultra-long cycle stability over 2000 h at both 0.1 
and 0.2 mA cm−2. Furthermore, the Li|QSHE|LFP cell dem-
onstrated excellent cyclic stability with a capacity retention 
rate of 95.4% after 300 cycles at 2 C. The design concept 
of heterogeneous QSSEs provides an appealing pathway 
towards high-energy-density and long-life Li metal batteries.
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