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A B S T R A C T

Solid-state lithium metal batteries (SSLMBs) have great potential as high-energy-density, high-power, and safe 
energy storage devices. Solid polymer electrolytes based on polyvinylidene fluoride-poly(vinylidene fluoride-co- 
hexafluoropropylene) (PVDF-(PVDF-HFP)) have attracted significant attention due to their high ionic conduc-
tivity at room temperature, good flexibility, and unique ion transport properties, making them promising can-
didates for commercial applications. However, PVDF-based composite solid polymer electrolytes (CSPEs) exhibit 
poor lithium-ion transport properties and are prone to chemical reactions with the lithium metal surface, posing 
the risk of forming lithium dendrites. This degradation results in reduced battery performance and cycle life. This 
work investigates the effects of Co-doped cubic-ZrO2-x (C-ZrO2-x), a filler with abundant oxygen vacancies, on the 
electrochemical properties of PVDF-based CSPE. Zirconium in zirconia can provide Lewis acid sites, while oxygen 
vacancies can adsorb TFSI− and exhibit a pronounced ability to dissociate lithium salt and accumulate anchored 
anions. These effects are further amplified after phase transition, from unstable monoclinic phase with a small 
amount of oxygen vacancies to cubic phase with abundant oxygen vacancies, leading to a higher proportion of 
free Li+ in PVDF-based CSPE. Additionally, the uniform distribution of solid electrolyte interphase with a single 
LiF component, indicates that C-ZrO2-x increases the interface stability between electrolyte and lithium metal. 
The corresponding Li||Li symmetrical cells show a stable cycle lifetime of 730 h at 0.1 mA cm− 2. The specific 
discharge capacity of Li|CSPE|LiFePO4 reaches 106.09 mAh g− 1 at 1 C. Even after 550 cycles, the capacity 
retention rate is still 92.13 %. These findings ideally contribute to an effective way to achieve high performance 
and long cycle life of solid-state lithium metal batteries.

1. Introduction

Fossil fuels are non-renewable, so promoting renewable energy and 
energy storage is crucial for energy security and structure. Rapid growth 
in electric vehicles and electronics is driving exponential growth in 
lithium metal battery (LMB) market share. LMBs have high energy 
density and negative electrode potential. Solid-state LMBs (SSLMBs) are 
projected to exceed 400 Wh/kg [1–3], making them a preferred, safe, 
and stable electrochemical energy storage solution [4].

Polyvinylidene fluoride (PVDF)-based composite solid polymer 
electrolytes (CSPEs) have shown immense potential in the development 
of SSLMBs due to their excellent flexibility, mechanical properties, and 

good processability [5–7]. PVDF-based CSPEs with a high dielectric 
constant (εr ~ 8 − 10) accelerate lithium salt dissociation [8–10]. In 
these CSPEs, Li+ transport occurs via C-F bond interactions with the Li 
(DMF)xTFSI complex (formed by lithium salts and residual N, N-dime-
thylformamide (DMF)) [11,12]. However, excess free DMF causes 
interfacial side reactions. Uneven DMF distribution leads to inhomoge-
neous SEI and polymer decomposition [13,14]. On the other hand, 
PVDF-based CSPEs still face challenges such as low ionic conductivity, 
high crystallinity, susceptibility to lithium dendrite puncture, and 
interface contact issues between CSPE and lithium.

Current work targets improving SPE ionic conductivity (σ) and 
cycling stability at the polymer-Li metal anode interface. Modification 
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strategies include using organic molecules [15], inorganic fillers [16], 
and liquid additives [17]. Typically, the physical mixing of multiple 
polymers is employed to leverage the advantages of each component, 
thereby achieving enhanced overall performance. Introducing 
PVDF-HFP (with low crystallinity and 33 ~ 100 % β phase) [18] into a 
PVDF system (with high mechanical strength) through polymer 
blending can disrupt the microstructural order of the polymer, increase 
the proportion of the amorphous region, and facilitate ion conduction 
[19,20]. Simultaneously, the incorporation of adding inorganic fillers 
(such as TiO2 [21,22], ZrO2 [23], Li1.3Al0.3Ti1.7(PO4)3 [24], 
Li6.25Al0.25La3Zr2O12 [25,26]) into the CSPEs reduces polymer crystal-
linity, boosting ionic conductivity. Chen et al. [27] showed ZrO2 in 
CSPEs also offers Lewis acid sites, aiding Lithium salts dissociation. 
Besides typical inert/active fillers, functional organic fillers like 
metal-organic frameworks (MOFs) [28], succinonitrile (SN) [29], and 
C₃H₆N₆ (melamine) [30] have gained interest. Adding C3H6N6 to PVDF 
creates a slightly alkaline environment, promoting PVDF defluorination 
[31,32], increasing PVDF’s dielectric constant, enhancing Lithium salts 
dissociation, and interacting with the electrolyte’s [DMF− Li+] complex.

For efficient Li+ transport and cycling stability in PVDF-based CSPEs, 
alongside reduced crystallinity and enhanced Li salt dissociation, 
increasing free Li+ and minimizing interfacial side reactions are vital. 
Oxygen vacancy (OV) defects improve Li+ distribution and concentra-
tion [33–36], making OV enrichment strategies highly desirable. 
Therefore, through doping with low-cost Co, we successfully prepared 
oxygen vacancy-rich C-ZrO2-x which serves as an inorganic filler for the 
C-ZrO2-x/C3H6N6/PVDF/PVDF-HFP/LiTFSI CSPE. C-ZrO2-x facilitates 
the dissociation of LiTFSI and immobilizes the anions. The increase in 
free lithium ions in the electrolyte leads to an increase in free TFSI⁻ 
(from 12.4 % to 18.1 %) and increased lithium ion transference number 
(tLi⁺) (from 0.27 to 0.43). The C-ZrO2-x with high adsorption capacity 
promotes the uniform distribution of DMF in the electrolyte, reducing 
side reactions caused by DMF aggregation and forming a highly stable 
(Solid electrolyte interface) SEI film. Consequently, these lead to 
significantly enhanced electrochemical performance in both symmetric 
Li||Li cells and Li||LiFePO4 full cells, accelerating the realization of 
practically long-cycle stable solid-state batteries.

2. Experimental procedures

2.1. Synthesis of C-ZrO2-x

C-ZrO2-x was prepared using a typical co-precipitation method [37]. 
First, 1.5 g of ZrOCl2•8 H2O (Aladdin) and varying concentrations of 
CoCl2•6 H2O (i.e., 0 and 5 wt%; Aladdin) were completely dissolved in 
deionized water (DIW). Ammonia water was added dropwise to adjust 
the pH to 9 − 10. The mixture was stirred for 1 h at 600 rpm, after 
centrifuged by DIW and ethanol, the obtained precipitates were dried in 
an oven (air, 70 ℃, overnight). Furthermore, the dried product was 
ground with a mortar and pestle, following by a calcination step at 500 
℃ for 1 h in a furnace to obtain the C-ZrO2-x nanoparticles.

2.2. Synthesis of C-ZrO2-x/C3H6N6/PVDF/PVDF-HFP/LiTFSI (C-Zr-E) 
& ZrO2/-C3H6N6/PVDF/PVDF-HFP/LiTFSI (Zr-E)

The CSPEs were prepared using a solution casting method. 0.025 g of 
ZrO2 (Aladdin)/C-ZrO2-x, C3H6N6 (Aladdin), 0.1 g of PVDF (Aladdin, 
Mw ~ 300 000), 0.4 g of PVDF-HFP (Macklin, Mw ~ 455 000, ~110 
000), and 0.4 g of LiTFSI (Aladdin, 99 %) were pre-mixed in DMF (Alfa 
Aesar) and stirred at 40 ℃ for 12 h. The above mixture was poured onto 
a glass plate and dried at 80 ℃ for 2 h to form homogeneous C-Zr-E and 
Zr-E membranes with a thickness of 90–100 μm. The prepared CSPEs 
were punched into disks with a diameter of 15.8 mm and stored in a 
glovebox with an argon atmosphere.

2.3. Characterization techniques

The crystalline structure of the samples was measured by X-ray 
diffraction (XRD; Malvern Panalytical Empyrean) with Cu Kα radiation 
(λ = 1.5406 Å) in the 2θ range of 5 − 90◦. Raman spectroscopy (WITec 
Alpha 300 R) with a 532 nm output wavelength was used to analyze the 
interactions between functional groups. The chemical bonds were 
detected using a FT-IR spectrometer (PerkinElmer) in transmission 
mode, covering the range of 400 − 4000 cm− 1. A universal mechanical 
testing machine (CMT6103) was employed for the tensile experiments. 
To confirm thermal stability of the electrolyte membranes, thermogra-
vimetric analysis (TGA) was studied using a NETZSCH instrument under 
an air atmosphere, operated in the RT− 800 ◦C temperature range at a 
heating rate of 5 ◦C min− 1. The phase transition behaviors of the samples 
was investigated by a differential scanning calorimeter (DSC; Mettler 
Toledo Instruments) at a scanning rate of 10 ◦C per minute from − 50 ◦C 
to 200 ◦C. The samples’ surface morphologies were examined using an 
SEM (Hitachi-SU8000). The surface micromorphology of cycled lithium 
metal pieces was observed using transmission electron microscopy 
(TEM, Talos F200S G2 S). The oxygen vacancy concentration of the 
samples was recorded by Electron paramagnetic resonance (EPR) 
spectra using a JES-FA SERIES instrument. The SEI of CSPEs after 100 
charge-− discharge cycles was investigated by X-ray photoemission 
spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi).

3. Results and discussion

3.1. Materials characterization

Fig. 1a depicts the preparation process of C-ZrO2-x powder and the 
corresponding C-Zr-E electrolyte film. Initially, the C-ZrO2-x is synthe-
sized using ZrOCl2⋅8 H2O and CoCl2⋅6 H2O through a typical co- 
precipitation method. To prepare the C-Zr-E membranes, the above C- 
ZrO2-x was mixed with PVDF, PVDF-HFP, C3H6N6 and LiTFSI in DMF 
and then cast on a glass plate. Photographs of the C-Zr-E precursor so-
lutions before and after solvent evaporation are illustrated at Fig. S1. 
XRD patterns (Fig. 1b) reveal a complete transition of monoclinic ZrO2 
(JCPDS card No. 74 − 0815) to stable cubic phase (C-ZrO2-x) (JCPDS card 
No. 88 − 1007) after doping low valence Co in the ZrO2 crystal. Based on 
the SEM images of synthesized C-ZrO2-x and ZrO2 (Fig. S2), the former 
shows more uniform morphology with an average diameter of approx-
imately 200 nm. According to the electron paramagnetic resonance 
(EPR) result (Fig. 1c), the sharp peak with a corresponding g factor of 
2.05 indicates that both ZrO2 and C-ZrO2-x contain oxygen vacancies 
[38–40]. To keep the charge balanced, Co doping results in higher 
concentration of oxygen vacancies (Ov) in C-ZrO2-x than in ZrO2. This 
aligns well with the higher peak intensity of C-ZrO2-x observed in Fig. 1c. 
Further, XPS analysis was employed to evaluate variations in Ov con-
centration after co-doping (Fig. 1d) [41,42]. The O 1 s XP spectra show 
three peaks, i.e., lattice oxygen (Ocrystal), oxygen vacancy (Ov, Ov1, Ov2), 
and chemically adsorbed oxygen species (-OH), whose binding energies 
are 530.0, 531.4 and 532.4 eV, respectively. It is generally recognized 
that Ov in metallic oxide consists of Vox (the neutral concerning the 
regular O2− site), VO• (containing one e− ), and VO•• (containing no e− ). 
If any of the e− among them transfers from the VO site to a nearby Zr4+

ion, leading to the formation corresponding amount of Zr3+ ion. This 
shift in oxidation state is confirmed through the Zr 3d spectrum, which 
can be deconvoluted into two primary peaks at 184.4 eV and 182.0 eV, 
corresponding to 3d3/2 and 3d5/2 of Zr(4− x) +. These peaks are further 
divided into components representing ZrO2, ZrOx1 (2 > x1 > 1.5) and 
ZrOx2 (1.5 > x2 > 1), indicating varying oxidation states of Zr [43]. 
Therefore, after doping, the increase of Ov and Zr3+ ion is consistent 
with the enlargement of the convolution peak of Ov in O 1 s and ZrOx in 
Zr 3d separately. By the way, the XPS survey scan reveals the 
co-existence of the Zr and O elements in the final sample (Fig. S3).

Oxygen vacancies in ZrO2 and C-ZrO2-x are the main adsorption sites 
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of the − SO2 functional group of TFSI− [44]. To obtain more insights into 
the molecular interaction between oxygen vacancies and TFSI− , Density 
functional theory (DFT) calculations were conducted. Previous works 
[45–49] suggest that the oxygen vacancy concentration in monoclinic 
ZrO2 is much lower than in C-ZrO2-x, prompting the selection of C-ZrO2-x 
for detailed analysis. The adsorption geometry of TFSI− coordination to 
Ov on the C-ZrO2-x (or ZrO2) surface through the − SO2 group is selected, 
as shown in Fig. 1e. The results show that the adsorption energies of 
TFSI− in ZrO2 and C-ZrO2-x nanoparticles are calculated to be − 1.38 eV 
and − 7.00 eV, respectively, indicating that a strong electrostatic 
attraction between pristine C-ZrO2-x and TFSI− , and this strong 
adsorption enhances the conduction of free Li+ in CSPE.

Positively charged oxygen vacancies readily immobilize negatively 
charged TFSI− anions through electrostatic interactions. This immobi-
lization weakens the binding between lithium ions and anions within the 
lithium salt, enabling convenient movement of lithium ions. Raman 
spectroscopy provides evidence for this phenomenon, particularly by 
analyzing the Raman band within the frequency range of 
720 − 760 cm− 1 (Fig. 1f). The peak of TFSI− could be divided into three 
peaks at approximately 738 (free anions, Free TFSI− ), 741 (TFSI−

coordinating to a single lithium-ion, contact ion pairs (CIPs)), and 
744 cm− 1 (TFSI− coordinating to two or more lithium ions, aggregates 

(AGGs)), respectively [50,51]. The proportion of Free TFSI− could be 
calculated according to the following Eq. 1: 

[Free TFSI− ] =
A[Free TFSI− ]

A[Free TFSI− ] + A[CIP] + A[AGG]
× 100% (1) 

where A presents the integrated intensity of the band. The percentages 
of Free TFSI− , CIP, and AGGs in pure CSPE are 12.4 %, 20.9 %, and 
66.7 %, respectively. After adding C-ZrO2-x, the Free TFSI− percentage 
increases to 18.1 % (vs 16.3 % (ZrO2)). Those of CIP and AGGs respec-
tively decrease to 37.8 % (vs 28.4 % (ZrO2)) and 44.1 % (vs 55.3 % 
(ZrO2)). It is suggested that oxygen vacancy materials aid in the disso-
ciation of ion clusters, thus increasing the tLi

+, which will facilitate more 
[Li(DMF)x]+ formation that is beneficial to the construction of fast 
lithium-ion transport channels in the electrolyte.

The FT-IR spectra of CSPEs are presented in Fig. 2(a) ~ (c). The peak 
at 1197 cm− 1 is attributed to the − CF3 functional group in PVDF/PVDF- 
HFP, while the peaks at 597 cm− 1 and 1350 cm− 1 represent the char-
acteristic peaks of the SO2 group. The peak at 1060 cm− 1 is assigned to 
an antisymmetric stretching of − SNS− group in LiTFSI (Fig. 2a) [52]. 
According to the magnified FT-IR spectra of CSPEs in a wavenumber 
range between 720 and 880 cm–1 shown in Fig. 2b, peaks at 762 cm− 1 

and 839 cm− 1 indicate the presence of both α phase and β phase in the 

Fig. 1. (a) Schematic diagram illustrating the preparation process of C-ZrO2-x filler and the C-Zr-E. (b, c) XRD patterns and EPR spectra of ZrO2 and C-ZrO2-x. (d) Zr 
3d and O 1 s XP spectra of ZrO2 and C-ZrO2-x powers. (e) Structural model diagram of ZrO2-TFSI− (up), C-ZrO2-x-TFSI− (down), and adsorption of TFSI− on the ZrO2 
and C-ZrO2-x (111) crystal plane. (f) The Raman peak fitting curves and quantified contributions of different coordination environment of TFSI− in CSPE, Zr-E, and C- 
Zr-E films.
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PVDF-based electrolyte [53]. In the magnified FT-IR spectra (Fig. 2c) of 
CSPEs, the presence of a prominent peak locating at 658 cm–1 that 
corresponds to free DMF appears in the lithium salts and DMF solution, 
indicating that the anion predominantly exists as free TFSI–. On the 
contrary, there is no prominent peak of free DMF observed in Zr-E and 
C-Zr-E. However, the peak assigning to the bound DMF (658 cm–1) in-
dicates that the residual DMF is bound to form coordination compounds 
in the electrolytes, enhancing the stability of the electrolyte [54,55]. As 
investigated by TGA analysis, the residual DMF content in CSPE, Zr-E, 
and C-Zr-E are 24.79 %, 19.18 %, and 15.09 % respectively (Fig. 2d). 
It is noteworthy that the reduction of DMF in the electrolyte is beneficial 
to the interface stability of electrolyte and lithium, which is also 
confirmed in the subsequent characterization. Fig. S4 shows the FT-IR 
spectra of CSPEs’ absorption peak in a wavenumber range between 
1050 and 1650 cm–1. The peaks at 1181 cm–1 and 1403 cm–1 is 
attributed to the antisymmetric -CF2 stretching and -CH2 wagging 
functional groups in PVDF-HFP. Further characteristic bands in the 
fingerprint region for LiTFSI are located at 617 cm–1 and 1354 cm–1 

(-SO2 groups), and 1058 cm–1 (-SNS- group). There are no significant 
changes in the absorption peaks within the mentioned range, indicating 

that there is no evident chemical reaction between the filler and the 
PVDF-based polymer.

The XRD patterns of Zr-E and C-Zr-E verify the existence of ZrO2 or C- 
ZrO2-x (Fig. 2e). The stress− strain curves exhibit a typical ductile frac-
ture (Fig. 2f). The tensile properties follow the expected trend based on 
the addition of fillers in CSPE, with tensile strengths of 4.02, 4.29 and 
4.93 MPa of CSPE, Zr-E, and C-Zr-E, respectively. The increased me-
chanical properties can better inhibit the lithium dendrites of LMBs. 
SEM images of CSPEs are displayed in Fig. 2(g) ~ (i). All the CSPEs 
exhibit microscopically phase-segregated structures resembling sea- 
island structures, primarily due to high fractions of LiTFSI. With the 
addition of fillers, the C-Zr-E demonstrates good compatibility, excellent 
homogeneity, and a rich three-dimensional morphology, and its fracture 
surface exhibits typical ductile fracture characteristics. As shown in the 
DSC curve (Fig. S5), neither C-Zr-E nor Zr-E exhibits a distinct glass 
transition temperature (Tg) peak. However, the crystallization temper-
atures of C-Zr-E (PVDF: 129 ◦C; PVDF-HFP: 101 ◦C) are lower than those 
of Zr-E (PVDF: 129 ◦C; PVDF-HFP: 107 ◦C). Furthermore, the melting 
temperatures of C-Zr-E (PVDF: 160 ◦C; PVDF-HFP: 126 ◦C) are signifi-
cantly lower than those of Zr-E (PVDF β-phase: 165 ◦C; α-phase: 156 ◦C; 

Fig. 2. FT-IR spectra of (a) CSPE with and without DMF and LiTFSI. (b) CSPE, Zr-E and, C-Zr-E films. (c) FT-IT spectra of DMF + LiTFSI, Zr-E, and C-Zr-E. (d) TGA 
curves of the CSPE, Zr-E, and C-Zr-E films. (e) XRD patterns of ZrO2 and C-ZrO2-x particles, CSPE, Zr-E, and C-Zr-E films. (f) Stress vs strain curves and (g-i) surface 
and cross-sectional SEM images of the CSPE, Zr-E, and C-Zr-E films.
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PVDF-HFP: 130 ◦C). These observations indicate that C-Zr-E exhibits a 
slower crystallization rate, allowing for a longer duration for crystal 
nucleation and growth compared to Zr-E. This extended crystallization 
process is believed to promote the formation of a more favorable three- 
dimensional morphology in the C-Zr-E electrolyte [6]. The electrolyte 
thickness is estimated to be around 80 − 120 μm. EDS mapping images of 
the cross-section of the CSPEs reveal an even distribution of all additives 
within C-Zr-E in Fig. S6.

3.2. Electrochemical performance characterizations

The effect of modification on the electrochemical of the CSPE is 
illustrated in Fig. 3. As shown in Fig. 3a and Fig. S7, when the C-ZrO2-x 
content is at 5 %, the CSPE exhibits the highest ionic conductivity, with 
a value of 4.7 × 10–4 S cm–1 at 25 ℃, compared to 2.4 × 10–4 S cm–1 

for Zr-E. The temperature− dependent ionic conductivities of Zr-E and C- 
Zr-E samples are demonstrated in Fig. 3b, from which it is seen that the σ 
of C-Zr-E is higher than that of Zr-E over a wide temperature range. The 
interaction between rich oxygen vacancies and TFSI– anions promote 
the dissociation of lithium salt, resulting in more free lithium ions that 
combine with DMF to construct ordered ion channels through forming 
solvated molecules. These solvated molecules interact effectively with 
PVDF/PVDF-HFP chains to transfer lithium ions effectively. In addition, 
the increase in σ is related to the enlarged amorphous region of PVDF/ 
PVDF-HFP after modification.

The electrochemical stability window (ESW) is a crucial factor of 
electrolyte stability, as illustrated in the LSV profiles of Zr-E and C-Zr-E. 
In Fig. 3c, the C-Zr-E exhibits higher oxidation stability than the Zr-E, as 
evidenced by the elevated upper voltage limit from 4.2 V to 4.5 V when 
setting the maximum current density at 5 μA cm− 2. The enhanced 
resistance to oxidation can be attributed to the relatively high bandgap 
value of approximately 6 eV for ZrO₂ fillers [56]. When incorporated 
into the electrolyte, the ZrO₂ fillers effectively reduce the overall highest 
occupied molecular orbital (HOMO) level of the polymer electrolytes, 
thereby suppressing oxidation caused by the positive electrode mate-
rials. During the negative scan (Fig. 3d), the reduction peak at 1.5 V 
represents the decomposition of TFSI− in residual DMF. After doping 
with C-Zr-E particles, the above peak disappears due to the decreased 
content of DMF and the immobilization of TFSI− .

The Li⁺ transference number is a key parameter that indicates the 
efficiency of cation transport and the effectiveness of lithium dendrite 
suppression. To determine the tLi

+ value, a symmetric Li|CSPEs|Li battery 
is assembled. Fig. 3e presents the Nyquist plots recorded before and after 
the chronoamperometry measurement. The calculated tLi

+ of C-Zr-E is 
0.43, higher than that of the Zr-E (0.27, Fig. S8). This improvement is 
due to abundant oxygen vacancy adsorbed TFSI− , which promotes the 
transportation of lithium ions in the electrolytes. A larger tLi

+ makes it 
easier to inhibit the growth of space charge regions with the random 
nucleation of Li ions and severe lithium dendrites. At the same time, the 
exchange current density of the PVDF-based CSPE also increases from 

Fig. 3. (a) Nyquist plots, (b) Temperature− dependent Arrhenius plot, and (c, d) LSV curves of Zr-E and C-Zr-E. (e) The determination of lithium-ion transference 
number of C-Zr-E. (f) Tafel curves of Zr-E and C-Zr-E. (g) CCD determination and (h) Li plating/stripping test of Li||Li symmetric cells using either Zr-E or C-Zr-E as 
the electrolytes.
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0.18 to 0.22 mA cm− 2 (Fig. 3f), suggesting that the C-ZrO2-x could ho-
mogenize the Li+ flux and enhance the lithium-ion transport rate.

Fig. 3g, the critical current density (CCD) of both cells is tested at an 
increasing density rate of 0.1 mA cm–2 at 25 ◦C. After Co-doping, the 
cell’s short-circuit current increases from 0.9 mA cm–2 to 1.4 mA cm–2, 
implying that the C-Zr-E-based full cells could operate under a large 
current density. In Fig. 3h, the Li|Zr-E|Li cell lasts only 150 h, after 
which a sharp increase in overpotential occurs, primarily due to ongoing 
side reactions between DMF and lithium. For the Li|C-Zr-E|Li cell, the 
overpotential remains stable (less than 60 mV) for more than 730 h of 
cycling. The improved performance indicates that the addition of C- 
ZrO2-x could enable higher stability between Li metal and CSPE.

3.3. Full cell performance

Fig. 4a presents the CV curves of the Li|C-Zr-E|LFP full cell. The pair 
of redox peaks in the voltage range of 3.00–3.80 V corresponds to a 
characteristic biphasic lithium-ion insertion/extraction mechanism in 
the LFP cathode. Additionally, due to the stable SEI components, the CV 
curves almost overlap after subsequent cycles, indicating highly 
reversible behavior and good compatibility at the electrolyte/electrode 

interface. Fig. 4b compares the discharge capacities of both cells at 
different current densities. The Li|C-Zr-E|LFP full cell demonstrates 
significantly higher discharge capacities across all C-rates compared to 
the Li|Zr-E|LFP full cell. Specifically, the Li|C-Zr-E|LFP cell delivers 
discharge capacities of 169, 156, 131, 104, and 69 mAh g–1 at 0.1 C, 
0.2 C, 0.5 C, 1 C, and 2 C, respectively.

Fig. 4c illustrates the charge− discharge profiles of Li|C-Zr-E|LFP full 
cells under different rates ranging from 0.1 C to 2 C, exhibiting minimal 
overpotential. For instance, at 1 C, the activation energy (ΔE) is only 
0.3 V, indicating a low internal resistance between C-Zr-E and elec-
trodes. Fig. 4d demonstrates that the Li|Zr-E|LFP full cell is unstable and 
gets short-circuited rapidly after 115 cycles. However, the Li|C-Zr-E|LFP 
cell delivers an initial capacity of approximately 106.09 mAh g–1 and 
retains a capacity of 97.74 mAh g–1 after 550 cycles at 1 C, corre-
sponding to a capacity retention rate of 92.13 %. In Fig. 4e, EIS was 
carried out to measure the resistance evolution of the Li|C-Zr-E|LFP full 
cells over cycling recorded at open circuit voltage (OCV). The initial 
impedance of the Li|C-Zr-E|LFP cell is 550 Ω, which gradually decreases 
with cycling and stabilizes at 150 Ω. These results affirm the successful 
development of high-performance CSPEs, which are also capable of 
high-current density operation with good cycle stability. Fig. 4f 

Fig. 4. (a) CV curves of Li|C-Zr-E|LFP full cells at a scan rate of 0.1 mV s–1. (b) Rate capability of Li|Zr-E|LFP and Li|C-Zr-E|LFP full cells. (c) Selective charge- 
discharge voltage profiles of Li|C-Zr-E|LFP full cells at different rates (0.1, 0.2, 0.5, 1 and 2 C). (d) Cycling stability of Li|Zr-E|LFP and Li|C-Zr-E|LFP full cells at 
1 C. (e) Nyquist plots of C-Zr-E based full cells recorded upon cycling at open circuit voltage state. (f) Comparison of previously reported CSPEs- and the C-Zr-E-based 
full cell performance. (g) The scheme of a pouch cell and the digital photo demonstrating the powering of LED light by the pouch cell with C-Zr-E films.
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compares the electrochemical performance of the Li||LFP batteries using 
C-Zr-E and other CSPEs [57–61] at 25 ◦C, demonstrating superior elec-
trochemical performance. The excellent reversible capacity of C-Zr-E 
makes them highly suitable for flexible energy storage devices. A pro-
totype pouch cell, assembled by sandwiching C-Zr-E between the LFP 
positive electrode and the lithium metal negative electrode (Fig. 4g), 
was able to power a "HUST" shaped logo containing 68 LEDs.

3.4. Analysis of pristine and cycled Li electrodes

To assess the enhanced performance of Li|C-Zr-E|LFP, cycled Li| 
CSPEs|Li full cells were disassembled for ex-situ analyses [62–64]. The 
cycled lithium metal surface was characterized by SEM (Fig. 5a and 
Fig. 5b), XPS (Fig. 5c and Fig. 5d), and TEM (Fig. 5e and Fig. 5f) of 
recovered from Li|Zr-E|LFP and LFP|C-Zr-E|Li cells after 100 cycles. The 
pristine lithium metal shows a smooth surface morphology (Fig. S9). 
Ex-situ SEM images reveal a more smooth and dense lithium surface 
over a large area in Fig. 5b, contrasting with the uneven and mossy 
morphology observed in Fig. 5a.

The composition of the SEI layer was further analyzed by XPS [65, 
66]. The results show that the SEI on the Zr-E cell contains LiF and Li3N 
contribution simultaneously, LiF, with its wide bandgap, effectively 
prevents electron tunneling, has low lithium-ion diffusion energy, and 

Li3N has faster ionic conductivity than lithium fluoride LiF. Although 
LiF-Li3N can reap those above benefits at the same time, Li3N is not 
stable and most likely comes from DMF decomposition, morever, with 
the charging and discharging process, the thicker the SEI, the more DMF 
is consumed, making the electrolyte in an unstable state. In contrast, 
only a LiF peak is present in the C-Zr-E sample, without excessive con-
sumption of electrolyte components to produce relatively stable SEI, so 
the passivation layer ensures the cycling stability of the electrolyte, 
which is confirmed by the improved cycling performance. Furthermore, 
TEM images after cycling (Fig. 5e and Fig. 5f) show that the SEI on 
C-Zr-E consists of both an amorphous phase and LiF crystalline phases, 
with a uniform thickness of approximately 15 μm. This homogeneous 
SEI promotes even Li deposition and stripping, ultimately benefiting the 
system’s overall performance. On the other hand, the SEI on Zr-E con-
tains uneven crystalline phases of LiF and Li3N, contributing to the 
instability observed in the symmetric batteries, which fail to cycle 
stably.

In summary, when Zr-E is used as the electrolyte, the inorganic 
components of SEI formed at the lithium metal interface consist of both 
LiF and Li3N components, with an irregular morphology. In contrast, the 
SEI in the C-Zr-E electrolyte is composed solely of LiF, resulting in a 
more uniform and stable structure (Fig. 5g).

Fig. 5. Comparative SEM analysis of cycled lithium metal electrodes recovered from (a) Li|Zr-E|LFP and (b) Li|C-Zr-E|LFP full cell. Ex-situ Li 1 s and N 1 s XP spectra 
of cycled (c) Zr-E or (d) C-Zr-E membrane (the side which contacts with Li metal) recovered from the Li|C-Zr-E|LFP and the Li|Zr-E|LFP full cells, respectively. TEM 
image of SEI films with (e) Li|Zr-E|LFP and (f) Li|C-Zr-E|LFP full cells after cycling. (g) The mechanism diagram of Li deposition in (a) Li|Zr-E|LFP or (b) Li|C-Zr- 
E|LFP.
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4. Conclusions

In this work, we reveal the impact of different zirconia crystal phases 
on LiTFSI dissociation by comparing composite solid electrolytes using 
monoclinic-phase zirconia and cubic-phase zirconia as fillers. The main 
conclusions were as follows: 

1. The cubic-phase zirconia is obtained by doping monoclinic zirconia 
with Co2+ at the Zr4+ sites, leading to the introduction of oxygen 
vacancies to balance the charge. The formation of oxygen vacancies 
typically causes lattice distortion in zirconia, resulting in a phase 
transformation to cubic zirconia.

2. Through experiments and theoretical simulations, we found that 
cubic-phase zirconia with abundant oxygen vacancies facilitates 
LiTFSI dissociation in PVDF-based CSPE, improving the σ and tLi

+ of C- 
Zr-E, reaching values of 4.72 × 10–4 S cm–1 and 0.43 at 25 ◦C, 
respectively.

3. The formation of a single-component inorganic SEI layer in the C-Zr- 
E electrolyte reduces side reactions between the electrolyte and 
electrodes, improving the cycling performance of Li|C-Zr-E|LFP 
batteries (92.13 % capacity retention after 600 cycles at 1 C), of-
fering a valuable reference for developing high-performance solid- 
state electrolytes.
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