
Energy Storage Materials 70 (2024) 103473

Available online 11 May 2024
2405-8297/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Identifying ultrathin dielectric nanosheets induced interface polarization 
for high-performance solid-state lithium metal batteries 

Li Yang a, Baowen Li a, Hexing Liu a, Hong Zhang a, Yu Cheng a, Qi Li d,*, Liqiang Mai a,b,c, 
Lin Xu a,b,c,* 

a State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, School of Materials Science and Engineering, Wuhan University of Technology, 
Wuhan 430070 Hubei, PR China 
b Hubei Longzhong Laboratory, Wuhan University of Technology (Xiangyang Demonstration Zone), Xiangyang 441000, Hubei, China 
c Hainan Institute, Wuhan University of Technology, Sanya 572000, China 
d National Energy Key Laboratory for New Hydrogen-ammonia Energy Technologies, Foshan Xianhu Laboratory, Foshan 528200, PR China   

A R T I C L E  I N F O   

Keywords: 
Ultrathin dielectric nanosheet 
Polymer electrolyte 
Interface polarization 
Ionic conductivity 
Solid-state lithium batteries 

A B S T R A C T   

Solid-state lithium metal batteries (SSLMBs) with polymer electrolytes are promising due to enhanced safety and 
high energy density, but the low ionic conductivity of polymer electrolytes and the unstable interface of lithium 
metal anode hinder the development of SSLMBs. Herein, we propose a unique strategy to address these chal
lenges by coupling ultrathin high-dielectricity Ca2Nb3O10 (CNO) nanosheets with PEO-based electrolyte. The 
interfacial polarization originating from the distortion of NbO6 octahedra along the vertical direction of CNO 
nanosheets is maximized and so the interaction between CNO and LiTFSI, which greatly supports the dissociation 
of LiTFSI and improves the ionic conductivity (2.0 × 10− 4 S cm− 1) of the composite polymer electrolyte, 
compared to that without CNO. The optimized interfacial polarization effect is thoroughly demonstrated by 
theoretical calculation and experimental results. Moreover, due to a homogeneous, robust and LiF-rich solid 
electrolyte interphase film with promoted Li ion transport being formed at the lithium metal interface, the su
perior cycling stability (90 % capacity retention after 440 cycles at 0.5 C) and rate capability for LFP||Li full 
batteries are achieved. This design of composite polymer electrolyte with ultrathin dielectric nanosheet fillers 
demonstrates a new approach to the development of high-performance polymer electrolytes for SSLMBs.   

1. Introduction 

With the ongoing popularization of consumer electronics and electric 
vehicles, along with the extensive application of renewable energy 
sources in the grid, there is a growing demand for high-performance 
energy storage devices with high energy density, long cycle and good 
safety [1-6]. Solid-state lithium metal batteries (SSLMBs) with polymer 
electrolytes are promising candidates due to the advantages of low-cost 
manufacturing, lightweight, flexibility of polymer electrolytes [7-10]. 
However, the most commonly studied polymer matrix polyethylene 
oxide (PEO)-based electrolyte suffers from low ionic conductivity (IC) 
(10− 6–10− 7 S cm− 1) and unstable solid-state interphase (SEI) at the 
lithium anode interface [11-13]. Therefore, promoting the lithium salt 
dissociation degree thereby enhancing the ionic conductivity of polymer 
electrolytes, and improving the stability of SEI derived from dissociated 
lithium salt anions are highly desired. 

To address the above challenges, introducing inorganic fillers to 
polymer electrolytes is the most widely adopted strategy [14-20]. In 
particular, inorganic fillers with high dielectric constants have unique 
advantages of inducing dissociation of lithium salts [21-24] via inter
facial polarization for the composite solid polymer electrolyte (CSPE). 
For example, the spontaneous polarization of the BaTiO3 dielectric 
fillers with particle size 0.6–1.2 µm increased the dissociation of lithium 
salts, leading to a high IC of CSPE [23]. Furthermore, the BaTiO3 
coupled nanowires with a diameter of about 250 nm produce a built-in 
reverse electric field that also elevates the dissociation of lithium salt 
[22]. However, the dimensions of the reported inorganic dielectric 
fillers are in the range of tens of nanometers to a few micrometers, which 
is far larger than the diameter of polymer chains (1–2 nm) and the size of 
lithium salts, resulting in a smaller specific interface area either with the 
polymer chains or with lithium salts. The small specific interfacial area 
restricts the effect of interfacial polarization originating from the 
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dielectric fillers to the composite polymer electrolyte, resulting in 
limited dissociation of the lithium salt. Moreover, most of the reported 
inorganic dielectric fillers are nanoparticles or polycrystalline without 
ordered and preferred crystal planes exposed, thus making it impossible 
to accurately analyze the mechanism of interactions between specific 
crystal planes and polymer chain segments or lithium salts. Therefore, it 
is highly-demanded to seek an inorganic dielectric filler with a high 
specific interfacial area with the polymer chain and lithium salt, 
together with a preferred exposed crystal plane. The above two features 
are expected to maximize the interfacial polarization effect of dielectric 
fillers to the polymer electrolyte and enable the more reliable analyses of 
the interfacial interaction. 

Herein, we designed a novel polymer composite electrolyte by 
coupling ultrathin Ca2Nb3O10 (CNO) nanosheets with a high dielectric 
constant (~210) [25] with PEO-based electrolyte to promote the 
dissociation of lithium salt, and obtained the greatly-improved ionic 
conductivity. The ultrathin CNO nanosheets with ultrahigh aspect ratio 
results in the greatly increased specific interfacial area and hence 
maximized interfacial polarization effect of CNO, thus leading to largely 
promoted dissociation of LiTFSI. In addition, the high specific surface 
area of ultrathin CNO facilitates the construction of more CNO/PEO 
interfaces, thus providing more pathways for lithium-ion migration. 
Most importantly, the εr values of (Ca2Nb3O10)n films keep a high 

constant level of 210 irrespective of the film thickness, which exerts the 
interface polarization-induced effect even in the case of stacking [26, 
27]. As a result, the room temperature IC of the CSPE with ultrathin CNO 
nanosheets is significantly improved (2.0 × 10− 4 S cm− 1). The under
lying interfacial interaction mechanism was demonstrated by theoret
ical calculation and experimental analyses. Moreover, a homogeneous, 
robust and LiF-rich SEI [28,29] with fast Li+ transport is formed, which 
enables the superior cycling stability (with a high capacity-retention 
rate of 90 % after 440 cycles at 0.5 C) and rate capability at 2 C for 
solid-state LFP||Li full battery. 

2. Results and discussion 

2.1. LiTFSI dissociation and Li+ transport mechanism of electrolyte with 
ultrathin CNO 

CNO nanosheets were prepared by solid-state sintering, ion exchange 
and stripping as reported in the literature [30]. The dimensions of 
two-dimensional ultrathin nanosheet are about 400–800 nm for width 
and 1000–1500 nm for length (Fig. 1A, Figure S1A, C), and the X-Ray 
Diffraction (XRD) pattern shows good crystallinity (Figure S1D) of CNO. 
The thickness of ultrathin nanosheet obtained by Atomic Force Micro
scopy (AFM) test is ~1.8 nm (Figure S1E), which is about the thickness 

Fig. 1. Interfacial polarization-induced effect in PEO polymer electrolyte with ultrathin CNO. (A) TEM image with SAED pattern. (B) High-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) image with corresponding elemental mapping images. (C) Surficial and cross-sectional SEM images of 
PLCN. (D) Optical photos of PLCN. The εr’ spectra of pure (E) PEO, PCN and (F) PL, PLCN. (G) Schematic diagrams of promoted LiTFSI dissociation via interfacial 
polarization in PLCN electrolyte. Snapshots of (H) PL and (I) PLCN with MD simulation. (J) PEO single chain used in MD simulation. Density distribution of (K) Li+

and (L) TFSI− along vertical direction in PL and PLCN electrolyte system. (The white, green, brown, blue, red, gray, yellow, indigo, cyan balls represent H, Li, C, N, O, 
F, S, Ca, and Nb atoms, respectively. The yellow and blue regions denote the electronic depletion and accumulation, respectively). 
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of three NbO6 octahedron. Besides that, the selected area electron 
diffraction (SAED) could be indexed to be (100), (010) and (110) planes 
(inset of Fig. 1A), which is consistent with the lattice plane data of 
high-resolution transmission electron microscope (HRTEM) 
(Figure S1B). Both XPS spectra (Figure S2) and energy dispersive 

spectral (EDS)-mapping spectra (Fig. 1B) confirm the existence of Ca, 
Nb, and O elements in CNO nanosheets. The commendable dispersion of 
CNO nanosheet in anhydrous acetonitrile (Figure S3) demonstrates its 
monodisperse nature and so enables the ultrathin CNO nanosheets to be 
evenly-distributed in polymer electrolyte. The PEO/LiTFSI/xCNO 

Fig. 2. The mechanism of LiTFSI dissociation in electrolyte with ultrathin CNO nanosheets. The ESP of (A) CNO and (B) CNO/TFSI. (C) Charge density difference of 
CNO with adsorbed LiTFSI. (D) The distance between Li and O in free LiTFSI molecular and LiTFSI with CNO. (E) The adsorption energy of Li+, TFSI− , and LiTFSI on 
the surface of CNO. The insets are the corresponding adsorption configuration. (F) The energy of decomposing LiTFSI into Li+ and TFSI− . Raman spectra of (G) PLCN 
and (H) PL. SSNMR (I) 7Li and (J) 19F spectra of PLCN and PL. ATR-FTIR spectra for LiTFSI, pure PEO, PL electrolyte and PLCN electrolyte at (K) 3800–700 cm− 1 and 
(L) 1400–1150 cm− 1. (The white, green, brown, blue, red, gray, yellow, indigo, cyan balls represent H, Li, C, N, O, F, S, Ca, and Nb atoms, respectively. The yellow 
and blue regions denote the electronic depletion and accumulation, respectively). 
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electrolyte (PCNx, x represents the mass percentage of CNO relative to 
PEO) were prepared by coupling CNO nanosheets with PEO-based 
electrolyte. The PEO/LiTFSI (PL) electrolyte without CNO nanosheets 
was prepared as control group. Additionally, the surface of PLCN and PL 
electrolyte are smooth with a similar average thickness of 130–140 μm 
(Fig. 1C, Figure S4A, B). The cross-sectional SEM & EDS-mapping and 
ultrathin section TEM images of PLCN electrolyte exhibit a uniform 
distribution of CNO nanosheets in the PEO-based electrolyte with 
random directions (Figure S5, Figure S6). Optical photographs of the 
PLCN display that the electrolyte film is dense, semi-transparent, and 
has excellent flexibility (Fig. 1D). 

To clarify the effect of inorganic dielectric fillers on ion transport of 
polymer electrolyte, the dielectric constants of polymer materials are 
compared before and after the addition of fillers. The PEO/CNO (PCN) 
composite material and PEO/LiTFSI/5CNO (PLCN) (5CNO representing 
5% wt. CNO to PEO) composite electrolyte both exhibit greatly 
improved dielectric constant (εr’) after introducing CNO [31,32] 
(Fig. 1E, F), compared to PEO and PL, respectively. According to the 
Born-Lande formula (1) for calculating the lattice energy of ionic com
pounds based on the electrostatic theory, a medium with a high 
dielectric constant (indicating the medium’s ability to separate opposing 
charges from each other) weakens the attraction between oppositely 
charged ions in the medium, resulting in “ion-dipole bond” that makes it 
easier to dissociate the lithium salt. Therefore, dissociation of lithium 
salt will be much easier due to reduced lattice energy of lithium salt in 
the high dielectric constant system [33]. 

E = −
ANAz1z2e2

4πε0r

(

1 −
1
n

)

(1)  

where NA, A, n, ε0, r, -Z1e and +Z2e are the Avagadro constant (6.203 ×
1023), Medelung constant, Born index, dielectric constant, the distance 
between ions, and the charges of anions and cations respectively. 

The increased dielectric constant of the composite system is mainly 
due to interfacial polarization effect between the inorganic fillers and 
the polymer [34-37]. The interfacial polarization effect originating from 
the distortion of NbO6 octahedral in CNO causes the accumulation of 
dipoles at the interface between CNO and PEO, which is conducive to 
promote the dissociation of LiTFSI and enhance the interactions between 
LiTFSI and CNO (Fig. 1G). To understand the effect of CNO on LiTFSI 
dissociation, the molecular dynamics (MD) and density functional the
ory (DFT) analysis of the electrolyte with and without CNO are carried 
out. Based on the same PEO reference plane, we found that more Li+ and 
TFSI− are distributed closer to the CNO/PEO interface in the PLCN 
system. This means that the dissociation of LiTFSI is enhanced at the 
PEO/CNO interface due to the stronger ion-dipole bond between either 
Li+ or TFSI− and CNO, originating from interfacial polarization of CNO, 
which promotes the migration of Li+ at the PEO/CNO interface and 
enhances the IC (Figure S7, Fig. 1H-L). 

Furthermore, the difference in electrostatic potential (ESP) for pure 
CNO and CNO with TFSI− shows that the ESP is more negative when 
TFSI− approach to CNO, which means the strong electrostatic interac
tion between TFSI− and CNO (Fig. 2A, B). In addition, the ESP of CNO 
and PEO also changed due to the interactions of Li+ with the nucleo
philic centers of CNO and PEO (Figure S8). The interactions of CNO with 
LiTFSI can also be observed by differential charge density (Fig. 2C, 
Figure S9). As LiTFSI molecule approaches to the surface of CNO (001) 
plane, charge transfer occurs between Li atom in LiTFSI and O atom in 
CNO, which evidences the strong electronic interactions between LiTFSI 
and CNO. The enhanced interactions between CNO and LiTFSI is 
favorable to weaken the electrostatic interaction between Li+ and TFSI− , 
as well as to reduce the coupling between Li+ and PEO polymer chains, 
which is beneficial to improve the IC (2.0 × 10− 4 S cm− 1) (Fig. 1G, 
Figure S10A). In comparison, LiTFSI cannot be fully dissociated in the PL 
owing to the strong electrostatic attraction between Li+ and TFSI−

(Figure S10B), leading to the appearance of more LiTFSI clusters and 

lower IC (4.4 × 10− 6 S cm− 1). 
In addition, it is noticed that the distance between O and Li in LiTFSI 

increases to 1.98 Å compared to 1.82 Å in vacuum because of the exis
tence of CNO (Fig. 2D), suggesting that the dissociation of LiTFSI is 
easier in PLCN. Moreover, both higher adsorption energy (− 3.92 eV) 
between TFSI− and CNO and lower dissociation energy of LiTFSI (− 4.28 
eV) (Fig. 2E, F) also illustrates that LiTFSI is easier to dissociate with 
CNO. In summary, the theoretical calculation results demonstrate the 
feasibility of CNO to promote LiTFSI dissociation due to the interactions 
between CNO and LiTFSI from the kinetic and thermodynamic per
spectives, which fit well with the following experimental conclusions. 
To further elucidate the mechanism of interfacial polarization of CNO 
promoting LiTFSI dissociation, the dissociation degree of LiTFSI was 
thoroughly studied by Raman spectroscopy (Fig. 2G, H and Figure S11). 
The peaks at 743 cm− 1 and 746 cm− 1 are related to free TFSI− and ion- 
clusters respectively, and the ratio of free TFSI− represents the dissoci
ation degree of the LiTFSI [38]. PLCN reveals a higher LiTFSI dissocia
tion degree as illustrated in the statistical results for different CSPE 
systems in Figure S11D. To understand the effect of interfacial 
polarization-induced effects on the local chemical environment of 
LiTFSI, solid-state nuclear magnetic resonance spectra (SSNMR) of 7Li 
and 19F were conducted as shown in Fig. 2I, J. The 7Li signal of PLCN 
shifts to an up-field compared to PL, suggesting a weakened interactions 
between PEO and LiTFSI after the introduction of CNO [39,40]. And the 
shift of 19F spectrum also illustrates the interaction between CNO and 
LiTFSI. In addition, the blue shifts of -SO2 asymmetric stretching (1331 
cm− 1) and the -CF3 asymmetric stretching (1193, 1180 cm− 1) in atten
uated total reflection fourier transform infrared (ATR-FTIR) of PLCN 
electrolyte also suggest the strong interaction between CNO and LiTFSI 
(Fig. 2K, L) [41]. Moreover, the shift of the Li 1 s binding energy illus
trates the weakened electrostatic attraction between Li+ and TFSI−

(Figure S12) [39]. The above results show that introduction of CNO 
promotes dissociation of LiTFSI through strong dipole-ion interactions 
between them induced by the strong interfacial polarization of ultrathin 
CNO nanosheet, which are consistant with the above DFT and MD 
simulation results. 

2.2. Physicochemical properties and electrochemical performance of 
polymer electrolyte with ultrathin CNO 

Lithium-ion migration in the PEO polymer matrix mainly occurs 
through complexation and de-complexation of Li+ with oxygen on the 
ether-oxygen bond in PEO [42]. The slow segment movement of the 
highly crystalline region of PEO limits the transport of lithium ions, 
giving it a lower ion conductivity. The crystallization behavior of PLCN 
was tested by XRD, and the intensity of two specific characteristic peaks 
of PEO at 19.6 and 23.5 ◦ (Fig. 3A) in the PLCN is significantly lower 
than that in PL, demonstrating the increase of amorphous region after 
adding CNO. The XRD patterns of PL with different mass ratio of CNO 
also indicate the lower crystallinity (Figure S13A) after CNO being 
added, which is verified by the results of DSC curves (Fig. 3C). In 
addition, the relaxation peak of tanδ which represents the motion of 
ionic coupling synergistic polymer segments [43,44] (Figure S13B), 
PLCN exhibits the higher relaxation peak frequency than that of PL and 
pure PEO, which manifests the excellent polymer segment dynamics of 
PLCN [44]. Moreover, a lower Tg (− 50.5 ◦C) of PLCN compared with PL 
(− 44.8 ◦C) also shows the enhancement of segmental movement in 
PLCN (Fig. 3B). These results demonstrate the increase of amorphous 
region of PEO after the introduction of CNO nanosheets, which allows a 
much easier migration of lithium ions. In addition, the PLCN also 
demonstrates the enhanced thermal stability as shown in TG curves 
(Figure S13C) and the enhanced strength as shown in stress-strain curves 
(Figure S14) compared with PEO electrolyte after the addition of CNO 
nanosheets to PEO polymer matrix, which is beneficial to suppress the 
growth of lithium dendrites. 

After addition of ultrathin CNO nanosheets, the PLCN electrolyte 

L. Yang et al.                                                                                                                                                                                                                                    



Energy Storage Materials 70 (2024) 103473

5

appears a significantly-enhanced IC (2.0 × 10− 4 S cm− 1) compared with 
PL (4.4 × 10− 6 S cm− 1). The IC of PLCN also stands out among PLCNx 
with various ratios of CNO at room temperature (Fig. 3D, Figure S15A) 
and at 60 ◦C (Figure S15B, C). It is believed that the improvement in IC 
originates from accelerated LiTFSI dissociation and decrease of PEO 
crystallinity due to the introduction of CNO. Nevertheless, with the 
addition of CNO, IC of PLCNx first increases and reaches the highest at 
5% wt. and then decreases at 7% wt., which is probably due to the 
stacking of ultrathin CNO nanosheets. In particular, the stacked CNO 
nanosheets limit the improvement of the ionic conductivity in two as
pects. On one hand, stacked CNO nanosheets lead to a decrease in their 
contact area with PEO and lithium salt, which makes the interfacial 
polarization effect much weaker. On the other hand, the decrease of the 
organic/inorganic interface in the composite solid-state electrolyte will 
lead to the blockage of ion transport channels, which is not conducive to 
the migration of lithium ions along the interface. It is also worth noting 
from the temperature-dependent EIS that the impedance of both PLCN 
and PL decreases with temperature due to the more intensive movement 
of the polymer chain (Figure S16A, B). Moreover, Arrhenius plots of 
PLCN, PL (Fig. 3E) and other PLCNx with different content of CNO 
(Figure S16C) are evaluated as well. The activation energies of different 
systems (inset table of Figure S16 C) were obtained by the classical 
Arrhenius formula. The lower the Ea, the lower the ion transport energy 
barrier [45]. In order to illustrate the advantages of CNO in PLCN, the 
CSPE with typical barium titanate dielectric (BTO) dielectric oxide 
materials with high dielectric constant was prepared as a comparison. 
The room-temperature ionic conductivity of electrolyte with the same 
mass percent of BTO (PLBTO) is 9 × 10− 6 S cm− 1, which is significantly 
smaller than that of PLCN. Besides that, the action energy of 0.538 eV in 
PLBTO is larger than that of PLCN, indicating the difficulty of Li+

transportation in PLBTO. The above results show the great advantages of 
CNO in enhancing ionic conductivity (Figure S17). The calculated 
activation energy (0.196 eV) of PLCN electrolyte is significantly smaller 
than that of PL (0.677 eV), suggesting a faster ion transport in PLCN. In 
pure PEO-based electrolytes, lithium ions migrate mainly through the 
ether-oxygen bonds on the PEO chain segments, which results in slow 

migration due to the strong bonding of lithium ions with PEO, thus 
resulting in a high activation energy for lithium-ion migration. How
ever, in the PLCN electrolyte, the electrons around the O at one end 
away from Nb are enriched due to the shift of Nb in the NbO6 octahedron 
caused by the interfacial polarization-induced effect, which enhances its 
interaction with the lithium ions being bound to the C–O of PEO. This 
interaction can weaken the adsorption of Li+ by the C–O of PEO, 
thereby greatly reducing the activation energy of lithium-ion migration, 
and ultimately improving the IC of the PEO-based electrolyte 
(Figure S18). In addition, as demonstrated by the MD results, the 
migration rate of lithium ions at the PEO/CNO interface is faster than 
that at the PEO chain segments, which also contributes to lowering the 
activation energy of lithium-ion migration. Additionally, not only is the 
Li+ transference number of PLCN at room temperature superior to that 
of other PEO-based electrolytes (tLi

+ (PLCN) = 0.29 vs. tLi
+ (PL) = 0.10) 

(Fig. 3F, Figure S19), but also the Li+ transference number increases at 
elevated temperatures (tLi

+ (60 ◦C) = 0.45 vs. tLi
+ (25 ◦C) = 0.29) 

(Figure S20). The Li+transference number evaluates the migration 
ability of lithium ions in the system, and is generally expressed by the 
ratio of the lithium ions to the total number of ions in the system. 
Therefore, a high Li+ transference number favors the enhancement of IC 
(Figure S19, 20, Fig. 3H, J and Figure S15). Furthermore, a wide elec
trochemical window of PLCN system (4.8 V) than that of PL (3.8 V) 
(Figure S21) guaranteed possibility of matching with NCM811 cathode. 

2.3. Solid-state lithium metal battery performances of PLCN electrolyte 

The plating/striping process was conducted to assess the interface 
compatibility between lithium metal and electrolyte. The Li||Li sym
metric cell with PLCN electrolyte achieves stable charge-discharge 
profiles at 0.1 mA cm− 2 (more than 1200 h) and higher current den
sities without notable signs of short-circuiting at 60 ◦C, indicating a 
satisfactory interface compatibility between lithium metal and PLCN 
electrolyte (Fig. 4A, B). As a sharp comparison, the Li||Li symmetric cells 
with PL electrolyte and other PLCNx (x = 1, 3, 7) electrolyte exhibit a 
higher over-potential and an abrupt short-circuiting after shorter time, 

Fig. 3. Characterization of PLCN electrolyte with ultrathin CNO. (A) XRD patterns of pure PEO, PL, and PLCN. (B, C) DSC curves of PL and PLCN films. (D) The IC of 
PL and PLCNx (x = 1, 3, 5, 7% wt.) at room temperature. (E) Arrhenius plots of PL and PLCN. (F) The chronoamperometry curves of PLCN at room temperature, and 
insert figure is the corresponding EIS curves before and after polarization. 
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illustrating a poor interfacial stability and the failure of SPE for inhib
iting growth of lithium dendrites (Fig. 4A, Figure S22). The excellent 
plating/stripping features of Li||Li symmetrical cells with PLCN elec
trolyte are attributed to a better interfacial stability between lithium 
metal and PLCN after the introduction of CNO nanosheets. To illustrate 
the interfacial stability between the composite solid-state electrolyte 
PLCN and lithium metal, impedance spectra of the Li||Li symmetric cells 
before and after cycling (100 h) are tested. The impedance of Li||Li 
symmetrical cell with PLCN after cycling is much lower than that before 
cycling, which reflects the good stability between the electrolyte and 
lithium anode. In contrast, the impedance of Li||Li symmetrical cell with 
PL increases after cycling due to the unstable interface (Figure S23). The 
decrease of impedance for Li||Li symmetrical cell mainly originates from 
the superior SEI with abundant LiF. The SEM EDS-mapping of lithium 
metal after cycling illustrates a uniform distribution of F element, sug
gesting the formation of homogeneous LiF-rich SEI (Fig. 4C-G, 
Figure S24A, B) which can alleviate the side reactions and suppress 
lithium dendrites growth at the lithium anode interface, resulting in 
improved cycling stability [46]. This is because CNO can trigger the 
easier reaction of LiTFSI at the lithium metal interface to form LiF 
(Figure S23) [47,48], indicated by the increased S2-N bond length in 
LiTFSI from 1.58 Å to 3.52 Å after coupling with CNO (Figure S25). In 
contrast, a rough and “dead Li”-rich interphase with massive RO-Li 
by-products (Fig. 4D, H, Figure S24C, D) is formed in the Li||(PL)||Li 

symmetric cell, indicating the serious side reactions on the lithium 
anode. Furthermore, the smaller impedance of Li||(PLCN)||Li cell ver
ifies an excellent interfacial compatibility between the PLCN and the 
lithium electrode and the formation of an ion-conducting SEI 
(Figure S26) [40,49]. Specifically, the impedance of the Li||(PLCN)||Li 
cell first increases, then decreases, and finally stabilizes with increasing 
storage time at 60 ◦C. This result shows that the ion-conducting of SEI is 
slowly formed over storage time, which hinders the side reactions on the 
lithium anode. Herein, we can come to a conclusion that a homoge
neous, smooth and LiF-rich SEI film is formed on the lithium anode, 
which facilitates the transport of Li ion across the interphase film and 
also suppresses lithium dendrite formation during the repeated Li plat
ing/stripping process [50]. 

Solid-state LiFePO4 (LFP)||Li full batteries with PLCN electrolyte and 
PL were assembled. A capacity retention rate of 90 % after 440 cycles 
(141 mAh g− 1) is achieved at 0.5 C and 60 ◦C with average coulombic 
efficiency of 99 % for the full battery with PLCN (Fig. 5A). In contrast, 
the discharge capacity of full battery with PL electrolyte decreases 
abruptly after 58 cycles (52.3 mAh g− 1 with capacity retention rate of 35 
%) (Fig. 5A). In addition, the lower polarization potential of LFP|| Li full 
battery with PLCN illustrate the better interfacial compatibility 
(Figure S27). It is noteworthy that the cycling performance of LFP|| 
(PLCN)||Li battery at 0.2 C and 60 ◦C is also superior to LFP||(PL)||Li 
battery (Figure S28). The lower polarization potential, smooth feature 

Fig. 4. Solid-state cell performances of PLCN electrolyte. (A) The voltage-time profiles of lithium plating/stripping cycles of Li||Li symmetric cells at 0.1 mA cm–2 

and 60 ◦C. (B) Voltage-time profiles of Li||(PLCN)||Li and Li||(PL)||Li cells at 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mA cm− 2 with capacity of 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 
mAh cm− 2 respectively at 60 ◦C. C 1 s XPS spectra for Li electrode obtained from (C) Li||(PLCN)||Li and (D) Li||(PL)||Li symmetric cells after cycling 120 h. F 1 s XPS 
spectra for Li electrode obtained from (F) Li||(PLCN)||Li and (G) Li||(PL)||Li symmetric cells after cycling 120 h. The surface morphology and the corresponding 
interface diagrams of Li electrode obtained from (E) Li||(PLCN)||Li and (H) Li||(PL)||Li symmetric cells after cycling 120 h. 
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and steady plateaus of charging/discharging curves in LFP|| Li full 
battery with PLCN demonstrates the superior interfacial polarization 
induced effect originating from the ultrathin CNO nanosheets in stabi
lizing the interface during cycling process (Figure S25). Besides that, the 
rate performances of LFP||(PLCN)||Li and LFP||(PL)||Li batteries (from 
0.1 C to 2.0 C) were compared in Fig. 5B. The battery assembled with 

PLCN electrolyte delivers 162.2, 159.9, 157.4, 154.3, 146.7 and 125.6 
mAh g− 1 in average at 0.1, 0.2, 0.3, 0.5, 1.0 and 2.0 C rates respectively, 
which are higher than those of LFP||(PL)||Li batteries at corresponding 
rates, indicating a faster Li ion transport in battery with PLCN 
electrolyte. 

And the charge-discharge curves of LFP||Li battery with PLCN 

Fig. 5. Solid-state full battery performances with PLCN electrolyte. (A) Cycle performance of LFP||Li full batteries at 0.5 C and 60 ◦C. (B) Rate performance of LFP||Li 
full batteries at 60 ◦C. Charge-discharge curves of (C) LFP||(PLCN)||Li and (D) LFP||(PL)||Li full batteries at 0.1, 0.2, 0.3, 0.5, 1.0 and 2.0 C at 60 ◦C. (E) Optical 
photographs of the flexible LFP||(PLCN)||Li pouch battery under different states (flatting, folding and cutting), lighting up an LED in series at room temperature. (F) 
Cycling performance of NCM811||(PLCN)||Li battery and room temperature. (G) Rate performance and (H) charge-discharge curves of NCM811||(PLCN)||Li battery 
at room temperature. 
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remain steady with small polarization at high rates (Fig. 5C, D), sug
gesting the outstanding electrochemical reaction kinetics even at high 
rates. Meanwhile, LFP||(PLCN)||Li battery also shows excellent capacity 
reversibility when the rate returns to 0.1 C because of the robust inter
phase with faster Li ion transport. By contrast, an average discharge 
capacity of the battery with PL approaches to zero at 2.0 C, which re
flects the insufficient Li ion supply to the electrochemical reaction 
interface at high current density. The interphase morphology and 
composition of both lithium anode and LFP cathode after 10 cycles at 0.2 
C are analyzed. A smooth and flat SEI with much inorganic components 
(such as LiF, Li3N, Li2CO3) on the lithium anode (Figure S29, Figure S30) 
can be observed after 10 cycles in LFP||(PLCN)||Li battery, which is 
beneficial to improve cycle stability. In contrast, the formation of 
prominent lithium dendrites on the surface of lithium metal in LFP|| 
(PL)||Li battery leads to its poor cycling stability (Figure S29B). Besides 
that, dense and smooth cathode electrolyte interphase (CEI) film 
composed of more LiF and Li3N is also beneficial to improve the cycling 
stability for the battery with CNO (Figure S31, Figure S32). Further
more, flexibility is an advantage for the practical application of SSLMB 
with polymer electrolyte. LFP||(PLCN)||Li pouch battery can light up an 
LED in series at room temperature in different situations (flat, folding, 
cutting) as shown in Fig. 5E, demonstrating its flexibility and obvious 
safety merits of the pouch battery in practical applications. 

In addition, the cycle stability of NCM811||(PLCN)||Li battery was 
also evaluated at 0.5 C and room temperature, which shows a decent 
capacity retention of 86 % after 100 cycles (Fig. 5F). When cycling 
NCM811||(PLCN)||Li battery with gradually increased rates of 0.2, 0.3, 
0.5, 1.0 and 2.0 C at room temperature, the full battery delivered spe
cific capacities of 174.6, 167.9, 162.6, 150.8, and 126.7 mAh g− 1, 
respectively. The specific capacity finally recovered to 172.2 mA h g− 1 

after returning 0.2 C at room temperature, which indicates a high 
capacity-recovery rate of 99 % (Fig. 5G, H). Finally, the electrochemical 
properties of the PLCN electrolyte in this work are compared with those 
of recently published PEO-based electrolytes with different fillers 
(Figure S33). This comparison clearly shows that the overall perfor
mances of PLCN stand out among other previously reported electrolytes, 
including IC, lithium plating/striping reversibility, and cycling stability 
of LFP||Li full battery, which clearly demonstrates the overwhelming 
advantages of ultrathin dielectric CNO nanosheet fillers in improving 
the performances of PEO-based polymer composite electrolytes. 

3. Conclusions 

In summary, a unique polymer composite electrolyte PLCN via 
coupling high-dielectricity ultrathin CNO nanosheets fillers with PEO 
electrolyte was fabricated by a facile method, which leads to the 
significantly-enhanced ionic conductivity (2.0 × 10− 4 S cm− 1), superior 
cycling stability and rate capability in solid-state lithium metal batteries. 
Comprehensive calculation and characterization results reveal the key 
role of the maximized interfacial polarization in promoting LiTFSI 
dissociation and hence ionic conductity. Moreover, the improved 
interaction between CNO nanosheets and LiTFSI triggers the easier re
action of LiTFSI at the lithium metal interface to in situ form a homo
geneous, robust and LiF-rich SEI film with faster Li ion transport, which 
in turn stabilizes the electrochemical reaction interface between PLCN 
electrolyte and lithium metal as well as promotes the reaction kinetics. 
As a result, stable cycling (90 % capacity retention after 440 cycles at 0.5 
C) and superior rate capability for the solid-state LFP||Li full batteries 
were realized. This well-designed polymer composite electrolyte with 
high-dielectricity ultrathin nanosheet fillers and the in-depth analyses of 
the interfacial polarization induced effect open up an avenue towards 
the rational design of other high-performance polymer electrolytes for 
solid-state lithium metal batteries. 

Supplementary materials associated with this article is available 
from the ELSEVIER Online Library or from the author. 
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