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Tailoring polymer electrolyte solvation for 
600 Wh kg−1 lithium batteries

Xue-Yan Huang1, Chen-Zi Zhao1 ✉, Wei-Jin Kong1, Nan Yao1, Zong-Yao Shuang1, Pan Xu1, 
Shuo Sun1,2, Yang Lu1,3, Wen-Ze Huang1, Jin-Liang Li1, Liang Shen1, Xiang Chen1, Jia-Qi Huang4,5, 
Lynden A. Archer6 & Qiang Zhang1,7,8,9 ✉

Polymer electrolytes paired with lithium-rich manganese-based layered oxide (LRMO) 
cathodes and anode-free cell design are considered one of the most promising high-
energy-density and high-safety systems1–4. However, the unstable anode morphological 
changes and the irreversible anionic reactions at the electrolyte–cathode interfaces 
induce oxygen escape and catalytic decomposition of polymer electrolytes, resulting  
in severe interfacial degradation and poor cycling stability. Here we design an in-built 
fluoropolyether-based polymer electrolyte composed of strongly solvating polyether 
and weakly solvating fluorohydrocarbon pendants, creating an anion-rich solvation 
structure and thus anion-derived fluorine-rich interfacial layers on the cathode and 
anode to resist interfacial issues. The LRMO cathode exhibits improved oxygen redox 
reversibility with substantially reduced oxygen-involving interfacial side reactions. 
This quasi-solid-state polymer electrolyte with 30 wt% trimethyl phosphate enables 
an LRMO cathode with a reversible high-areal-capacity cycling (>8 mAh cm−2) in 
pouch cells and long-term stability (>500 cycles at 25 °C) in coin cells, respectively. 
The pouch cells exhibit an energy density of 604 Wh kg−1 (1,027 Wh l−1) and excellent 
safety under a nail penetration at a fully charged condition. Our work, therefore, 
provides a promising direction for creating practical high-energy-density and high-
safety lithium batteries.

Solid-state batteries (SSBs) represent an important development 
in energy storage technology, offering superior energy density and 
safety compared with conventional lithium (Li)-ion batteries5–10. The 
use of high-capacity (more than 250 mAh g−1) Li-rich manganese (Mn)-
based layered oxide (LRMO)11–13 cathodes, anode-free cell design and 
polymer electrolytes further boosts overall battery energy density14,15 
to more than 600 Wh kg−1. Integrating LRMO and a copper (Cu) cur-
rent collector with solid-state electrolytes (SSEs) can suppress transi-
tion metal ion dissolution, minimize parasitic reactions and enhance 
interfacial stability16–18. The LRMO cathodes achieve high specific 
capacities through dual redox reactions of both cationic ions and ani-
onic ions above 4.5 V, but face challenges such as irreversible anionic 
redox and complex interfacial degradation at high voltages, espe-
cially when coupled with conventional polyether (PE)-based polymer 
electrolytes (Fig. 1a), which hinder Li+ transfer kinetics17. Resolving 
the LRMO|SSE interfacial instability problem is important for practical  
SSBs.

In this study, we propose an anion solvation structure construction 
strategy to prepare an in-built fluoropolyether-based quasi-solid-state 
polymer electrolyte (FPE-SPE), which can improve the LRMO|SPE inter-
facial stability and accelerate interfacial kinetics in lithium batteries. 

The FPE-SPE with anion-rich solvation structure is formed by in situ 
polymerization of two miscible monomers: a strongly solvating poly-
ether monomer and a weakly solvating fluorohydrocarbon monomer. 
The elaborately designed FPE-SPE potentially facilitates the dissocia-
tion of Li+ from polymer chains and promotes anions to participate in 
contact ion pairs (CIPs) and aggregates (AGGs), which can finally form 
an inorganic fluorine-rich (F-rich) cathode electrolyte interphase (CEI) 
and solid electrolyte interphase (SEI) on the surface of LRMO and the 
anode, respectively. This CEI configuration generates an LiF outer 
layer with high-ionic-conductivity pathway to facilitate the activation 
of oxygen redox reactions, and an inner layer with Mn–F bonds to miti-
gate oxygen overoxidation on the LRMO surface (Fig. 1b). As a result, 
an anode-free pouch cell with FPE-SPE achieves an energy density of 
604 Wh kg−1 and 1,027 Wh l−1.

Structure and properties of FPE-SPE
The pioneering in-built polymer electrolytes offer a promising 
direction to construct conformal interfaces inside an electro-
chemical cell19–22. Specifically, poly(ethylene glycol) methyl ether 
acrylate (PE monomer) and fluorohydrocarbon monomer, such 
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as 2,2,3,3,4,4,4-heptafluorobutyl acrylate (SF), 1H,1H,2H,2H-non-
afluorohexyl acrylate (NF), 2,2,3,3,4,4,5,5,6,6,7,7-dodecafluorohep-
tyl acrylate (TF), were introduced and copolymerized in a molar 
ratio of 1:1 by thermally initiated radical polymerization to obtain 
copolymers (Fig.  2a), composite materials by adding lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) and SPEs by adding LiTFSI 
and 30 wt% trimethyl phosphate (TMP) plasticizer, respectively. The 
chemical structures of as-synthesized polymers are confirmed in Sup-
plementary Figs. 1–3.

Differential scanning calorimetry (DSC) analysis shows that typical 
peaks associated with the Tc and Tm are observed in the PE polymer, 
whereas Tc disappears and Tm decreases in fluoropolyether copoly-
mer analogs as the fluorine atom number increases (Fig. 2b). It is evi-
dent that whereas the PE polymer is crystalline, PTF-PE copolymer 
is essentially amorphous. Low glass transition temperatures (Tg for 
copolymers = −62 °C to −56 °C, Tg for copolymers with LiTFSI = −49 °C 
to −45 °C) and high temperature tolerance (328 °C with 5% weight 
loss for copolymers with LiTFSI) are also found for fluoropolyether 
copolymers (Fig. 2b and Supplementary Figs. 4 and 5). Moreover, a 
low Tg of −75 °C is found for PTF-PE-SPE, contributing to effective Li+ 
transportation. PTF-PE/LiTFSI film exhibited flame-retardant prop-
erty, achieving self-extinction on flame removal (Fig. 2c). After adding 

TMP plasticizer, the PTF-PE-SPE film stayed nonflammable before and 
after the fire removal, attributing to the inherently noncombustible 
nature of TMP (Supplementary Fig. 6). The rheological and mechani-
cal properties of SPE were further studied; the PTF-PE-SPE exhibited 
elastic solid behaviour at 25 °C, and the stretching strain was 860% 
(Supplementary Figs. 7 and 8).

High oxidation stability of the SPEs is essential for LRMO-based 
batteries to achieve a high energy density. Electrochemical floating 
experiment shows superior oxidative stability of PTF-PE/LiTFSI at 5.0 V 
compared with PE/LiTFSI (3.6 V) (Fig. 2d and Supplementary Figs. 9 
and 10). Density functional theory (DFT) calculations attribute this 
enhancement to the lower HOMO energy level (−7.96 eV compared 
with −7.50 eV) (Fig. 2e, Supplementary Figs. 11–15 and Supplementary 
Note 1). Moreover, the pronounced interactions between Li ions and 
electron-donating groups suggest the formation of Li bonds, balanc-
ing ion dissociation and migration dynamics23. Fluorinated segment 
length appears to correlate with voltage limit, as the strong electron-
withdrawing effect of F atoms helps reduce lone-pair electron density 
on ether oxygens, contributing to decreased oxidation propensity. 
Solid-state nuclear magnetic resonance (NMR) confirms decreased 
electron density of the H atoms in the ether segment of the PTF-PE-SPE 
by downfield shift (Supplementary Fig. 16).
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Fig. 1 | Schematic of designing fluoropolyether-based polymer electrolyte 
with anion-rich solvation structure. a, The polyether-based polymer 
electrolyte with overgrown CEI at the interface and surface oxygen instability 
of the LRMO cathode. The strong coordination between Li+ and ether oxygen 
generates anion-deficient solvation structure, whereas the poor oxidation 
stability of PE polymer electrolytes further causes interfacial decomposition. 
Stage I represents the in situ polyether-based electrolyte with anion-deficient 

solvation; stage II represents PE polymer oxidation at the charging process; 
and stage III represents the surface oxygen oxidized in LRMO, resulting in O2 
gas escape. b, Stabilized LRMO surface oxygen by anion-derived CEI in 
fluoropolyether-based polymer electrolyte. Stage I is the in situ fluoropolyether-
based electrolyte with anion-rich solvation; stage II is anion decomposition at the 
charging process; and stage III is Mn–F bonds suppressing O2 escape.
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The F-based interactions were investigated by the 2D 1H–1H NOESY 
NMR spectrum. Although pristine PTF-PE copolymer shows no observ-
able off-diagonal fluorohydrocarbon ¹H cross-peaks (Fig. 3a), the addi-
tion of LiTFSI induces distinct cross-peaks between fluorohydrocarbon 
protons (–CH2–CF2–/–CHF2) and ether protons (–O–CH2–) in polyether 
chains (Fig. 3b). The strong cross-relation indicates that the polyether 
chains and fluorohydrocarbon chains are closed by <10 Å (ref. 24), 
which can take place because of the –F∙∙∙Li+∙∙∙O–CH2– intersegment 
interaction, enabling Li+ transport between fluorohydrocarbon and 
polyether chains (Supplementary Fig. 17). 1H and 19F solid-state NMR 

experiments showed the interaction between Li+ and –CF2 fluorine 
atoms (Fig. 3c,d). The H atoms in the ether segment (3.2–4.2 ppm) 
shift to downfield (to lower electron density) owing to the effect of 
Li+ on the lone-pair electron density of the oxygen in the ether group, 
whereas fluorohydrocarbon protons shift upfield because of the 
electron-withdrawing effect of F atoms on the Li+. Meantime, the 19F 
signals (117–130 ppm and 136–140 ppm) for –CF2 shift upfield on Li+ 
coordination. Moreover, the –F∙∙∙Li+ interaction facilitates continuous 
Li+ transmission pathways. Raman spectra were obtained to evaluate 
the solvation structure of fluoropolyether/LiTFSI systems (Fig. 3e). 
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Fig. 2 | Design and fabrication of fluoropolyether-based SPEs. a, Schematic 
of synthesizing of fluoropolyether copolymers through in situ polymerization 
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Although LiTFSI shows mainly AGGs structure, blending with PE yields 
more free anions (740.6 cm−1), indicating Li+–ether oxygen coordina-
tion. In fluoropolyether copolymers, νs(SNS) shifts to 744–749 cm−1, 
demonstrating CIPs/AGGs formation by –F∙∙∙Li+∙∙∙O–CH2– coordina-
tion (Supplementary Fig. 18 and Supplementary Note 2). Increasing 
fluorocarbon chain length raised the summation of AGGs and CIPs 
proportions from 35.7% (PSF-PE) to 58.5% (PTF-PE), with free anions 
proportion dropping to 41.5% (Fig. 3f), indicating enhanced TFSI− 
binding in solvation sheaths. DFT calculations showed the weaker 
binding energy between PTF-PE and Li+ (−2.03 eV) than that between 
PE and Li+ (−2.25 eV) (Fig. 3g and Supplementary Fig. 19), facilitating 
Li+ transport with lower activation energy (Supplementary Fig. 20 
and Supplementary Note 3). Notably, there are CIPs/AGGs solvation 
structures in PTF-PE-SPE, whereas predominantly free anions can be 
observed in PE-SPE (Fig. 3h and Supplementary Fig. 21). 19F solid-state 
NMR signal shifts upfield to −79.8 ppm, suggesting the presence of 
special interactions in PTF-PE-SPE (Fig. 3i). PTF-PE-SPE exhibits a 
higher Li+ transference number of 0.40 compared with PE-SPE (0.34) 
(Supplementary Fig. 22). These results suggest the potential role of 

fluorohydrocarbon chain in forming CIPs and AGGs solvation struc-
tures of PTF-PE-SPE.

Interfacial structural evolution and chemical 
mechanisms
To further explore the effect of the CIPs/AGGs solvation structure on 
facilitating an anion-rich-derived CEI/SEI, LRMO-based lithium metal 
batteries (LMBs) were assembled to investigate the electrochemical 
behaviour of SPEs. The initial Coulombic efficiency (CE) and specific dis-
charge capacity are 91.8% and 290.3 mAh g−1 for LMB with PTF-PE-SPE, 
respectively, much higher than that of PE-SPE (74.8%, 270.5 mAh g−1) 
because of the improved reversibility of oxygen redox in LRMO cathode 
(Supplementary Fig. 23). Supplementary Fig. 24 and Supplementary 
Note 4 show the internal impedance evolution of LMBs. As expected, the 
PTF-PE-SPE exhibits a small change in the internal impedance, proving 
the effective suppression of the decomposition of SPE. X-ray photoelec-
tron spectroscopy (XPS) results indicated that the PTF-PE-SPE improved 
cathode interfacial stability during charging (Supplementary Figs. 25–27  
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and Supplementary Notes 5 and 6). The compatibility of PTF-PE-SPE 
with Li metal anode is evaluated, which is comparably essential for the 
performance of lithium batteries (Supplementary Figs. 28–33 and Sup-
plementary Notes 7–9). As demonstrated, PTF-PE-SPE has induced the 
formation of anion-derived LiF-rich SEI, resulting in highly reversible 
Li plating/stripping.

The interfacial structural evolution has been evaluated to seek 
a better understanding of the underlying interfacial chemistries.  
A transmission electron microscopy (TEM) image shows a thick and 
loose CEI (15–24 nm) on the LRMO cathode with PE-SPE. By contrast, 

a dense and thin LiF-rich CEI (3 nm) is seen uniformly covering the 
LRMO cathode when PTF-PE-SPE (Fig. 4a,b) is used, contributing to 
the lower polarization and resistance. Fast Fourier transform (FFT) 
and selected area electron diffraction (SAED) analyses showed pre-
served lattice integrity of cycled LRMO in the PTF-PE-SPE, whereas the  
PE-SPE induced lattice fringe distortion and spinel-like phase forma-
tion because of oxygen escape (Fig. 4c and Supplementary Fig. 34). 
Lattice planes of LiF ((200) and (012)) were identified by SAED, whereas 
TEM-energy-dispersive spectroscopy (EDS) mapping suggested the 
uniform F and Mn distribution. This observation indicates that the 
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LiF-rich CEI can effectively suppress the irreversible phase transition 
of LRMO and stabilize its layered structure. Time-of-flight secondary 
ion mass spectrometry (TOF-SIMS) and XPS have been used to exam-
ine the chemical compositions of CEI layers and cathode surface for 
cycled LRMO (Fig. 4d,e and Supplementary Figs. 35 and 36). It can be 
observed that rich CH2COO− and CH2CHO− species predominate the 
surface layer of cycled LRMO with PE-SPE, whereas LiF2

− species are 
sparse. Conversely, the cycled LRMO with PTF-PE-SPE exhibited an 
inverse compositional structure, with LiF2

− tending to accumulate in 
the surface layer of the cathode. Furthermore, MnF3

− species can be 
distinctly observed on the subsurface of the LRMO with PTF-PE-SPE, 
exhibiting a species distribution markedly different from that of LRMO 
with PE-SPE, suggesting that the F doping penetrates deep into the 
surface lattice of the LRMO cathode through the anion substitution 
(F atom exchanges with O atom), which further improves the surface 
structure stability of the LRMO because of the strong Mn–F bonds.

Here, XPS analysis and ex situ Raman spectra were used to investi-
gate the effect of Mn–F bonds on the surface chemistry evolution of 
the LRMO cathode (Fig. 4f–i and Supplementary Fig. 37). Note that 
the Mn 2p signal is less likely to be generated from LRMO with PE-SPE 
under the same sputtering condition for 60 s depth because of the 
overgrown CEI. To maintain the neutrality of the cathode particles, 
it is suggested that Mn4+ goes through reduction to Mn3+ on oxygen 
loss11. Here, Mn from the surface of cycled LRMO with PE-SPE experi-
ences reduction to Mn3+ (Fig. 4f), indicating ongoing oxygen escape 
at the same time25,26. This is also supported by the O 1s XPS and Raman 
spectra on the surface of LRMO cathodes. For the O 1s spectra in the 
PE-SPE (Fig. 4h), the two-peak characteristic of O2− anions belonging to 
the lattice oxygen (530.0 eV peak) and weakly adsorbed surface species 
are observed27. The intensity variation of lattice O2− during charging 
implies its link with O2− anionic redox. The intensity of surface depos-
ited species increases when the sample is charged to 4.3 V, and a new 
component at 531.1 eV for the 4.5 V charged sample appears, attributed 
to the existence of O2

n− (n ≤ 2) or to under-coordinated oxygen atoms. 
When charging to 4.7 V, the intensity of the O2

n− peak barely changes, 
but the lattice O2− decreases compared with that for 4.5 V. The reduc-
tion of lattice O2− and the invariable intensity of O2

n− suggests that the 
lattice oxygen undergoes a continuous O2− ⇒ O2

n− ⇒ O2 oxidation and 
ultimately forms gaseous O2 at high charging voltages (>4.5 V), result-
ing in an irreversible O oxidation process (Supplementary Figs. 38  
and 39). The Mn 2p binding energy in LRMO exhibits a negative shift 
during the high charging state of >4.5 V, which is related to O overoxi-
dation (Supplementary Fig. 40a).

Turning to LRMO with PTF-PE-SPE, the most obvious difference is 
the presence of the Mn4+ component on the surface of LRMO instead 
of Mn3+ after cycling, indicating that the strong Mn–F bonds at the 
LRMO surface contribute to stabilizing the valence state of Mn and sup
pressing O2− irreversible oxidation (Fig. 4g). F anion substitution sta-
bilizes lattice oxygen and enhances the reversibility of oxygen redox, 
inhibiting the oxygen escape. (Supplementary Fig. 38b). Moreover, 
the results indicate that more O2

n− has generated and the slight reduc-
tion of lattice O2− occurs simultaneously when charged to 4.7 V, sug-
gesting the maximization of the stage O2− ⇒ O2

n− without detectable 
oxygen escape (Fig. 4i and Supplementary Fig. 41). This observation is 
further supported by the Mn 2p spectra, which exhibit no significant 
change in Mn valence state (Supplementary Fig. 40b). In particular, the 
peroxide-related O2

2− and superoxide-related O2
− signal disappeared 

in Raman spectra, indicating that the O2
n− species was trapped in the 

lattice. In brief, the findings from interfacial evolution can be summa-
rized using three aspects: (1) PTF-PE-SPE possessing weakly solvating 
ability builds an anion-derived F-rich surface on the electrodes; (2) 
LiF-rich CEI/SEI can effectively suppress the phase transition of LRMO 
and Li metal anode pulverization; and (3) O atoms in the lattice of the 
subsurface of LRMO cathode are substituted by F atoms to build the 
stable Mn–F bond, which tunes oxygen redox, traps the oxidized lattice 

oxygen O2
n− species and suppresses the O2 release, ultimately delivering 

a higher specific capacity.

Electrochemical and safety performance of lithium 
batteries
Long-term cycling performance of Li|SPE|LRMO cells at 1.0 C is shown 
in Supplementary Fig. 42. The LMB with PTF-PE-SPE exhibits limited 
capacity decay, retaining 80.2% capacity after 200 cycles with an aver-
age CE of 99.7%, whereas PE-SPE suffers fast capacity decay with 80% 
capacity retention over only 50 cycles and a lower average CE of 98.7%. 
The discharge voltage decay of LMB using PTF-PE-SPE shows only about 
1.54 mV per cycle compared with 2.69 mV per cycle for PE-SPE (Sup-
plementary Fig. 43). The dQ/dV (differential capacity over voltage) 
curves similarly show the obvious suppression of the voltage decay 
in the PTF-PE-SPE compared with that in the PE-SPE (Supplementary 
Fig. 44). The charge and discharge curves of the LMBs with different 
SPEs from the 3rd to 200th cycle at 1.0 C was contrasted (Supplemen-
tary Fig. 45). The capacity contribution related to oxygen redox at 
voltage ranges over 3.75 V. In contrast to the obvious voltage decay 
of the Li|PE-SPE|LRMO, the curve of Li|PTF-PE-SPE|LRMO maintains a 
higher and more stable voltage. This severe voltage decay, especially 
the voltage plateau during the oxygen redox process, is attributed to 
the polarization effect caused by the overgrown CEI and the lattice 
oxygen escape, leading to capacity degradation.

The PTF-PE-SPE design demonstrates remarkable interfacial sta-
bility, enabling reversible oxygen redox in LRMO cathodes. The 
Li|PTF-PE-SPE|LRMO cell maintains 72.1% capacity retention with an 
average CE of 99.5% after 500 cycles at 0.5 C (Fig.  5a). Furthermore, the 
Li|PTF-PE-SPE|LRMO cell delivers a reversible capacity of 222.2 mAh g−1 
and 191.3 mAh g−1 at 0.5 C and 1.0 C, respectively, demonstrating a supe-
rior rate ability (Fig. 5b and Supplementary Fig. 46). Galvanostatic 
intermittent titration technique (GITT) analysis shows that LRMO with 
PTF-PE-SPE shows better Li+ ion transport kinetics than that with PE-SPE 
(Supplementary Fig. 47), which indicates the accelerated Li+ insertion/
extraction kinetics of LRMO, because of the reduction in surface charge 
transfer impedance by the contribution of stable CEI layer and the 
increase in ion mobility in the bulk phase. The advantage of PTF-PE-SPE 
also made it suitable for LiNi0.8Co0.1Mn0.1O2 cathode, achieving 90% 
capacity retention after 200 cycles (Supplementary Fig. 48).

Anode-free Cu|PTF-PE-SPE|LRMO pouch cells with no excess lithium 
and lean SPE (electrolyte to capacity ratio, E/C ratio, 1.2 g Ah−1) were 
assembled and evaluated to demonstrate the effectiveness of PTF-PE-SPE 
(Fig. 5c,d, Supplementary Figs. 49–51 and Supplementary Table 1). Nota-
bly, the Cu|PTF-PE-SPE|LRMO pouch cell achieves a discharge capacity 
of 8.96 Ah and a high initial specific energy of 604 Wh kg−1/1,027 Wh l−1 
(0.05 C) based on the total weight and volume of the pouch cell and main-
tains a discharge capacity of 6.66 Ah after 15 cycles under 25 °C (Fig. 5e). 
The measured value of specific energy achieved in this work is much 
higher than the reported state-of-the-art Li metal pouch cells with poly-
mer or inorganic electrolytes28–33 (Fig. 5f), illustrating the extraordinary 
effectiveness of PTF-PE-SPE in practical lithium batteries.

The PTE-PE-SPE also provides high-safety performance for the high- 
energy LMBs. As shown in Supplementary Figs. 52 and 53, the fully 
charged (4.7 V, after cycling) Li|PTF-PE-SPE|LRMO pouch cell did not 
catch fire during a nail penetration process and a thermal test (stor-
ing at 120 °C for 6 h). Furthermore, extended volume-accelerating 
rate calorimeter (EV-ARC) analysis shows that the Tonset and Ttr of 
Li|PTF-PE-SPE|LRMO were 85.4 °C and 216.0 °C, respectively. By contrast, 
the Tonset and Ttr of the pouch cell with liquid electrolyte were 33.5 °C and 
122.6 °C, respectively. Furthermore, the voltage was also well maintained 
above 3.6 V during the EV-ARC test, proving that the pouch cell with 
PTF-PE-SPE did not experience a serious internal short circuit before 
suffering from thermal runaway (Fig. 5g,h). We deduce that the charged 
LRMO cathode-released oxygen at a critical temperature, consumed by 
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the Li metal anode, therefore, triggered the thermal runaway process. 
For the pouch cell with liquid electrolyte, the cell underwent thermal 
runaway when an internal short circuit occurred. Nevertheless, improv-
ing the Tonset and Ttr by PTF-PE-SPE can reduce potential damage when 
LRMO-based LMBs experience thermal runaway.

Conclusions
An in-built fluoropolyether-based PTF-PE-SPE was successfully syn-
thesized by thermal-induced in situ polymerization. This polymer 
electrolyte creates anion-derived F-rich CEI/SEI, which stabilizes 
LRMO cathodes and enables the deposition of dense Li metal on the 
current collector. Specifically, the successful protection of the LRMO 
cathode by PTF-PE-SPE was ascribed to the suppression of surface 
oxygen escape, structural transition and electrolyte decomposition, 
benefiting from the formation of an F-rich layer, including Mn–F bond 
and LiF species covering on LRMO cathode. This approach markedly 

strengthens the interfacial stability of the LRMO cathode, thereby 
facilitating improved oxygen participation in redox reactions and 
delivering a higher specific capacity. Consequently, the assembled 
LRMO-based LMBs delivered a high initial CE of 91.8% at 0.05 C and sta-
ble charge/discharge reversibility (CE = 99.7%) at 1.0 C after more than 
200 cycles at 25 °C. This work establishes a precedent for a strategy to 
synthesize in-built polymer electrolytes that form a stable interfacial 
layer, enabling the development of practical lithium batteries with 
enhanced energy density and safety.
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Methods

Materials and polymer electrolytes
SF (97% purity), NF (97% purity), TF (97% purity), poly(ethylene glycol) 
methyl ether acrylate (PE monomer, average Mn = 480 g mol−1) and 
AIBN (99% purity) were purchased from Sigma-Aldrich. LiTFSI (99.9% 
purity) and TMP (99.9% purity) were purchased from Suzhou Duoduo 
Chemical Technology. Li foils (50 μm in thickness) were purchased 
from China Energy Lithium. Polyethylene separator was purchased 
from Asahi Kasei Technosystem. The Li1.2Mn0.54Co0.13Ni0.13O2 (LRMO)34 
cathode with 8.0 mAh cm−2 for a pouch cell was prepared by mixing 
97 wt% LRMO, 1.5 wt% polyvinylidene fluoride binder, 1 wt% Super and 
0.5 wt% carbon fibre. For the low loading (about 3–4 mg cm−2) cathode, 
the cathode slurry was fabricated by mixing 80 wt% LRMO, 10 wt% 
Super P and 10 wt% PVDF (Alfa Aesar) in N-methyl-2-pyrrolidone (NMP, 
Aldrich) solution. The cathodes were obtained by coating the slurry 
onto aluminium (Al) foil using a knife coater and dried in a vacuum 
oven at 80 °C for over 12 h. A mixed precursor solution of fluorohy-
drocarbon monomer (SF, NF and TF) and PE monomer in a molar ratio 
of 1:1, with 0.2 wt% AIBN was stirred for 4 h at 25 °C and then heated 
at 60 °C to initiate the polymerization for 4 h. The quasi-solid-state 
polymer electrolytes were synthesized by thermal initiation of in situ 
polymerization. LiTFSI (24 wt%) was dissolved in a mixed solution of 
TF and PE monomer in a molar ratio of 1:1 with 30 wt% TMP and 0.2 wt% 
AIBN. The mixture was stirred for 1 h at 25 °C and then heated at 60 °C 
to initiate the polymerization for 4 h then collecting the PTF-PE-SPE. 
By the same procedure, the PE-SPE was synthesized without adding the 
TF monomer. The same approach was applied to prepare PE/LiTFSI, 
PSF-PE/LiTFSI (molar ratio, SF/PE = 1:1), PNF-PE/LiTFSI (molar ratio, 
NF/PE = 1:1) and PTF-PE/LiTFSI samples without adding TMP. Further-
more, the polymers of PE, PSF-PE, PNF-PE and PTF-PE were synthesized 
without adding LiTFSI and TMP.

Assembly of coin-type LMBs and pouch cells
Li|LRMO coin cells (2025 type, aluminized steel shell) were assembled 
in an argon (Ar)-filled glovebox with H2O < 0.1 ppm and O2 < 0.1 ppm. 
First, the LRMO cathode with 3.5 mg cm−2 (about 1 mAh cm−2) was placed 
in the cathode case and then 25 μl of the polymerized precursor was 
added to the surface of the LRMO cathode. Then, a polyethylene sepa-
rator was placed on the LRMO cathode, and 25 μl of the polymerized 
precursor was added to the surface of the polyethylene separator in 
turn. Subsequently, Li metal anode was placed on the surface of poly-
ethylene separator, and the coin cell was sealed. Finally, the coin cell was 
subsequently polymerized at 60 °C for 4 h. The coin cells were rested at 
25 °C for 12 h before testing. Li|LiNi0.8Co0.1Mn0.1O2 (NCM811) coin cells 
were assembled in the same way. Cu|LRMO pouch cells (85 × 45 mm2) 
were assembled in a dry room at a dew point of −60 °C. The 6-µm-thick 
Cu current collector was used as the anode in the absence of a Li metal 
foil. The LRMO cathode with high compact density (2.4 g cm−3) and high 
loading was infiltrated by carbonate electrolyte with 4 μl cm−2 (1.2 M 
LiPF6 in ethylene carbonate, propylene carbonate and ethyl methyl 
carbonate (3:2:4 by volume)). The mass loading of anode, cathode, 
electrolyte and other components is provided in Supplementary 
Table 1. First, the LRMO cathodes and Cu current collectors were 
stacked layer by layer with a polyethylene separator to assemble 20 
anode|polyethylene|cathode units, followed by packing in an alumin-
ium-plastic film package. Second, to mitigate oxygen-induced radical 
quenching during in situ polymerization, the prepolymerized SPE pre-
cursor was injected into the pouch cell in an Ar-filled glovebox, followed 
by three cycles of vacuum evacuation (−85 kPa) to rigorously eliminate 
residual oxygen and moisture. The pouch cell was subsequently hermet-
ically sealed under vacuum to preserve the oxygen-free environment. 
Finally, after resting for 24 h at 25 °C, the pouch cell was polymer-
ized at 60 °C for 6 h. By the same procedure, Li|LRMO pouch cells 
(85 × 45 mm2) were assembled in a dry room at a dew point of −60 °C. 

The Li anode was rolled 50-µm-thick Li foil Li foils on both sides of  
Cu foils.

Electrochemical tests
All coin cells were measured on a LAND multichannel battery testing sys-
tem (Wuhan LAND Electronics) at 25 °C. Li|LRMO cells were cycled in the 
voltage range of 1.8–4.7 V at 0.05 C/0.1 C for the initial activation cycle 
and then at 0.5 C/1.0 C for the subsequent cycles (1.0 C = 250 mA g−1). 
Pouch cells were cycled in the voltage range of 2.0–4.7 V at 0.05 C under 
25 °C. The cycling performance of the pouch cells was tested under a 
fixing device to provide 1.0 MPa external pressure. Electrochemical 
measurements were carried out on an electrochemical station (Solartron 
EnergyLab XM). The electrochemical impedance spectroscopy (EIS)  
during charging of lithium batteries was tested at a frequency range from 
1 MHz to 0.1 Hz at an amplitude of 10 mV. The ionic conductivity was 
tested by EIS. The electrochemical stability window (ESW) of the SPEs was 
measured at 25 °C by linear sweep voltammetry using a carbon-coated 
Al|polymer electrolyte|Li metal model at a scan rate of 0.5 mV s−1 from 
0 V to 7.0 V. Potentiostatic hold experiments were performed by holding 
for 3 h at increasingly higher potentials, and the current response was 
recorded with the same battery model. Electrochemical floating experi-
ments for long times are less susceptible to the influence of impurities.

Calculation of diffusion coefficient
The Li+ chemical diffusion coefficient (DLi+) in the cathode is character-
ized by the GITT, which is performed to confirm the Li+ insertion– 
extraction kinetics in the cathode. According to previous studies, the 
DLi+ is calculated as
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where τ represents the relaxation time. Here, nm is the mole value, Vm 
represents the mole volume, S represents the contact area of cathode/
electrolyte, L represents the diffusion length of lithium ions, ∆Es refers 
to the voltage response under the pulse current and ∆Et is the voltage 
change through the galvanostatic discharge.

Materials characterizations
The cycled Li|LRMO cells were disassembled in the Ar-filled glovebox, 
and the LRMO cathode and Li anode were recollected, followed by 
washing three times with 1,2-dimethoxyethane solvents to remove the 
residual electrolyte. The morphology characterization of the electrodes 
and relevant elemental distribution analysis were conducted using SEM 
( JSM 7401F at 5.0 kV) and TEM ( JEOL at 120 kV). XPS (Kratos Analytical, 
Axis Supra+) with an Al Kα radiation was conducted to investigate the 
surface/interface chemistry of electrodes at different voltages. The 
depth profiles were etched by Ar+ sputtering at 2 kV. XPS spectra were 
acquired with a 0.1 eV resolution for C 1s, O 1s, F 1s and Mn 2p. The analy-
sis of the Mn 2p spin–orbit splitting was not performed, owing to its low 
signal-to-noise ratio. TOF-SIMS (5–100; IONTOF) was also carried out 
to investigate the surface/interface chemistry. Raman measurements 
were performed on a Horiba HR 800 spectrometer equipped with a 
785-nm laser as the excitation source. The air-sensitive samples were 
sealed in a cuvette. Broadband dielectric spectroscopy measurement 
was conducted on a Novocontrol Concept 80 broadband dielectric 
spectrometer (Montabaur, Germany) with temperature control. The 
applied voltage was 1.0 Vrms (that is, root-mean-square voltage) with 
frequency ranging from 10−2 Hz to 106 Hz at 25 °C. The operando dif-
ferential electrochemical mass spectrometer (DEMS) experiment was 
tested using a commercial quadrupole mass spectrometer (Hiden 
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Analytical) and a home-made Swagelok-type cell. The flow rate was 
adjusted using a digital mass flow meter (Bronkhorst). The cell con-
struction was accomplished in an Ar glovebox. High-purity Ar at a speed 
of 1.2 ml min−1 was used as the carrier gas on cycling. The DEMS cell was 
operated using a LAND battery test system. The cell was charged and 
discharged at 0.1 C. DSC (NETZSCH DSC-200PC Instrument), in situ 
attenuated total reflection Fourier transforms infrared (ATR-FTIR, 
NICOLET 6700) and NMR ( JNM-ECZ600R) were applied to character-
ize the structure of the materials. The pulsed field gradient (PFG) NMR 
technique was applied to investigate the Li+ transference number of 
polymer electrolytes. 7Li- and 19F-PFG measurements were performed 
to determine the self-diffusion coefficients of Li+ and TFSI−. Appropri-
ate diffusion delay (Δ) and gradient pulse duration (δ) were selected 
to ensure a sufficient signal decay. Self-diffusion coefficients were 
calculated by fitting peak integrals to the Stejskal−Tanner equation. 
The Li+ transference number was calculated by the following equation:
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where DLi+ and Danion are the measured self-diffusion coefficients for Li+ 
and anion, and CLi+ and Canion are the concentrations of Li+ and anion, 
respectively.

Safety performance test
The nail penetration test was carried out in a commercial nail pen-
etration system (BE Nail Penetration Tester, BE-6047C-20T). A 5 mm 
diameter tungsten steel nail was driven at a speed of 3 cm s−1 with a 
pressure of 13 MPa through the LRMO-based pouch cells with 100% 
stage of charge (SOC). The thermal test was carried out in an oven by 
storing at 120 °C for 6 h. The thermal behaviour of the LRMO-based 
pouch cells with 100% SOC was characterized by an EV-ARC in a standard 
heat–wait–seek procedure.

DFT calculations
The DFT calculations were carried out in the Gaussian (G16)35 program 
with Becke’s three-parameter hybrid method using the Lee–Yang–Parr 
correlation functional (B3LYP)36 at 6-311 + G(d,p) level. The solvation 
effect was considered with the universal solvation model of SMD37 
using parameters of PE and PTF-PE, whose dielectric constants were 
experimentally measured (Supplementary Fig. 11). Frequency analysis 
was conducted to ensure the ground state of molecular structures. 
Based on the optimized structures, the HOMO energy level, the LUMO 
energy level and corresponding atomic orbital components were ana-
lysed using the natural bond orbital theory38.

The binding energy (Eb) between a Li+ and a polymer molecule is 
defined as follows:

E E E E= − ( + ) (4)b Li −polymer Li polymer+ +

where ELi −polymer+ , ELi+ and Epolymer represent the energy of the Li+– 
polymer cluster, Li+ and polymer, respectively.

The oxidation potential (Eox) of PE and PTF-PE polymers was calcu-
lated based on the following formula:

E
G G G G

F
=

− + ∆ ° (ox) − ∆ ° (init)
− 1.4 (5)ox

ox init solv solv

where Gox and Ginit are the free energies of the oxidized and initial 
polymer in the gas phase at 298.15 K and 1 atm, respectively. G∆ ° (ox)solv  
and G∆ ° (init)solv  are the corresponding free energies of solvation from 
gas phase to liquid phase at the standard condition (298.15 K, 1 M). It 
should be noted that the free energy change corresponding to the 
state change from 1 atm in the gas phase to 1 M in the liquid phase is 
1.89 kcal mol−1. However, as the initial state is subtracted from the oxi-
dized state, the 1.89 kcal mol−1 term cancels out and therefore does 
not appear in the equation. F is the Faraday constant, and the subtrac-
tion of 1.4 V accounts for the conversion to the Li/Li+ potential scale. 
IUPAC (the International Union of Pure and Applied Chemistry) recom-
mends a standard hydrogen electrode value of −4.44 V in the absolute 
potential scale, leading to the conversion factor of 1.4 V for Li/Li+ 
potential scale, as Li/Li+ has a value of −3.05 V in the absolute potential 
scale39.
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