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Highly Conductive Ester-Based Solid Electrolyte Exhibiting Remarkable Stability for Safe, 
Sustainable, and High-Performance Lithium Metal Batteries
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Abstract

Since the 1970s, polymer electrolytes (PEs) such as poly(ethylene oxide) (PEO) have been extensively 
studied to address the instability and safety issues associated with lithium metal electrodes. However, these 
conventional PEs suffer from low lithium transference numbers and narrow electrochemical stability 
windows. In this work, we introduce innovative solid-state PEs based on crosslinked poly(butyl malonate) 
(CPBM) and lithium salts. Unlike traditional PEO-based PEs, the CPBM-based PEs are fully amorphous 
and self-standing, offering a suite of superior electrochemical properties. Notably, they exhibit comparable 
ionic conductivities to PEO-based PEs but achieve significantly higher lithium transference numbers and 
an impressive limiting current density enabling efficient ion transport. Another remarkable feature of our 
CPBM-based PEs is their wide electrochemical stability window, extending up to 4.7 V vs. Li/Li⁺ and an 
excellent stability with lithium metal. These substantial improvements in electrochemical stability have been 
rigorously validated through long-term cycling stability tests, including Li stripping/plating and full cells 
with LiFePO₄ (LFP) and Mn-rich LiMn₀.6Fe₀.4PO₄ (LMFP) electrodes. We firmly believe the 
polymalonate-based PEs represent a pioneering solution to overcome the limitations inherent in PEO-based 
PEs and paves a way to safe, high-performance lithium metal batteries, marking a significant leap forward 
in battery technology. 

Key words: solid polymer electrolytes; polymalonate electrolyte; polyester electrolyte; lithium metal battery, 
dry polymer electrolyte 
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Introduction

Lithium-metal batteries (LMBs) and post-lithium 
batteries are highly anticipated as alternative to 
the traditional lithium-ion batteries with graphite 
negative electrodes.1 Lithium metal, with its high 
specific capacity of 3860 mAh g-1 and low redox 
potential of -3.04 V vs. SHE shows great promise 
as next-generation negative electrode.2 However, 
safety concerns as chemical and electrochemical 
instability, flammability3, dendrite formation4–6, 
inhomogeneous solid electrolyte interphase (SEI) 
formation7,8, hinder its using with conventional 
organic liquid electrolytes, typically small 
molecule carbonates and ethers.9

To address the safety issues, polymer electrolytes 
(PEs) offers a promising alternative to flammable 
and volatile liquid electrolytes.10,11 Various 
polymers, including polyetheres,12,13 
polycarbonates,14 fluoropolymers15 etc. have been 
investigated with different lithium salts. Among 
these, only very few provides good ionic 
conductivity in solvent/plasticizer-free conditions, 
known as “dry” polymer electrolytes.16 
Polyethers, particularly poly(ethylene oxide) 
(PEO)-based materials are the most significant 
PEs for lithium ion batteries due to their ability to 
solubilize lithium salts and their flexible 
structures, which ensure high ionic conductivity 
in the amorphous phase .17 However, PEO-based 
PEs face critical challenges when applied to high 
energy positive electrodes as well as lithium 
metal electrodes. They suffer from the oxidation 
of the ether bond at ~ 4 V vs. Li+/Li which does 
not meet the voltage window of high energy 
positive electrodes such as lithium nickel 
manganese cobalt oxide (NMC), lithium nickel 
cobalt aluminum oxide (NCA), and lithium nickel 
manganese oxide (LNMO), whose redox 
potential exceed 4.3 V vs. Li+/Li.18,19 Additionally, 
PEO-based PEs exhibit low lithium transference 
number (TLi

+, usually less than 0.2) due to the 
strong interaction between the ether oxygen atom 
and lithium cations leading to concentration 
gradients, extra polarization, limited critical 
current density and lithium dendrite formation.20 
Therefore, PEs with broader electrochemical 

stability window (ESW) and higher TLi
+ could be 

promising candidates for the next-generation PEs, 
targeting the ether-free structures.

Aliphatic polycarbonates with high dielectric 
constant such as poly(trimethylene carbonate) 
(PTMC)14,21 and poly(propylene carbonate) 
(PPC)22,23 have shown good ionic conductivity 
and TLi

+. However, polycarbonate-based PEs are 
suffered from chemical instability, i.e., 
depolymerization when used with Li-metal 
electrode.24 Polyesters like polycaprolactone 
(PCL)25,26, poly(pentanediol adipate) (PEA)27, 
poly(hexamethylene succinate) (PHS)28,29, 
fluorinated polyesters30 and ester-containing 
polymers31 have been studied recently, exhibiting 
promising ionic conductivity and potential 
advantages in recycling. As predict by molecular 
dynamic models of Chen et al.32, the ester-
containing polymers like PCL and poly(methyl 
methacrylate) (PMMA) have a low valence band 
minimum or high oxidation potential, suggesting 
a better stability at high voltages (> 4 V vs. Li+/Li) 
compared to the polyethers. However, the 
stability of polyesters in the presence of lithium 
remains a concern. The highly reductive and basic 
environment near the lithium metal surface can 
lead to the degradation of the ester functionality, 
resulting in the formation of an unpredictable SEI 
layer.33,34 A very recent study by Yang et al.35 
have shed light on a degradation mechanism of 
ester function on the Li metal electrode due to 
Claisen ester condensation reaction. This reaction 
is catalyzed by strong bases such as Li0 or 
alkoxides, potentially affecting the ester 
molecules including PCL and PEA. 

Among the various polyesters, polymalonates 
show unique potential in preventing the Claisen 
condensation reaction and may exhibit better 
stability compared to other polyesters. These 
polymers were first introduced in PEs in the early 
2000s by Lee et al.36 Balsara and coworkers37–39 
recently reported PEs based on poly(pentyl 
malonate)/LiTFSI which showed amorphous 
structure and feasible ion transportation. More 
importantly the polymalonate-based PEs present 
a promising avenue for enhancing ion conduction 
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and addressing the voltage constraints of 
traditional poly(ethylene oxide) (PEO)-based PEs 
in high-performance lithium metal batteries. 
However, the reported polymalonates are viscos 
liquids lacking of mechanical strength, hindering 
their application in solid-state battery. 
Furthermore, none of these studies demonstrated 
the cycling performance of the polymalonate-
based electrolytes in full cells with a positive 
electrode, leaving their performance as PE 
unconfirmed.

This study introduces for the first time innovative 
SPEs based on crosslinked poly(butyl malonate) 
(CPBM) and evaluates their performance with 
two different lithium salts: lithium 
bis(trifluoromethanesulfonyl) imide (LiTFSI) and 
lithium bis(fluorosulfonyl) imide (LiFSI). The 
polymalonate polymers undergo crosslinking 
through a Michael addition reaction 40 (Scheme 
S1) with divinyl sulfone under basic conditions, 
resulting in a 3D network with adjustable 
crosslinking degrees. The resulting CPBM-based 
electrolytes are thermoset, meaning they do not 
melt or dissolve, thus qualifying as true SPEs. 
These electrolytes offer unprecedented 
advantages in cost-efficiency, sustainability, and 
electrochemical performance, positioning them as 
a superior alternative to conventional PEO-based 
SPEs. In this work we addressed several critical 
questions and we demonstrated i) the feasibility 
of developing a genuine SPE using polymalonate, 
ii) the ester functions of this SPE maintain 
excellent stability when paired with metallic 
lithium electrodes, iii) the polymalonate-based 
PEs are compatible with high-voltage positive 
electrodes. 

Results and Discussions

SPE preparation 

The synthesis of PBM was carried out through a 
transesterification reaction as illustrated in Figure 
1a. The structure of the polymalonate was 
confirmed by the 1H and 13C NMR spectra which 
are shown in Figure S1-2. The resulting polymer 

has a number averaged molecular weight of 12 kg 
mol-1 and a polydispersity index of 1.8 as 
measured by size exclusion chromatography 
(SEC, Table S1). Due to the highly activated 
hydrogen from the methylene between the two 
carbonyl moieties, PBM can undergo crosslinking 
via a rapid Michael addition reaction. This 
process forms a solid-state, self-standing 
thermoset membrane, named CPBM (Figure 1b). 
The images of the PBM and CPBM polymers are 
shown in Figure S3. To balance mechanical 
strength while maintaining high chain flexibility, 
a relatively low amount of crosslinker is 
introduced, resulting in a molecular weight 
between crosslinks (Mc) of approximately 2 kg 
mol⁻¹ in the final CPBM. The ATR-FTIR spectra 
of PBM and CPBM are shown in Figure S4, 
displaying nearly identical vibration bands 
(except a tiny bump of S=O bond stretching at 
1310 cm-1). 

The SPEs incorporating LiTFSI and LiFSI salts 
were prepared by directly dissolve the salt in the 
polymer followed by crosslinking. These are 
referred to as CPBM/LiTFSI and CPBM/LiFSI, 
respectively. 

Thermal stability

Thermal stability of the PBM, CPBM, 
CPBM/LiTFSI and CPBM/LiFSI PEs was 
assessed by thermogravimetric analysis (TGA), 
with the thermograms presented in Figure 2a. All 
the samples exhibited decomposition 
temperatures (1 wt. %) exceeding 220 °C, 
indicating satisfactory thermal stability. Both 
PBM and CPBM polymers demonstrated 
identical thermal decomposition behavior, 
characterized by depolymerization of the 
polyester at around 350 °C. However, the addition 
of lithium salts lowered the decomposition 
temperature, likely due to the catalytic effect of 
the salts—especially in the case of LiTFSI.41 
Notably, the CPBM/LiFSI sample decomposed at 
~230 °C, which can be attributed to the 
degradation of the LiFSI salt.42 For comparison, 
the thermal degradation curves of PEO/LiFSI, 
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PEO/LiTFSI (O/Li = 28) have been included in 
Figure S5. The degradation occurs at higher 
temperatures compared to CPBM electrolytes, 
and the presence of LiTFSI does not significantly 
affect the polymer stability (degradation 
temperature 400°C).43 Given the 
transesterification reaction, used to synthesis the 
polymalonate, which is reversible reaction, the 
depolymerization through an alcoholysis reaction 
can revert the polymer back to its monomers. This 
process enables a closed-loop recycling of the 
polymer electrolyte44 highlighting excellent 
sustainability prospects for these ester-based 
polymer electrolytes.

Ion transport 

Lithium-ion conduction in SPEs is highly 
dependent on polymer chain mobility (reflected 
by glass transition temperature Tg) owing to the 
“hopping” mechanism in amorphous phase. The 
Tg of the polymers and SPEs, was evaluated by 
differential scanning calorimetry (DSC), with the 
DSC thermogram shown in Figure 2b. The PBM, 
CPBM, CPBM/LiTFSI and CPBM/LiFSI 
exhibited fully amorphous structure with no 
crystallization or melting peaks. The Tg were 
observed at -52, -49 ,-24, and -18 °C, respectively. 
The amorphous structure and low Tg indicates an 
excellent chain flexibility of PBM, which is 
advantageous for fast ion transport.

The ionic conductivities of the CPBM/LiTFSI 
and CPBM/LiFSI SPEs are shown in Figure 2c. 
Both electrolytes were prepared with the same 
O/Li ratio of 28. The ionic conductivity - 
temperature relationship followed a typical VTF 
type trend, indicating the ion conduction was 
dominated by polymer chain motion45 (Figure S6, 
Table S2). The CPBM/LiTFSI SPE demonstrated 
higher ionic conductivity compared to 
CPBM/LiFSI SPE, which is consistent with their 
Tg. At 80°C, the two SPEs exhibited ionic 
conductivity of 1.5×10-4 and 9.1×10-5 S cm-1 
respectively. 

In addition to ionic conductivity, the lithium 
transference number (TLi

+) is the other crucial 
parameter for evaluating the ion transport 
capability of the electrolytes. The TLi

+ of the 
CPBM-LiTFSI and CPBM-LiFSI SPEs were 
measured using electrochemical methods 
including a modified Bruce-Vincent method and 
Watanabe method, yielding lithium transference 
number of 0.70 and 0.55 respectively (Figure S7-
8). These ester-based SPEs exhibited much higher 
TLi

+, up to three times higher, compared to the 
PEO-based polymer electrolytes, which generally 
have TLi

+ values around 0.15.46 This significant 
improvement is due to the weaker interaction 
between the carbonyl functions and the Li+ cation. 
As noted by Diederichsen et al.47, the higher TLi

+ 
can effectively reduce the cell polarization and 
enhance performance at high-power. The cationic 
conductivity of the SPEs can be calculated by 
multiply the ionic conductivity with lithium 
transference number: 𝜎𝐿𝑖+ = 𝜎 × 𝑇𝐿𝑖+ , reflecting 
their actual capability of the Li+ ion transportation. 
The CPBM-based SPEs exhibited cationic 
conductivity comparable with PEO/LiTFSI, 
which is around 0.1 mS cm-1 at 80 °C. 46

Critical current density (CCD) of CPBM/LiTFSI 
and CPBM/LiFSI SPEs were evaluated by current 
scan experiments with symmetric Li|SPE|Li cells 
(Figure S9-10). At low current density, the cell 
voltage - current density evolution followed 
Ohm’s law, showing a linear correlation 
corresponding to a constant first order deviation 
(𝑑𝐸/𝑑𝑗). As the current density approached the 
critical value, additional polarization occurred,  
due to insufficient Li+ diffusion leading to 
depletion of Li+ at the surface of the working 
electrode.48,49 For CPBM/LiTFSI and 
CPBM/LiFSI, CCD are determined to be 0.70 and 
0.55 mA cm-2 respectively, which are 
significantly higher than PEO-based electrolytes, 
which is typically ~0.3 mA cm-2.50,51 Notably, the 
cell voltage transition in CPBM-based SPEs were 
very sharp and dramatic, indicating a strict limit 
for the applied current density. This behavior is 
very different to other examined PE using similar 
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method, where the transition is usually mild and 
gradual.

The summary of ion transport behaviors, as 
depicted in Figures 2d-f, compares the 
performance of CPBM-based solid polymer 
electrolytes (SPE) with the widely-used 
PEO/LiTFSI system. The comparison reveals that 
CPBM-based SPEs exhibit comparable or 
superior performance in various aspects of ion 
transport, particularly in transference number and 
CCD. Additionally, lithium diffusion is more 
effectively promoted in the CPBM/LiTFSI 
system compared to CPBM/LiFSI. This suggests 
that CPBM-based SPEs, especially when paired 
with LiTFSI, offer enhanced ion transport 
properties, making them a promising alternative 
to traditional PEO-based electrolytes.

Structural and energetic analysis 

To gain deeper insights into differing behavior of 
two lithium salts and lithium diffusion, molecular 
dynamics (MD) simulations were performed on 
two lithium salts (LiTFSI and LiFSI) dissolved in 
PBM. The diffusion of lithium salts within 
polymer electrolytes is heavily influenced by the 
ability of lithium ions to escape their solvation 
shells.52,53 This process is governed by an 
activation free energy, which represents the 
energy barrier required to disrupt the interactions 
between lithium ions (Li⁺) and oxygen atoms in 
their solvation environment. This barrier is 
intricately connected to the structure of the 
solvation shell surrounding Li⁺ cations. To 
explore this phenomenon, molecular dynamics 
(MD) simulations were conducted on two lithium 
salts (LiTFSI and LiFSI) dissolved in PBM 
polymers. The investigation with the calculation 
of radial distribution function g(r) between Li⁺ 
ions and oxygens belonging to both PBM chains 
and TFSI⁻ or FSI⁻ anions. The results, illustrated 
in Figures 3a and 3b, revealed that the first peak 
in the g(r) curves, which corresponds to the first 
solvation shell, was narrower and more intense 
for both the anion and PBM in the case of FSI⁻ 

compared to TFSI⁻. This suggests that the 
solvation shell is more structured for FSI⁻.

To quantify the energy required for Li⁺ to shed 
their solvation shell, the potential of mean force 
(PMF), 𝛥𝐺(𝑟), was calculated from radial 
distribution functions using the equation

𝛥𝐺(𝑟) = ― 𝑘𝐵𝑇𝑙𝑛𝑔(𝑟)

where 𝑘𝐵 is Boltzmann’s constant and T is the 
temperature. The PMF curves, shown in Figure 
3c-d, featured a minimum at the first solvation 
shell indicating the most probable coordination 
distance, followed by a maximum that 
corresponds to the energy for lithium to escape 
the shell. The difference between the maximum 
and the minimum provides an estimate of the free 
energy barrier associated with dissolution. This 
free energy barrier is proportional to the 
activation energy 𝐸𝑎 for Li⁺ diffusion, assuming 
a solvation-limited diffusion mechanism:

𝐷 ∝ 𝑒𝑥𝑝 ―
𝐸𝑎

𝑘𝐵𝑇 ,with 𝐸𝑎 ∝ 𝛥𝐺barrier

This study found the activation energy for Li⁺ 
diffusion is lower in the TFSI⁻ system compared 
to the FSI⁻ system for both PBM and anion-
coordinated cases. This suggests that Li⁺ 
diffusion is facilitated by the less structured 
solvation shell in the presence of TFSI⁻.

To further understand the origin of this difference, 
the number of PBM chains and anions 
contributing to the solvation shell (defined by the 
first minimum of g(r)) was quantified as a 
function of Li⁺ salt concentration (𝑛𝑂 𝑛𝐿𝑖). 
Figures 3e and 3f show that TFSI⁻ consistently 
exhibit a higher number of coordinating PBM 
chains than FSI⁻, across at all concentrations. 
This suggests a more flexible solvation 
environment that facilitates cation hopping and 
are fully aligned with all the experimental results 
on transport properties. Additionally, the 
involvement of more polymer chains may 
introduce a greater steric hindrance, which is 
consistent with the lower overall coordination 
observed in the Li–O g(r) curves for TFSI⁻ as 
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indicated by the intensity of the first peak. This 
trend align  with a recent study37, that suggests the 
participation of more polymer chains in the Li⁺ 
solvation shell promotes cation hopping. Figure 
3g-h provides snapshot and illustration of the 
solvation structures.

These findings emphasize the role of solvation 
shell’s composition and structure in determining 
ionic transport properties in polymer electrolytes 
and fully demonstrated by the experimental 
results.

The interaction between the lithium salt and 
polymer PBM was characterized by Raman 
spectroscopy (Figure 4a). PBM/LiTFSI was 
prepared with varied O:Li ration from 7 to 56. The 
S-N-S bending signal from TFSI- was observed 
between 725-775 cm-1. With the increasing 
lithium concentration, the peak position was 
shifted from 740 (O:Li =56) to 744 (O:Li=7). This 
blue shift could be ascribed to the difference 
supramolecular structure of the TFSI- anion, the 
740 cm-1 band could represent the solvent 
separated ions (SSI), as well as the 746 cm-1 band 
was the contacted ion pairs (CIP).54,55 The CIP 
and SSI was deconvoluted and presented in 
Figure 4b. Notably, the aggregations of the 
LiTFSI salt (assigned to the bump at 760 cm-1) 
was remained a very low ratio among all the 
different LiTFSI concentrations, reflecting a good 
dissociation of LiTFSI in PBM polymer. Similar 
Raman spectra were collected with PBM/LiFSI 
samples (Figure 4c). The S-N-S bending in FSI- 
anion could be assigned to the peak between 700-
760 cm-1. Bule shift of the peak was noticed with 
the FSI-, which could be ascribed to the increasing 
CIP content with higher LiFSI concentration, 
which follows similar trend observed with 
LiTFSI.56,57 With increasing concentration, the 
ratio between SSI and CIP was decreasing which 
is depicted in Figure 4d, which is aligned with the 
results from the MD simulations. Optimal 
dissolution and dissociation of both LiTFSI and 
LiFSI could be realized in a wide range of salt 
concentration, which ensures promising ion 
transport behaviors in PBM-based polymer 
electrolytes.

Electrochemical stability

The electrochemical stable window of the SPEs is 
initially evaluated using linear sweep 
voltammetry with Li|SPE|SS cells at 80 °C, as 
shown in Figure 4e. During the anodic scans, 
oxidation began at ~4.7 V. The electrolyte 
containing LiTFSI exhibited strong oxidation 
beyond this voltage, whereas CPBM/LiFSI 
showed much mild oxidation compared to LiTFSI. 
This could be attributed to a better passivation by 
the FSI- group at the surface of the working 
electrode. In the cathodic scans, reduction peaks 
are overserved between 0.5 and 1.9 V vs. Li+/Li. 
These peaks are commonly seen in various 
polymer electrolytes, which are very likely 
related to the reduction of surface oxide on the 
working electrodes.58 In summary, the CPBM 
polymer with both LiTFSI and LiFSI salts has a 
wide electrochemical stable window between 1.9 
to 4.7 V vs. Li+/Li.

To further examine this ESW, cyclic voltammetry 
was performed between -0.5 to 4.5 V vs Li+/Li 
(Figure 4f). As expected, no oxidation is observed 
up to 4.7 V and well-defined lithium plating and 
stripping occurred between -0.5 to 1 V vs Li+/Li. 

Lithium Stripping/plating

Lithium stripping/plating tests are conducted with 
symmetrical Li cells at different current density to 
examine the compatibility between SPEs and Li 
metal electrode. The voltage profiles of lithium 
stripping/plating tests at 80 °C are shown in 
Figure 5a-b and Figure S11-12 for both 
CPBM/LiFSI and CPBM/LiTFSI SPEs 
respectively. The tests were conducted with 
current densities of 50, 100, 200, 400, 500 µA cm-

2 and returned to 100 µA cm-2, corresponding to 
capacity of 0.2, 0.4, 0.8, 1.6 and 2.0 mA h. Both 
cells showed stable and symmetrical 
overpotential during stripping/plating even at 
highest current density at 500 µA cm-2. For each 
half-cycle of 4 h, 2 mAh cm-2 of lithium is 
striped/plated, corresponding to ~10 µm 
thickness of lithium metal. After the tests with 
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varied current density, the cell with CPBM-LiFSI 
SPE was cycled at 100 µA cm-2 for around 1000 
h. EIS spectra (Figure 5c and S13) was recorded 
during the stripping/plating to follow the 
evolution of the Li|SPE interphases. The EIS 
spectra displayed a two-semicircle shape, 
corresponding to electrolyte bulk resistance at 
high frequency and interfacial resistance at 
middle frequency. A minor decrease of the bulk 
resistance was observed between 400-780 h and 
remained stable afterwards, which could be 
ascribed to establishment of SEI. The interfacial 
resistance remained almost constant at around 40 
Ω cm-2 during the experiments, reflecting 
excellent stability against lithium. To better 
deconvolute the interfacial responses, the EIS 
spectra at middle-low frequency (220 kHz to1 Hz) 
were converted into distribution of relaxation 
times (DRT).59 (Figure 5d.) The DRT showed two 
different relaxation times (5.2×10-6 and 3.1×10-5 
s), while only one semicircle was observed on the 
Nyquist plot. The second relaxation time 
decreased with increasing cycling time, indicating 
an improved SEI evolution during lithium 
stripping/plating. An additional peak was 
overserved between 10-1 to 100 (10-1 Hz), which 
might reflect the charge transfer behavior.60 
Similarly, long-term stripping/plating test was 
conducted with CPBM/LiTFSI cells, showing 
ideal stability and no evidence for lithium 
dendrite formation. 

Ex-situ SEM images of the lithium was taken after 
disassembling the cells from Li stripping/plating 
experiments for both CPBM/LiFSI and 
CPBM/LiFSI (Figure 5e and S14, respectively). 
After more than 1000 h of lithium 
stripping/plating experiments, the lithium metal 
electrodes retained the silver-white color and 
shining metallic luster. SEM images reveled a 
smooth surface of lithium without any mossy or 
dendritic species providing solid evidence for 
stable and dendrite-free lithium stripping/plating 
of CPBM-based SPEs. 

These results demonstrated excellent stability of 
the SPEs against the lithium metal electrode, with 
no lithium dendrite formation.

In addition, asymmetric lithium stripping/plating 
with Li|SPE|Cu cells are performed to examine 
the lithium reversibility (Figure S15). The 
experiment was carried out using a modified 
method adopted form Adams et al.61 to determine 
the Coulombic efficiency (CE). A 
preconditioning process of long depletive 
plating/stripping cycle was applied to the Cu 
working electrode to ruled out the influence of 
side reaction and surface oxides. After this 
preconditioning, 2 mAh cm-2 of Li was plated on 
the Cu as a reservoir, and followed by lithium 
stripping/plating (0.1 mAh cm-2 per cycle) until 
the Li reservoir was fully depleted (indicated by 
increasing of the voltage). The final CE could be 
calculated by the ratio between total amount of 
lithium stripped and total amount of lithium 
plated including the reservoir. This experiment 
lasted for 158 cycles until the lithium on Cu was 
fully consumed, which corresponds to an average 
CE of ~90%. The imperfection of the CE reflects 
the formation electrochemical isolated lithium (so 
called “dead” lithium), which is more significant 
in when using the solid-state electrolytes. The 
previous reported values are mostly around 85% 
in different polymers.62,63 Thus, to the best of our 
knowledge, the CPBM-based SPE showed the 
best lithium reversibility within the polymer 
electrolytes. 

SEI formation mechanism

The ester function is usually considered as 
instable when contact with lithium metal 
electrode due to the strong basic and low redox 
potential condition near to the lithium metal 
electrode. Depolymerization or side reaction was 
overserved in ester-based liquid electrolyte or 
polycarbonates.24,34,64 Unexpectedly, the CPBM-
based SPEs exhibited exceptional stability against 
lithium metal, maintaining over 1,000 hours of 
cycling in lithium stripping/plating without 
interfacial degradation. To elucidate this behavior, 
it is essential to investigate the reaction between 
the polymer and lithium metal, focusing on the 
SEI formation mechanism and its composition.
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Ex situ X-ray photoelectron spectroscopy (XPS) 
was used to analyze the polymer electrolyte and 
lithium metal before and after lithium 
stripping/plating experiments. On the polymer 
side, the F 1s, O 1s and C 1s spectra were 
examined, as shown in Figure 6a-b and S16 for 
CPBM/LiFSI and CPBM/LiTFSI respectively. 
The CPBM SPEs, both pristine and after cycling, 
showed all expected moieties including 
hydrocarbon (C-C/C-H) at 285.0 eV, ester 
function at 286.3 eV (C-O) and 289.1 eV (O-
C=O).65,66 Fluorocarbon (C-F) at 292.1 eV was 
also observed in the presence of LiTFSI.67 In O 1s 
spectra, ester function was found at 532.6 and 
533.8 eV.65 Importantly, the O 1s and C 1s spectra 
does not alter before and after cycling, suggesting 
a minimal degradation in the polymer matrix 
during the lithium stripping/plating process. The 
chemical information of the lithium salts is more 
included in F 1s spectra. Well-defined peaks of C-
F from LiTFSI were observed at 689.0 eV, and 
the SO2-F peak from the LiFSI salt was observed 
at ~688.0 eV. The degradation product LiF was 
found at 685.0 eV.68 The overall intensity of the F 
1s signal was decreased after cycling, suggesting 
the F-containing species were migrated to the 
surface of the lithium metal for SEI formation, 
especially in the case of more reactive LiFSI.

Simultaneously, the lithium metal was also 
examined by XPS after cycling (Figure 6c and 
S17-18) to investigate the SEI formation. For both 
salts, inorganic compounds Li2CO3 (290.4 eV), 
LiF (685.0 eV) and organic degradation products 
in C1s (283.6 eV) and O 1s (528.8 eV) were 
observed as the major compositions for the SEI 
layer. We suppose the C1s  at 283.6 eV is related 
to the high reactivity of methyl malonate with 
lithium metal leading to different degrading 
products.69 Minor degradation species from 
lithium salts such as Li2S (160.9 eV), Li3N (397.1 
eV) are also detected.67 The lithium carbonate 
likely originates from the native passivation layer 
on the lithium metal. The other inorganic species 
detected—LiF, Li3N, and Li2S—are products of 
lithium salt degradation. While LiF and Li₃N are 
typically favored SEI components due to their 
superior mechanical properties and effective 

passivation70  the organic degradation products 
may play a more critical role in stabilization.11,71 
These organic species were only detected on the 
lithium surface, not on the polymer surface, 
indicating that degradation is localized to Li⁰ and 
that the degraded layer is relatively thin (below 
the XPS detection limit of ~10 nm). We assume 
that polymer degradation occurs via a mechanism 
analogous to acyloin condensation, where Li⁰ 
attacks the carbonyl moiety to generate radicals. 
Other potential degradation pathways, such as 
ester saponification or Claisen condensation, are 
unlikely under these conditions.34 The 
degradation process is rapidly inhibited due to the 
passivation of the lithium surface. This inhibition 
is attributed to the synergistic effects of the solid-
state electrolyte, which prevents surface renewal, 
and the passivation layer formed by salt 
degradation—particularly in the case of LiFSI. 
Together, these factors contribute to the 
formation of a thin yet robust SEI layer.

Evaluation in Prototype LMBs

The CPBM-based SPEs were ultimately 
evaluated in LMB cells with LiFePO4 (LFP) and 
Mn-rich LiMn0.8Fe0.2PO4 (LMFP) positive 
electrodes at 80 °C. The specific capacity and CE 
of Li|SPE|LFP cells are shown in Figure 7a, with 
corresponding dis-/charge profiles in Figure S19-
20. The cells underwent galvanostatic cycling at a 
C-rate of C/2 (C=170 mA g-1) for 500 cycles. 
Initial specific capacity of 158 mAh g-1 was found 
for both CPBM/LiTFSI and CPBM/LiFSI SPEs, 
reaching an almost full capacity for LFP material. 
The specific capacity was then slowly decayed to 
112 and 127 mAh g-1 after 500 cycles, 
corresponding to capacity retention of 71 and 80 % 
respectively. Both SPEs, exhibited nearly perfect 
capacity reversibly with average CE of 99.8 and 
99.9% for CPBM/LiTFSI and CPBM/LiFSI 
respectively. The CPBM/LiFSI SPE 
demonstrated overall better cycling stability 
compared to CPBM/LiTFSI SPE, exhibiting 
accordance to the results from lithium 
stripping/plating experiments.
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The C-rate test of the Li|SPE|LFP cells was also 
conducted. For CPBM/LiTFSI SPE (Figure 7b), 
the cell was cycled at 0.5, 1, 1.5, 2, 2.5 and 3 C 
and then reduced to 1 C for long cycling. 
Reversible capacity of 142, 138, 128, 123, 119, 
108 mAh g-1 was achieved at from 0.5 to 3 C 
respectively, outstanding results for a dry 
electrolyte. Compared to dry polymer electrolytes 
based on amorphous PEO whether electrolytes 
based on a blend with LiTFSI72,73 or single 
conducting polymer electrolyte16,17, the specific 
capacity of the CPBM/LiTFSI solid polymer 
electrolyte at 2C is more than twice as high. This 
result highlights the outstanding electrochemical 
performance of CPBM.   The long cycling at 1 C 
after C-rate test lasted for another 400 cycles, 
with capacity retention of 82%. For CPBM/LiFSI 
(Figure S21), the maximum achievable C-rate 
was approximatively 1 C, yielding a capacity of 
only 84 mAh g-1. These C-rate tests underscore 
the distinct advantage of LiTFSI salt over LiFSI 
under high power conditions, likely attributable to 
CPBM/LiFSIs higher ionic conductivity and 
greater TLi

+.

Thanks to their straightforward processing, 
CPBM-based solid polymer electrolytes (SPEs) 
can be easily cast into large-scale thin films using 
doctor blading—a method highly compatible with 
pouch cell fabrication. To demonstrate the 
potential for scaling up solid-state lithium metal 
batteries with CPBM-based SPEs, a single-layer 
prototype pouch cell (6.8 × 4.5 cm, Figure S20) 
was successfully fabricated.

To assess performance across a broader 
electrochemical stability window, the LMFP 
positive electrode was paired with the 
CPBM/LiFSI solid polymer electrolyte. 
Li|SPE|LMFP cells were cycled between 2.5 V 
and 4.4 V (vs. Li⁺/Li) for 160 cycles (Figure 7c), 
achieving 84% capacity retention and an average 
Coulombic efficiency (CE) of 99.7%. The 
charge/discharge profiles (Figure 7d) revealed 
two distinct plateaus, corresponding to the redox 
reactions of Fe and Mn atoms. These results 
demonstrate the robust cycling stability of the 
cells and confirm the extended electrochemical 

stability of the malonate-based polymer 
electrolyte. Additionally, LMFP with a higher Mn 
content (LiMn0.8Fe0.2PO4) was also cycled with 
CPBM/LiFSI. As shown in Figure S23, the Mn-
rich electrode retained 75% of its capacity and 
maintained an average CE of 99.3% over 70 
cycles. However, achieving improved cycling 
stability with Mn-rich LMFP remains challenging 
due to issues such as CEI formation and Mn74,75 
which warrant further investigation.

In summary, the exceptional long-term cycling 
stability of Li|SPE|LFP cells strongly supports the 
viability of polymalonate-based solid polymer 
electrolytes (SPEs) for lithium metal batteries. 
Furthermore, their successful integration with 
high-voltage LMFP positive electrodes 
demonstrates the superior electrochemical 
stability of these polyesters compared to 
traditional polyethers.

Conclusions

In conclusion, this study successfully 
demonstrated the synthesis and application of 
poly(butyl malonate) as a novel solid polymer 
electrolyte for lithium metal batteries. Through a 
transesterification reaction and subsequent 
blending with lithium salts such as LiTFSI and 
LiFSI, we produced thin, flexible, and self-
standing membranes via a casting process 
followed by crosslinking through a rapid Michael 
addition reaction. The resulting solid polymer 
electrolyte exhibited exceptional properties, 
including high ionic conductivity, transference 
number, critical current density, and 
electrochemical stability, surpassing the 
performance of current state-of-the-art polyether-
based solid polymer electrolytes.

Notably, poly(butyl malonate) showed 
remarkable stability against lithium metal 
electrodes, with minimal degradation or short-
circuiting observed over 1400 hours. This 
stability is attributed to the formation of a stable 
solid electrolyte interphase (SEI) between the 
polymer and lithium metal, as confirmed by X-ray 
photoelectron spectroscopy (XPS) 
characterization and extensive plating/stripping 
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tests in both symmetrical and asymmetrical cells. 
The long-term cycling stability of Li|SPE|LFP 
cells underscores the potential of polymalonate-
based solid polymer electrolytes in lithium metal 
batteries. Furthermore, the successful adaptation 
to LMFP positive electrodes with higher voltage 
highlights the extended electrochemical stability 
window of polyesters compared to polyethers.

The LiTFSI salt demonstrated superior ion 
transport behaviors, enhancing rate capability in 
cell performance, while LiFSI exhibited better 
electrochemical stability due to efficient 
passivation of the lithium metal electrode by a 
LiF-rich SEI. Overall, our findings suggest that 
poly(butyl malonate) is a promising and 
sustainable alternative to conventional polyester-
based solid polymer electrolytes. Its potential 
depolymerization under mild conditions indicates 
a viable recycling route, further enhancing the 
sustainability of this low-cost polyester-based 
electrolyte. This research paves the way for the 
development of safe, sustainable, and high-
performance lithium metal batteries.
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Figure 1. (a) Synthesis route of PBM polymer. (b) Chemical crosslinking of CPBM polymer.
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Figure 2. (a) Thermogram of the PBM polymers and SPEs. (b) DSC traces of the PBM polymers and SPEs. 
(c) Ionic conductivity of the SPEs as function of temperature. (d-f) Comparation between CPBM-LiTFSI, 
CPBM-LiFSI and PEO-LiTFSI SPEs at 80°C in ionic conductivity, lithium transference number and critical 
current density, respectively. The data of PEO/LiTFSI was adopted from the references.46,48,50 
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Figure 3. Structural and energy analysis of Li⁺ salts (LiTFSI/FSI) solvation in PBM polymers from MD 
simulations: Radial distribution function g(r) between Li⁺ and oxygen atoms of (a) TFSI⁻ and (b) FSI⁻ and 
PBM polymers. Potential of mean force of Li-O of (c) TFSI⁻ and (d) TFSI⁻ system. Number of PBM chains 
in the solvation shell of Li⁺ as a function of Li⁺ salt concentration (𝑛𝑂 𝑛𝐿𝑖) in the presence of (e) TFSI⁻ and 
(f) FSI⁻. (g) Snapshots of the MD simulation box of the PBM-based PE. (h) Schematic illustration of 
multiple PBM chains involved in the solvation shell of Li⁺, providing a more flexible solvation environment, 
which facilitates cation hopping. 
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Figure 4. (a) Raman spectra of PBM/LiTFSI mixtures in the region between 800-650 cm-1. (b) 
Deconvolution of the spectra in (a). (c) Raman spectra of PBM/LiFSI mixtures in the region between 800-
650 cm-1 (d) the percentage of the three species as a function of lithium concentration. (e) Linear sweep 
voltammograms of Li|SPE|SS cells at 80 °C , with a sweep rate of 0.1 mV s-1; the trace of CPBM-LiFSI 
trace is offset by -0.05 mA cm-2. (f) Cyclic voltammograms of Li|SPE|SS cells at 80 °C , swept between -
0.5 to 4.5 V vs. Li+/Li with a sweep rate of 0.1 mV s-1.
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Figure 5. (a) Lithium stripping/plating test at various current density using Li|SPE|Li cells at 80 °C with 
CPBM-LiFSI SPE. The arrows indicate the selected EIS spectra; (b) Magnification of the potential profiles 
between 280 to 320 h, with current density of 400 µA cm-2. (c) Selected EIS spectra during stripping/plating 
test; (c) SEM image of the Lithium|SIPE interface after 1400 h of lithium stripping/plating tests. (d) DRT 
of the interfacial response of the Li|SPE|Li cells during the lithium plating/stripping. (e) Images of the Li 
electrode after 1400 h of cycling.

Page 15 of 21 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

0/
20

26
 9

:5
8:

20
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5TA08874G

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta08874g


16

Figure 6. Examination of SEI formation with XPS spectra: (a) pristine CPBM/LiFSI SPE membrane; (b) 
CPBM/LiFSI SPE after 50 h of lithium stripping/plating experiments; and (c) lithium surface after 50 h of 
lithium stripping/plating experiments. 
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Figure 7. (a) long-term cycling test at C-rate of 0.5 C conducted on Li|SPE|LFP cells at 80°C, (b). C-rate 
test and followed long-term cycling at 1 C for Li|CPBM/LiTFSI|LFP cells at 80 °C. (c) cycling test 
conducted on Li|CPBM/LiFSI|LMFP cells at 80 °C; (d) selected dis-/charge profiles for the LMFP cells.
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Data for this article, including spectra and electrochemical measurements are available at Open Science 
Framework at doi.org/10.17605/OSF.IO/JSDAX.

Experimental details and additional figures are available in the Supporting Information (SI). The authors 
have cited additional references in the SI
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