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SI Section 1: Experimental details

Sample name molality of LiTFSI (m) [O]PEGDME/[Li] ratio

Li-P-1 0.93 24

Li-P-2 1.86 12

Li-P-3 2.8 8

Li-P-4 4.65 5

Li-P-5 7.3 3

Table S1 The formulation and [O]PEGDME/[Li] ratios of all the LiTFSI/PEGDME (Li-P-x) bulk solutions.

Sample

No of moles of O 
from PEGDME

[O]PEGDME

No of moles of 
O from VEC

[O]VEC

No of moles of O 
from PEGDAE

[O]PEGDAE

No. of moles of 
Li+-ions from 

LiTFSI [Li]
[O]*/[Li]

S-XPE-1 0.0085 0.006244 0.00445 0.00035 55

S-XPE-2 0.0070 0.006244 0.00445 0.00057 31

S-XPE-3 0.0059 0.006244 0.00445 0.000742 22

S-XPE-4 0.0046 0.006244 0.00445 0.000948 16

S-XPE-5 0.0034 0.006244 0.00445 0.0011 13

[O]*= [O]PEGDME+[O]VEC+[O]PEGDAE

Table S2 The formulation of the S-XPE-x reactive solutions and the related [O]/[Li] ratios.
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Sample

No of moles of O 
from PEGDME

[O]PEGDME

No of moles of 
O from VEC

[O]VEC

No of moles of O 
from PEGDAE

[O]PEGDAE

No of moles of 
Li+-ions from 
LITFSI &LiFSI

[Li]

[O]*/[Li]

D-XPE-1 0.00825 0.00606 0.00432 0.0004924 38

D-XPE-2 0.00681 0.00606 0.00432 0.0007124 24

D-XPE-3 0.00577 0.00606 0.00432 0.0008724 18.5

D-XPE-4 0.00447 0.00606 0.00432 0.0010724 14

D-XPE-5 0.00333 0.00606 0.00432 0.0012434 11

[O]*= [O]PEGDME+[O]VEC+[O]PEGDAE

Table S3 Formulations of the D-XPE-x reactive solutions/D-XPEs and the related [O]/[Li] ratios.

Characterization methods and techniques 

Differential scanning calorimetry (DSC) analysis is carried out using the Discovery DSC 2500, 
instrument (TA instruments). The sample preparation was carried out in a dry room to minimize 
moisture uptake and contamination. In a typical measurement, the samples were heated from 
25 to 100°C and then cooled to 150°C, and then heated again up to 150 °C. The heating and 
cooling steps were carried out at a scan rate of 10°C min-1 under helium flux. From the DSC 
thermograms, the glass transition temperature (Tg) values of the respective specimens are 
extracted. Thermogravimetric analysis (TGA) was carried out using a Discovery TGA 5500 
instrument that was additionally equipped with a Discovery Mass Spectrometer (MS). The test 
was carried out in the presence of helium carrier gas at a flow rate of 25 ml min-1. The MS has 
the sensitivity to detect compounds and gases in Parts per billion (ppb), which was ensured with 
a quadrupole detection system, including a closed ion source, a triple mass filter and a dual 
(Faraday and Secondary Electron Multiplier) detector system. The weight of the sample used for 
the analysis was less than 2 mg. The 1H and 13C NMR measurements were performed by 
employing an Avance III HD spectrometer (Bruker, USA) at 400 MHz (1H) and a broadband probe 
(PA BBO 400 MHz, Bruker). Solvent used is CD3CN and SiMe4 is used as the primary standard.  
The ionic conductivity of XPE membranes and LiTFSI/PEGDME bulk solutions are determined by 
electrochemical impedance spectroscopy (EIS) analysis using an Autolab (PGSTAT204-FRA32M, 
Metrohm) potentiostat. In order to do this, the XPE is placed between two stainless steel blocking 
electrodes (area 1.54 cm2) in a 2032-coin cell assembly. Similarly, the Li-P-x solution soaked glass 
fiber separator (200 µl electrolyte, thickness 300 µm, diameter 18 mm) is assembled in between 
stainless steel current collectors of an EL-cell. The coin cells/EL-cells are assembled in a dry room. 
Prior to the EIS analysis, the cells are placed inside a climatic chamber (BINDER MK-53). The 
measurements were carried in the frequency range of 500 kHz to 1 Hz between 0°C and 70°C at 
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open circuit potential (OCP). The impedance responses are taken at every 10 °C interval by 
maintaining the temperature equilibrium for 2 h. In order to calculate the ionic conductivity (, 
Scm-1) the Equation S1 is used, where ‘Rb’ is the bulk resistance, ‘l’ is the thickness, and ‘A’ is the 
area of the sample.

(Equation S1)𝝈 =  𝒍𝑨 ―𝟏𝑹 ―𝟏
𝒃

The ionic conductivity values obtained at various temperatures are fitted with Vogel–Tamman–
Fulcher (VTF) equation (Equation S2). The VTF equation represents the relationship between 
viscosity and temperature near Tg of the polymer matrix. The Equation S2is given below:

(Equation S2)𝝈 =  𝑨𝐞𝐱𝐩 ( ―
𝑬𝒂

𝑹(𝑻 ― 𝑻𝒐))

Where A is the pre-exponential factor related to charge carrier concentration, ‘σ’ is the ionic 
conductivity, ‘Ea’ is the activation energy (Ea

VTF), ‘R’ is the gas constant, ‘T’ is the experimental 
temperature and ‘T0’is the temperature which is 50 °C below the Tg.
The salt diffusion coefficient of the XPE membranes (DLi

+) is estimated using the method reported 
by Ma et al. In this work, the XPE sandwiched lithium symmetrical cells are polarized at 20 mV 
for 1 h. followed by keeping the cell at OCP until a stable state is achieved. Later, from the plot 
of natural logarithm of potential (V) vs. time (t), the DLi

+ values were calculated using the 
following Equation S3:
S ) (Equation S3)𝒍𝒐𝒑𝒆 = (𝝅𝟐𝑫𝑳𝒊 + 𝑳 ―𝟐

Where the slope is obtained by the linear fitting of the plot of -ln (V) vs. t, ‘L’ is the thickness of 
the XPE specimen under consideration.
The Li-ion transference number (TLi

+) of the XPEs are measured at 60°C by using combined AC 
impedance spectroscopy and DC polarization measurements using Equation S4.

(Equation S4)𝑻𝑳𝒊 + =  
𝑰𝑺𝑹𝑺(∆𝑽 ―  𝑰𝟎𝑹𝒄𝒕, 𝟎)

𝑰𝟎𝑹𝜴,𝟎(∆𝑽 ―  𝑰𝑺𝑹𝒄𝒕, 𝑺)

Here, V is the DC polarization voltage (10 mV),  and  are the initial and steady-state current 𝑰𝟎 𝑰𝑺
responses during the DC polarization,  and  stand for the bulk resistance and charge 𝑹𝟎 𝑹𝒄𝒕,𝟎
transfer resistance, respectively, which is obtained from the Nyquist plot prior to the DC 
polarization. Similarly,  and  stand for the bulk and charge transfer resistance obtained 𝑹𝒔 𝑹𝒄𝒕,𝒔
after achieving steady-state conditions.  
The oxidation stability (anodic stability) of the XPE was evaluated by linear sweep voltammetry 
(LSV), and the reduction stability (cathodic stability) by employing cyclic voltammetry (CV) using 
a potentiostat (VMP3, Bio-logic, Switzerland). In both measurements, a scan rate of 0.1 mVs-1was 
employed. The LSV tests are run between OCP and 7 V vs. LiLi+, where aluminum (Al) or stainless 
steel (StSt) is used as the working electrode (LiXPEAl or Li|XPE|SS). A limiting current of 1 µA 
cm-2 is considered as the onset of decomposition process and corresponding voltage is 
considered as the maximum application voltage in the case of LSV measurements. Similarly, the 
CV is carried out between OCP and -0.25V vs. Li|Li+ with copper (Cu) as the working electrode 
(Li|XPE|Cu). In both cases, lithium is used as a reference electrode. Galvanostatic lithium 
plating/stripping measurements are carried out in a symmetric cell configuration viz., Li|XPE|Li. 
Measurements are carried out at 60oC at a current density of 0.1 mA cm-2(5h Li-plating and 5h Li-
stripping). 
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Fabrication of electrodes and electrochemical characterization
Lab scale lithium metal cells are prepared using C-LiFePO4 or Li[Ni0.8Co0.15Al0.05]O2 as a cathode, 
lithium metal as an anode and the XPE membranes as separator and electrolyte. A typical cathode 
is composed of active material, PVdF as binder and Super P carbon as conductive additive. An 
NMP based slurry consisting of active material, PVdF and SuperP in 90:5:5 ratios are prepared. 
This slurry is then cast on to an aluminum foil and dried at 60°C overnight. Later, the electrodes 
were cut into a disk of 14 mm diameter and dried at 120°C under high vacuum for 12 h. The mass 
loading of LiFePO4 electrode is 3 mg cm-2 whereas the electrode prepared with 
Li[Ni0.8Co0.15Al0.05]O2 has a mass loading of 1.5 mgcm-2. Coin cells of 2032 type are prepared in the 
dry room using the cell components, and their electrochemical characteristics were investigated 
at 20, 40 and 60°C in terms of constant current charge/discharge cycling at different current 
intensities using a MACCOR cycler (Series 4000). The galvanostatic charge-discharge studies were 
carried out in the range of 2.5 - 4 V vs. Li|Li+ for LiFePO4 and 2.7-4.3 V vs. Li|Li+ for 
Li[Ni0.8Co0.15Al0.05]O2. Prior to cycling, all cells were equilibrated to 60°C.

Quantum chemistry calculations
Intrinsic oxidative stabilities have been computed for PEGDME and various clusters involving 
PEGDME and Li+. The calculations have been performed with the Gaussian 16 package6 at 
different levels of theory: For larger complexes involving a single PEGDME chain with monomers 
and multiple lithium ions, both the semi-empirical PM6 method7 and density functional theory 
(DFT) with the range-separated LC-ωPBE functional8have been used in combination with the 6-
31+G(d,p) basis set. All calculations have been performed using the SMD implicit solvation model9 

with the parameters for “ether” contained in Gaussian 16. The oxidation potentials Eox have been 
computed via the following equation10,

(Equation S5)𝑬ox =  
𝑮(𝑴 + ) ― 𝑮(𝑴)

𝑭 ―𝟏.𝟒 𝑽

Where, G(M) and G(M+) are the computed free energies of the non-oxidized and the oxidized 
molecule or cluster, respectively, F is the Faraday constant, and the shift of 1.4 V relates the 
absolute free energy differences to the Li|Li+ scale.10,11The geometry of the oxidized cluster has 
been re-optimized such that the potentials correspond to adiabatic potentials.10To validate the 
semi-empirical PM6 method and the LC-ωPBE function required to computationally tackle the 
larger clusters, additional calculations with the highly accurate but demanding G4MP2 method12 
have been carried out for a PEGDME-Li+ complex with  monomers and a single lithium ion. While 
G4MP2 yields Eox = 6.7 V vs. Li|Li+, values of 6.4 V vs. Li|Li+ and 7.0 V vs. Li|Li+ are obtained at the 
PM6 and LC-ωPBE/6-31+G(d,p) level, respectively. Although the absolute deviations are in the 
range of 0.3 V, we therefore have confidence that both computationally expedient methods yield 
satisfactory results.
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SI Section 2: NMR Spectra

Figure S1 a) 1H-NMR spectrum of the oligomer cross-linker PEGDAE.
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Figure S1b)13C-NMR spectrum of the cross-linker monomer PEGDAE.

From the 1H-NMR spectra, the formation of PEGDAE is confirmed. The absence of peaks 
corresponding to any trace impurities underlines that PEGDAE is obtained in its purest form. 
Additionally, in the 1H-NMR spectrum, peaks corresponding to -OH group is also absent further 
evidencing the complete conversion of PEG to PEGDAE. For instance, the peaks observed 
between 5.87-5.96 (m), 5.13-5.29 (m) and 3.97-3.99 ppm (m) are related to the protons from the 
terminal allyl ether groups (-OCH2-CH=CH2). At the same time, the broad peaks between 3.51-
3.59 ppm correspond to the remaining 36 protons present in the ethylene oxide (-EO) units in 
PEGDAE. The 13C-NMR spectrum also supports the structure elucidated from1H-NMR spectrum.
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SI Section 3: Structure and mechanical stability of XPE

Figure S2 a) Digital images representing the mechanical stability of D-XPE-2 membranes under 
repeated stretching conditions b) General representation of a cross-linked polymer network.
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SI Section 4: ATR-FTIR Spectra

Figure S3 ATR-FTIR spectra of the reactive solution and the S-XPE-x samples from a) 400 to 4000 cm-1. The 
magnified spectra in the wavenumber regions of b) 3045-3120 cm-1, c) 1605-1670 cm-1, and d) 950-1030 
cm-1, representing the disappearance of the peaks corresponding to-C=C- bonds.

Peak position (cm-1)
Sample

LP MP RP
Tg (oC)

Li-P-1 1133 1098 1059 -67
Li-P-2 1133 1094 1058 -68
Li-P-3 1133 1093 1056 -59
Li-P-4 1134 1092 1057 -46
Li-P-5 1133 1091 1058 -30

Table S4 The changes associated with the LP, MP and RP peak positions of the entire Li-P-x samples and 
their respective Tg values.
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The single peak at 1098 cm-1 in between the wavelength region of 1040-1160 cm-1 as observed in the case 
of PEGDME is subjected to tremendous changes with the addition of LiTFSI into it. With the addition of 
LiTFSI into PEGDME (Li-P-1), a set of two new shoulder peaks are appeared neighboring the broad MP peak 
at 1098 cm-1. These triplet peaks are positioned at 1133 cm-1 (LP), 1098 cm-1 (MP) and 1059 cm-1 (RP), 
respectively. The observation of triplet peak is associated with the conformational changes occurred in 
PEGDME as already explained in the main text (Section 2.2). From, the nature of these triplet peaks, it is 
possible to decipher the interaction of Li+ ions with –EO units and the accompanied conformational 
changes occurred in the system. The subsequent addition of LiTFSI into PEGDME is accompanied with 
apparent changes in the position and intensity of LP, MP and RP peaks. The changes associated with the 
peak positions of all Li-P-x samples are summarized in Table S4. The redshift observed for MP peak as we 
move from Li-P-1 to Li-P-5, and Rp peak from Li-P-1 to Li-P-3 indicate an enhanced interaction between 
oxygen atom of -EO units and Li+-ions at high salt concentrations. However, in the case of Li-P-4 and Li-P-
5 samples, the effect is reversed in such a way that the Rp peaks are observed at higher wavenumber 
values viz., 1057 and 1058 cm-1, respectively. The observed blueshift compared to Li-P-3 may be associated 
with the reduced interaction between Li+-ions and –EO units as a result of the formation of ion-pair 
aggregates/ion clustering at very high salt content.1

Apart from the peak positions, the intensity of MP and RP peaks in each of the Li-P-x samples can also give 
valuable information regarding the interaction between -EO and Li+-ions. As it can be seen from Figure 2b 
in main text, the intensity of the MP peak is decreased with successive addition of LiTFSI into PEGDME. At 
the same time, the RP peaks are sharp and more or less of the same intensity except for Li-P-1 sample. 
The reduction in the MP peak intensity is associated with the decreased amount of free –EO units in the 
respective samples owing to the concomitant enhancement in the coordination of more –EO units with 
Li+ ions. The evolution of sharp RP peaks in the case of Li-P-2 to Li-P-5 samples compared to Li-P-1 is directly 
related to the reduction in MP peak intensity, where the intensity of RP peak corresponds to the amount 
of interacting –EO units.

Peak position (cm-1) Tg(°C)
Sample

LSX MSX RSX

S-XPE-1 1133 1098 1059 -54

S-XPE-2 1133 1094 1056 -52

S-XPE-3 1133 1093 1054 -41

S-XPE-4 1133 1093 1054 -30

S-XPE-5 1133 1093 1053 -24
Table S5 The changes associated with the LSX, MSX and RSX peak positions of the entire series of S-XPE-x 
samples and their respective Tg values.
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In the region between 1040 and 1160 cm-1, the ATR-FTIR spectrum of the cross-linker (PEGDAE, Figure 2c, 
Main text) looks similar to that of PEGDME with a broad peak centered at 1098 cm-1.This is obvious 
considering the structural similarity of both molecules except at their terminals. Interestingly, in the case 
of S-XPE-0, a broad triplet is observed with peak maximums at 1144 (LSX), 1098 (MSX) and 1060 cm-1 (RSX), 
respectively. This is already explained in the main text by means of the chemical cross-links induced by X-
PEGDAE.  The triplet peaks are retained with the introduction of LiTFSI to form the XPEs. In the case of S-
XPE-1 and -2, the intensity of the triplet peak is rather high compared to S-XPE-3,4 and 5. 

Figure S4 Digital images of the inversion tests of Li-P-X specimens showing the increment in viscosity with 
respect to an increase of LiTFSI content in PEGDME.
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SI Section 5: Thermal characterization

Figure S5 DSC thermograms ofLi-P-1, Li-P-2 and Li-P-3 solutions.

Figure S6 DSC thermograms of S-XPE-0 sample.
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Figure S7a)TGA profiles of Li-P-x (x=1,3 and 5), and b) S-XPE-x (x=1, 3 and 5) samples.

The thermal stability of the Li-P-x and S-XPE-x samples is characterized by TGA analysis and the profiles 
are presented in Figures S7a and b, respectively. In the case of Li-P-1, three major weight lose regions are 
clearly observed. It can be seen from the derivative plot that the broad weight lose occurred in the region 
between 180-380oC correspond to the evaporation/degradation of PEGDME molecules present in Li-P-1.2 
The inflection point associated with this process is recorded to be at 329oC. Interestingly, in the case of Li-
P-3, the degradation associated with PEGDME molecule is suppressed whereas the peak is completely 
disappeared in Li-P-5 sample. In other words, the onset of thermal degradation at 180oC in the case of 
Li-P-1 is significantly improved to about 300oC in the case of Li-P-5. This proves the favorable effect of 
higher salt content in improving the thermal stability of the Li-P-x samples. This further supports the claims 
regarding the changes in physiochemical properties of PEGDME by means of the interactions with Li+-ions. 
The peaks beyond 400oC in the case of Li-P-x specimens are associated with the decomposition of LiTFSI.3

In the case of S-XPE-x samples, the degradation peaks corresponding to the PEGDME molecules are not 
very prominent. However, considering the onset of degradation at 180oC similar to the case of Li-P-1, it 
can be concluded that PEGDME degradation is occurring in the case of S-XPE-1 as well. In the case of S-
XPE samples also, the onset of PEGDME degradation is found to be increased with an increase in LiTFSI 
content. Hence, the maximum thermal stability is exhibited by S-XPE-5 which is up to 250oC. This value is 
50oC less than the thermal stability of Li-P-5 sample and could be contributed from the degradation of the 
cross-linked polymer matrix, which is coupled with degradation of PEGDME. Additionally, an inflection 
point at 368oC is observed in the case of S-XPE-1 which could be due to the degradation of poly vinyl 
ethylene carbonate chains present in the cross-linked polymer matrix.4,5 In the case of S-XPE-x specimens 
also, the weight loses beyond 400oC are attributed to LiTFSI decomposition. In both cases, as evidenced 
from MS spectra, water is expelled until 130°C for both Li-P-1 and S-XPE-1. Water was also evaporated 
from the system above 330°C due to the decomposition of ether molecules. Small amount of 
hydrocarbons are also escaped from both the samples only above 300°C. The main decomposition 
products of LiTFSI salt were the fluorinated carbons such as CF3, and CF2 at respective AMUs above 300°C. 
Thus, it can be concluded that the TGA results obtained are in agreement with the MS data with respect 
to assigning the stages of the sample decomposition.   
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Figure S8 AMU of the products released during the TGA−MS analysis. The graph is reported as the ion 
current vs. test time for different molecules expelled during the TGA analysis of a) Li-P-1 salt, and b) S-
XPE-1.
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SI Section 6: Ionic Conductivity, activation energy and ESW of Li-P-x and D-XPE-x samples 

Figure S9 a) Ionic conductivity vs. temperature plot of the Li-P-1 and -5 samples, b) VTF fit of the same 
plot of Figure S9a, and c) determination of anodic stability of S-XPE-x membranes against stainless steel 
(StSt) as the working electrode.
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Figure S10 a) Current vs. potential (vs. Li|Li+) plot representing the anodic stability of D-XPE-x samples, b) 
current vs. potential (vs. LiLi+) plot representing the cathodic stability of D-XPE-x samples, and c) the plot 
representing the change in ionic conductivity of D-XPE-x specimen with respect to temperature.

Ionic Conductivity

(mS cm-1)Sample

30oC 60oC

Transference No.

(TLi
+)

Anodic stability
(vs. LiLi+)

D-XPE-1 0.06 0.44 0.31 4.4

D-XPE-2 0.023 0.17 0.26 4.4

D-XPE-3 0.012 0.095 0.19 4.5

D-XPE-4 0.004 0.06 0.14 5

D-XPE-5 0.0006 0.012 0.11 5.2

Table S6 Ionic conductivity and anodic stability values of entire series of D-XPE-x specimens.
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SI Section 7: Li plating/stripping and LMB characterization

Figure S11 The plating/stripping profile of LiS-XPE-4Li and LiS-XPE-5Li cells.
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Figure S12 Specific capacity vs. cycle number plot corresponding to the a) LFPS-XPE-1Li b) LFP|S-XPE-
3|Li c) LFPS-XPE-4Li d) LFPS-XPE-5Li cells at various C-rates (at 60°C). 

Figure S13 a) Specific capacity vs. cycle number plots corresponding to the LFP|S-XPE-2|Li cell at various 
C-rates (40°C) and b) long-term cycling stability ofLFP|S-XPE-2|Li cell at 0.2C and 40°C.
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Figure S14 a) Long-term cycling stability of a) LFP|S-XPE-3|Li, b) LFP|S-XPE-3|Li and c) LFP|S-XPE-5|Li cells 
at 0.2C and 60°C.

Figure S15 Long-term cycling stability of a) NCA|D-XPE-1|Li, and b) NCA|D-XPE-3|Li at 0.1C and 60°C.
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