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A B S T R A C T

The rapid pace of technological advancement in field of electric vehicles and need in sustainable energy sources
calls for new, high-performance energy storage technologies. Lithium metal batteries (LMBs) based on solid
polymer electrolyte represent a promising battery technology to increase energy density of conventional batteries
while enhancing safety, eliminating dendrite formation, and providing mechanical flexibility. In this study, we
developed novel polyimide-poly(ethylene oxide) (PI-PEO) copolymers and employed them as solid polymer
electrolytes for LMBs. Copolymers with 5, 15, and 30 mol% of PEO-containing diamine were synthesized by
reacting with aromatic dianhydride and diamine, using a facile and eco-friendly method in a benzoic acid melt.
Chemical structures were confirmed using NMR and IR spectroscopy. Glass transition temperatures varied from
24 ◦C to 195 ◦C, increasing with a decrease in the PEO/PI moiety ratio. All copolymers demonstrated good
thermal stability up to T5% > 345 ◦C with a two-step degradation and favorable mechanical properties below the
glass transition temperature, as observed by DMA measurements. Solid polymer electrolytes with 70 wt% of
LiTFSI exhibited an ionic conductivity of 1.4 × 10− 4 S cm− 1 at 70 ◦C, with a transference number of 0.7. The
polymer electrolyte exhibited non-flammable properties and the potential for utilization in lithium metal bat-
teries, indicating the promising application of these new polymers for high-safety battery systems.

1. Introduction

Lithium-ion batteries (LIBs) are the most ubiquitous technology used
currently in energy storage for portable electronic devices and electric
vehicles. The need to enhance performance and safety has driven the
development of new materials for use in LIBs [1]. While traditional
liquid electrolytes in LIBs offer high efficiency, concerns about their
safety, such as toxicity, flammability, and leakage, underscore the
imperative to develop new electrolytes [2]. Polymer electrolytes are
promising candidates due to their potential to enhance safety by elimi-
nating volatile and flammable liquid electrolytes. Additionally, they
offer good processability, high mechanical and thermal properties, and
lightweight characteristics [3–8]. Furthermore, the utilization of solid

polymer electrolytes allows for the development of dendrite-free LMBs
with higher theoretical capacity (3860 mAh/g) and improved safety in
comparison with LIBs [9–11].
Generally, solid polymer electrolytes (SPEs) consist of a polymer

matrix and an ion-conducting salt dissolved in the polymer [12]. Among
all polymers that have been studied as SPEs, poly(ethylene oxide) (PEO)
clearly stands out and has been most extensively studied [13–15]. The
ionic conductivity of PEO was first discovered by Wright in the 1970 s,
attributed to the high solvation power provided by ether coordination
sites [16,17]. Armand further advanced this research in the 1980 s by
successfully utilizing PEO polymer electrolytes in electrochemical de-
vices [18]. In the 2000 s, batteries utilizing PEO-based SPE were
commercialized by the Bolloré group, employing lithium metal anodes
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and lithium iron phosphate (LFP) cathodes that allowed operation at
temperatures ranging between 60 and 80 ◦C [19]. Despite this first
application, there is still room for improvement of polymer electrolytes
in terms of ionic conductivity, electrochemical stability, mechanical and
thermal properties. PEO possess a low glass transition temperature and a
good salt solvation ability. However, it is semi-crystalline polymer in
which ionic transport mainly occurs in the amorphous phase, resulting
in low ionic conductivity at temperatures below its melting point of
around 70 ◦C. With increasing temperatures, the crystalline domains
melt, leading to a dramatic drop in mechanical properties, but a notable
increase in ionic conductivity. Various strategies have been successfully
employed to decrease the crystallization degree of PEO and improve the
mechanical properties, such as by copolymerization [20,21], blending
[22–24], crosslinking [25–27] and introduction of nanoparticles
[28–30]. For example, PEO was copolymerized using radical polymeri-
zation with polystyrene [31–33], polyacrylonitrile [34], methacrylic
sulfonamide [35] or ring opening polymerization with poly(ε-capro-
lactone) [36], poly(iminoethylene) [37], poly(lactic acid) [20]. How-
ever, presence of regular structures and long PEO chains still lead to the
presence of a crystalline phase. Copolymerization of PEO with poly-
benzoxazine by Wang et al. [38] using polycondensation resulted in a
completely amorphous polymer with good mechanical properties that
was successfully utilized for LMB. Additionally, polycondensation is
known for its random distribution of functional units, often resulting in
an amorphous structure [39]. Therefore, synthesis of PEO containing
copolymers using polycondensation might lead to completely amor-
phous polymers with good mechanical properties and high ionic
conductivity.
Aromatic polyimides (PI) stand out as one of the most heat-resistant

high-performance polymers, characterized by outstanding mechanical
properties, excellent thermal stability, fire and insulation resistance, and
high chemical stability in aggressive environments [40–44]. These
properties make them indispensable not only in advanced aircraft and
airspace industries, but also in energy storage devices [45,46], where
they serve as binders [47,48], separators [49], redox-active materials
[50–52], coatings [53], nanofiber [54,55] and electrolytes [56–58].
Various PEO-PI copolymers have been previously synthesized for ap-
plications in gas separation [59,60], electrode redox-active materials
[48,51], binders [48], dielectric film capacitors [61], and fuel cells
[62–64], exhibiting an amorphous structure and excellent thermal sta-
bility. Consequently, the high thermal and mechanical stability of PI,
coupled with the good solvation ability and ionic conductivity of PEO,
suggests that a novel class of amorphous polymer electrolyte may be a
promising candidate for high-temperature LMBs.
In this study, new PI-PEO copolymers with various block ratios were

synthesized via polycondensation reaction. The structure–property
relationship was characterized for their thermal, mechanical and elec-
trochemical properties. An optimized copolymer formulation was used
as SPE in a LMB and examined over 50 cycles, demonstrating its po-
tential use as a non-flammable solid polymer electrolyte.

2. Experimental

2.1. Materials

Jeffamine ED-2003, 4,4′-(hexafluoroisopropylidene)diphthalic an-
hydride (99 %) (6FDA), benzoic acid (≥99.5 %), 4,4′-(hexa-
fluoroisopropylidene)bis(p-phenyleneoxy)dianiline (97 %) (HFBAPP)
were purchased from Sigma-Aldrich (USA). Bis(trifluoromethane)sul-
fonimide lithium salt (LiTFSI, 99.95 %, ABCR) and acetone, anhydrous
(≥99.8 % max. 0.01 % H2O, VWR) was stored inside a glove box
(MBraun Unilab, < 0.1 ppm H2O, < 0.1 ppm O2) under an argon at-
mosphere. All other solvents and reagents were of analytical grade or
higher and were used without further purification.

2.2. Analytical methods

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR))
spectra were recorded in the range of 4000–400 cm− 1 on a Bruker Vector
22 spectrometer. Differential scanning calorimetry (DSC) thermograms
were recorded using TA DSC Q200 (USA) with heating rates of 20 ◦C/
min in nitrogen atmosphere. The samples were heated up to 250 ◦C and
cooled down to the − 60 ◦C at heating rate of 20 ◦C/min before the
measurements. 1H NMR spectra were recorded using a Bruker Ascend
400 NMR spectrometer (Germany) with a working frequency of 400
MHz. CDCl3 was used as solvent in NMR experiments. Size exclusion
chromatography (SEC) measurements were carried out in THF on a
Tosoh Bioscience HLC- 8320GPC EcoSEC (Japan) system equipped with
three PSS SDV columns of 5 μm (100 Å, 1000 Å, 100000 Å) (8 × 300
mm), as well as a UV and a differential refractive index detector. The
operation temperature was set to 35 ◦C, with a flow rate of 1 mL min− 1.
The system was calibrated using poly(methyl methacrylate) standards.
Dynamic mechanical analysis (DMA) measurements were performed
using an Eplexor 150 N Netsch dynamic mechanical analyzer (Germany)
at a fixed frequency of 1 Hz using extension clamp. The samples having
dimension of 30 mm × 8 mm × 0.1 mm were heated at a heating rate of
2 ◦C/min. Thermogravimetric analysis (TGA) was performed using TA
TG5500 thermobalance (USA) at a heating rate of 10 ◦C min− 1 up to
600 ◦C under nitrogen flow of 100 mL min− 1. X-ray diffraction (XRD)
measurements of polymer films were conducted on a STADI-P (STOE)
setup with Cu-Kα1 radiation and transmission geometry. The measure-
ments were performed in the 10-90◦ range, using a linear MYTHEN2
detector.

2.3. Synthesis of PI95-PEO5 copolymer

In a 10 mL two-neck round-shaped flask equipped with a magnetic
stirrer and a nitrogen inlet/outlet 6FDA (0.45 g, 1.0129 mmol, 100 eq.)
and Jeffamine ED-2003 (0.098 g, 0.0506 mmol, 5 eq.) were added
together with 2.44 g of benzoic acid. The reaction mixture was stirred at
155 ◦C under flow of nitrogen. When all components become completely
soluble, the mixture was stirred for 1 h. After that, HFBAPP (0.499 g,
0.9623 mmol, 95 eq.) was added to the reaction mixture and was stirred
for additional 3 h. Then the hot reaction mixture was poured onto a Petri
dish and cooled to room temperature. The solid reaction mass was
ground in a mortar, and benzoic acid was extracted with ethanol. The
product was dried under vacuum at 60 ◦C for 24 h. Yield: 77 %.
FT-IR (ATR, cm− 1): 2873 (C–H stretching of PEO), 1784 and 1720

(C=O symmetric and asymmetric vibration of imide cycle), 1374 and
745 (C—N bending of imide cycle), 1091 (C—O stretching of PEO), 828
(H—C–H rocking of PEO).

1H NMR (400 MHz, CDCl3) δ: 8.05 (d, J=8.0 Hz, Ar—H), 7.93 (s,
Ar—H), 7.88 (d, J=7.9 Hz, Ar—H), 7.80 – 7.74 (m, Ar—H) 7.41 (e,
J=9.3 Hz, Ar—H), 7.19 (d, J=8.9 Hz, Ar—H), 7.05 (d, J=8.9 Hz,
Ar—H), 3.64 (s, C–H).
SEC (THF): Mn = 4.49 × 104 g/mol, Mw = 7.43 × 104 g/mol, Ð =

1.65.

2.4. Synthesis of PI85-PEO15 copolymer

In a 10 mL two-neck round-shaped flask equipped with a magnetic
stirrer and a nitrogen inlet/outlet 6FDA (0.451 g, 1.0152 mmol, 100 eq.)
and Jeffamine ED-2003 (0.2939 g, 0.1523 mmol, 15 eq.) were added
together with 2.8 g of benzoic acid. The reaction mixture was stirred at
155 ◦C under flow of nitrogen. When all components become completely
soluble, the mixture was stirred for 1 h. After that, HFBAPP (0.447 g,
0.8629 mmol, 85 eq.) was added to the reaction mixture and was stirred
for additional 3 h. Then the hot reaction mixture was poured onto a Petri
dish and cooled to room temperature. The solid reaction mass was
ground in a mortar, and benzoic acid was extracted with ethanol. The
product was dried under vacuum at 60 ◦C for 24 h. Yield: 77 %.
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FT-IR (ATR, cm− 1): 2878 (C–H stretching of PEO), 1780 and 1720
(C=O symmetric and asymmetric vibration of imide cycle), 1378 and
746 (C—N bending of imide cycle), 1096 (C—O stretching of PEO), 829
(H—C–H rocking of PEO).

1H NMR (400 MHz, CDCl3) δ: 8.07 – 8.00 (m, Ar—H), 7.93 (s,
Ar—H), 7.92 – 7.86 (m, Ar—H), 7.81 – 7.74 (m, Ar—H) 7.41 (t, J=9.2
Hz, Ar—H), 7.19 (d, J=8.0 Hz, Ar—H), 7.05 (d, J=8.4 Hz, Ar—H), 3.64
(s, C–H).
SEC (THF): Mn = 2.89 × 104 g/mol, Mw = 5.33 × 104 g/mol, Ð =

1.84.

2.5. Synthesis of PI70-PEO30 copolymer

In a 10 mL two-neck round-shaped flask equipped with a magnetic
stirrer and a nitrogen inlet/outlet 6FDA (0.441 g, 0.9936 mmol, 100 eq.)
and Jeffamine ED-2003 (0.575 g, 0.2981 mmol, 30 eq.) were added
together with 2.8 g of benzoic acid. The reaction mixture was stirred at
155 ◦C under flow of nitrogen. When all components become completely
soluble, the mixture was stirred for 1 h. After that, HFBAPP (0.361 g,
0.6955 mmol, 70 eq.) was added to the reaction mixture and was stirred
for additional 3 h. Then the hot reaction mixture was poured onto a Petri
dish and cooled to room temperature. The solid reaction mass was
ground in a mortar, and benzoic acid was extracted with hot water. The
product was dried under vacuum at 60 ◦C for 24 h. Yield: 78 %.
FT-IR (ATR, cm− 1): 2868 (C–H stretching of PEO), 1781 and 1716

(C=O symmetric and asymmetric vibration of imide cycle), 1377 and
747 (C—N bending of imide cycle), 1091 (C—O stretching of PEO), 830
(H—C–H rocking of PEO).

1H NMR (400 MHz, CDCl3) δ: 8.07 – 8.00 (m, Ar—H), 7.94 (s,
Ar—H), 7.91 – 7.87 (m, Ar—H), 7.80 – 7.74 (m, Ar—H) 7.41 (t, J=9.5
Hz, Ar—H), 7.19 (d, J=8.4 Hz, Ar—H), 7.06 (d, J=8.4 Hz, Ar—H), 3.64
(s, C–H).
SEC (THF): Mn = 2.87 × 104 g/mol, Mw = 4.58 × 104 g/mol, Ð =

1.59.

2.6. Positive electrode preparation and cycling of Li◦ | LFP polymer cell

For the preparation of positive electrodes for electrochemical tests
0.130 g of LFP, 0.040 g of carbon black, 0.010 g of PVdF, 0.010 g of
LiTFSI, and 0.010 g of PI85-PEO15 (65:20:5:5:5 ratio by mass) were
weighed in a ball-mill container, and 1 mL of N-methyl-2-pyrrolidone
was added. The container was transferred to a ball-mill mixer SPEX
8000, and the slurry was mixed for 10 min. Subsequently, the slurry was
spread onto a conductive carbon-coated aluminum foil (MTI, 18 µm)
using an automatic film applicator Zehntner ZAA 2300 with a gap width
of 150 μm and dried after deposition at 60 ◦C. The mass loading was
~1.5 mg cm− 2. Round-shaped electrodes with a diameter of 14mmwere
cut out and dried at 110 ◦C for 12 h under vacuum prior to use.

2.7. Preparation of solid polymer electrolyte

Prior to SPE preparation, the respective polymer was dried at 60 ◦C
under vacuum for 24 h and introduced in to the glovebox. The polymer
as well as the corresponding amount of LiTFSI salt with predefined ratios
were both dissolved in anhydrous acetone. After complete dissolution, a
homogenous mixture was casted into a Teflon dish. Acetone was
removed slowly at room temperature overnight followed by additional
drying of the polymer electrolyte film at 40 ◦C for 24 h in vacuum oven
inside the glovebox. The resulting films with a thickness of ~200 μm
were peeled off from the Teflon molds.

2.8. Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) was measured using a
coin-type cells (2032-type round button cell) that were assembled in an
Ar-filled glovebox. Polymer films with a diameter of 10 mm were

sandwiched between two stainless steel (SS) electrodes and measured
using VSP potentiostat (BioLogic Science Instruments, France) over a
frequency range from 1 MHz to 500 mHz with an amplitude of 20 mV.
All samples were preconditioned overnight, in a temperature chamber
Binder MK-56 (Germany) at 60 ◦C and then measured in temperature
range between 20 and 70 ◦C with gradual temperature increase in 10 ◦C.
Each temperature was held constant for 2 h before recording impedance
spectra. Further, the bulk electrolyte resistance (Rb) was estimated from
the Nyquist plot, and the ionic conductivity (σ) was calculated according
to equation (1):

σ =
1
Rb

⋅
l
A

(1)

where l represents the thickness, and A represents the area of a SPE
film.
Lithium-ion transference numbers (TLi+) were determined using the

Bruce and Vincent method at 60 ◦C. Symmetric Li◦ /Li◦ cells were
polarized at 10 mV until the current reached a steady-state to determine
the initial current (I0) and the steady-state current (ISS). EIS was recor-
ded before and after the polarization to get the initial interfacial resis-
tance (R0) and the steady state interfacial resistance (RSS). TLi+ were
calculated via the equation (2):

TLi+ =
Iss(ΔV − I0R0)
I0(ΔV − IssRss)

(2)

Linear sweep voltammetry (LSV) was conducted at 60 ◦C from OCV
to 6 V for SS/SPE/Li◦ cell with a scanning rate of 1 mVs− 1. CR2032 cells
(Li◦ | LiFePO4) were assembled in an argon-filled glove box. The Li◦ |
LiFePO4 cells were charged and discharged in a potential range between
2.5 and 3.9 V at 60 ◦C.
A lithium plating-stripping test was performed for a Li◦/SPE/Li◦

symmetrical cell with current densities of 0.01, 0.02, 0.05, and 0.1 mA
cm− 2 at 60 ◦C. During each cycle, the cell was charged/discharged for 1
h, followed by a 30-minute rest period.

3. Results and discussion

3.1. Synthesis and characterization of the copolymers

A series of PI-PEO copolymers were synthesized using one-pot, two
step synthesis in benzoic acid melt (Scheme 1) [65,66]. Using of benzoic
acid as an active media allows the synthesis of high molecular weight PI-
PEO copolymers without using toxic solvents, such as N-methyl-2-pyr-
rolidon [60,61] or dimethylacetamide [50,62]. Benzoic acid catalyzes
the imidization reaction and no additional treatment is needed, in
contrast to the traditional two-stage method. Copolymers PI95-PEO5,
PI85-PEO15 and PI70-PEO30 were synthesized with different mole ratios,
as described in experimental section. In accordance with the molar ratio
between Jeffamine ED-2003 and HFBAPP, copolymers were designated
as PI95-PEO5, PI85-PEO15 and PI70-PEO30, respectively. Syntheses of
copolymers were performed in two steps: in the first step a predefined
amount of Jeffamine ED-2003 reacted with an excess of 6FDA leading to
oligomers with anhydride end groups. In the second step, aromatic
diamine HFBAPP was introduced up to equimolar concentration be-
tween amine and anhydride groups. For polymers PI95-PEO5 and PI85-
PEO15, benzoic acid was extracted using ethanol. Because PI70-PEO30
swelled in ethanol, it was purified with hot water.
The chemical structures of the copolymers were characterized using

1H NMR. Fig. 1 illustrates the 1H NMR spectrum of PI95-PEO5, which is
representative for all polymers. Model compounds (diimides) based on
6FDA, 4,4′-(4,4′-isopropylidenediphenoxy)diphthalic anhydride and 4-
aminophenyl propargyl ether were previously described in literature,
and their NMR spectra were used for correct assignments [67]. The
signals observed at 8.06–8.04 ppm (1), 7.94 ppm (2) and 7.90–7.88 ppm
(3) were assigned to the aromatic protons coupled with imide ring in
6FDA. The proton signals originating from HFBAPP appeared at

T.I. Kolesnikov et al.
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7.43–7.38 ppm (4,5), 7.21–7.18 ppm (6) and 7.07–7.04 ppm (7). The
alkyl protons of Jeffamine were identified in the high field at 3.64 ppm
(8). From the integration results, experimental molar block ratios were
calculated based on the ratio between aliphatic and aromatic protons.
Additionally, experimental ratios of PEO:HFBAPP are summarized in
Table 1. The chemical structures of PI85-PEO15 and PI70-PEO30 were also
confirmed via 1H NMR spectroscopy, and the comparative spectra are
presented in the Supplementary Information (Figures S1 – S3). An in-
crease in the concentration of PEO blocks led to the appearance of new
signals in the aromatic region at 8.02–8.00 ppm, 7.90–7.88 ppm and
7.80–7.75 ppm. These signals were attributed to the 6FDA fragment

linked with the aliphatic diamine. Furthermore, the fraction of detected
aromatic protons in the copolymers decreased in comparison to the
fraction of aliphatic protons of PEO, when increasing the feed ratio
between Jeffamine ED-2003 and HFBAPP. Additionally, for the correct
assignment, COSY spectrum of PI85-PEO15 are shown in the Supple-
mentary Information (Figure S4).
The ATR-FTIR spectra of copolymers are shown in the Supplemen-

tary Information (Figures S5 – S7). All polymers show the absorption
bands at 1780 cm− 1 (symmetric imide C=O stretching), 1720 cm− 1

(asymmetric imide C=O stretching) as well as at 1375 cm− 1 and 745
cm− 1, corresponding to C—N stretching of the imide ring, confirming

Fig. 1. 1H NMR spectrum of PI95-PEO5 copolymer.

Table 1
Targeted and experimental blocks ratio of the PI-PEO copolymers.

Sample Feed mole ratio of
HFBAPP:PEO

Observed molar ratio of
HFBAPP:PEO by 1H NMR

Target wt. % of
PEO fraction

Experimental wt. % of PEO
fraction from 1H NMR (%)

Experimental wt. % of PEO
fraction from TGA (%)

T5%1

(◦C)
C6002

(%)

PI95-
PEO5,

0.95:0.05 0.955:0.045 9.3 8.5 9.5 375 55

PI85-
PEO15

0.85:0.15 0.863:0.137 24.6 22.9 23.5 355 39

PI70-
PEO30

0.7:0.30 0.721:0.279 41.8 39.7 41.1 345 28

1 Temperature of 5% weight loss in nitrogen atmosphere.
C6002 char yields at 600 ◦C.

Scheme 1. Synthetic routes for PI-PEO copolymers (x = 0.05; 0.15; 0.3).

T.I. Kolesnikov et al.
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successful imidization. The characteristic peak at 2870 cm− 1 due to the
stretching of C–H, at 1090 cm− 1 due to the stretching of C—O, and at
830 cm− 1 due to the rocking vibrations of H—C–H increased with the
higher PEO content. Overall, the FTIR and NMR spectra demonstrated
good alignment with previously reported PI-PEO copolymers [60].
Generally, polyimides have a low solubility in common organic

solvents due to strong interchain interactions and their rigid structure
[40]. However, the presence of long aliphatic chain of PEO and bulky
fluorinated substituent significantly increased the solubility of PI-PEO
copolymers. All polymers were soluble in common organic solvents,
such as N,N-dimethylformamide (DMF), N-methylpyrrolidone (NMP),
tetrahydrofuran (THF), acetonitrile and toluene. The copolymer PI70-
PEO30, with highest concentration of PEO content, was even soluble in
ethanol and n-hexane. This enhanced solubility of PI-PEO copolymers
enabled a thorough SEC characterization. The results of the SEC mea-
surements and the solubility of copolymers are summarized in Table 2.
All copolymers exhibited low dispersities (Ð < 2.0), considering the
polymers were obtained by polycondensation. The copolymer with the
highest concentration of HFBAPP demonstrated the highest molecular
weight, likely due to its higher reactivity and purity compared to Jeff-
amine. SEC curves of copolymers are presented in the Supplementary
Information (Figure S8). The obtained values of molecular weight were
close to those previously reported for polyimides that were used for
lithium metal batteries [56,57].

3.2. Thermal properties of the copolymers

All copolymers were also analyzed via DSC using a heating rate of
20 ◦C min –1 and the resulting thermograms are presented in Fig. 2. An
amorphous structure is crucial for polymer electrolytes as there typically
no ion transport is observed in crystalline regions [24,68].. All co-
polymers exhibited an amorphous nature as evidenced by the absence of
endothermic peaks corresponding to melting, i.e., DSC curves showed
the clear absence of PEO melting peaks. The presence of bulky fluori-
nated substituents and interchain interactions between imide rings
likely inhibited crystallization of PEO. The temperature of the glass
transition shifted depending on the ratio between aliphatic and aromatic
blocks. PI70-PEO30 exhibited the lowest glass transition temperature at
24 ◦C due to the highest fraction of PEO. As the aromatic polyimide
block content increased, glass transition temperature rose, reaching
96 ◦C and 195 ◦C for PI85-PEO15 and PI95-PEO5, respectively. Therefore,
by adjusting the ratio between the aromatic PI block and the aliphatic
PEO block, the glass transition temperature of the copolymers can be
tuned. The amorphous structures of the copolymers were further
confirmed by X-ray diffraction (Figure S9). As can be seen from the
diffractograms, all samples demonstrate a broad amorphous halo
without any distinguishable reflections. In contrast to the
polydimethylsiloxane-polyimide copolymers, the copolymers synthe-
sized in this work do not exhibit phase separation [69].
Thermal stability of copolymers was evaluated using TGA in nitrogen

atmosphere. Good thermal stability is of great importance for polymer
electrolytes [11]. TGA measurements were performed in a range from
50 ◦C to 600 ◦C at a heating rate of 10 ◦C min− 1. TGA curves of co-
polymers are shown in Fig. 3. It is widely acknowledged that fluorinated
polyimides possess better thermal stability due to the higher bond
strength of C—F [67,70], which is reflected in the TGA curves. The

thermal decomposition of PI-PEO copolymers occurred in two steps.
Initially, a degradation of less thermally stable, aliphatic chain took
place between 310 ◦C and 410 ◦C. Subsequently, at the higher temper-
atures, decomposition of aromatic block took place. The distinct sepa-
ration of these two decomposition stages allowed for the additional
evaluation of the content of the PEO fraction by the end of the first
degradation step. The residual weight fraction of the copolymers after
the first decomposition step, as well as the temperatures of 5 % weight
loss, are summarized in Table 1. The values obtained from TGA are
consistent with those from NMR spectroscopy, confirming the successful
synthesis of copolymers with a block ratio close to the targeted one.
Temperature of 5 %weight loss as well as char yields at 700 ◦C increased

Table 2
Targeted and experimental blocks ratio of the copolymers.

Sample Solvent Mn (g/mol) Mw (g/mol) Ð

NMP DMF THF CHCl3 ACN Acetone (C2H5)2O C2H5OH C6H14 ×104 ×104 D

PI95-PEO5, + + + + − + + – – 4.49 7.43 1.65
PI85-PEO15 + + + + + + + – – 2.89 5.33 1.84
PI70-PEO30 + + + + + + + + + 2.87 4.58 1.59

+ soluble, – insoluble.

Fig. 2. DSC thermograms of PI-PEO copolymers.

Fig. 3. TGA curves of PI-PEO copolymers in nitrogen.

T.I. Kolesnikov et al.
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with an increase in the HFBAPP:PEO mole ratio due to a decrease in the
less thermally stable PEO fraction. All copolymers exhibited excellent
thermal stabilities and could be utilized at high temperatures, up to
350 ◦C.
As SPEs serve the dual role of separator and electrolyte, possessing

goodmechanical properties is crucial for suppressing dendrite formation
and preventing short-circuits [71,72]. All prepared copolymers showed
good film-forming properties after casting from solution, yielding self-
standing films of ~ 100 µm at room temperature. To evaluate the me-
chanical properties of films at different temperatures, DMA was used.
The plots of the storage modulus as a function of temperature are shown
in Fig. 4. Copolymer PI95-PEO5 and PI85-PEO15 showed good mechanical
properties with a modulus exceeding 2 GPa up to their glass transition.
However, at temperatures of 82 ◦C and 178 ◦C for PI85-PEO15 and PI95-
PEO5, respectively, a significant decrease in storage modulus occurred,
corresponding to the transition from the glassy state to the rubbery state.
Due to its low glass transition temperature, copolymer PI70-PEO30
experienced a decrease in storage modulus at lower temperatures,
reaching a value of 400 MPa at 25 ◦C. Therefore, only copolymers PI95-
PEO5 and PI85-PEO15 were further considered for application as polymer
electrolytes.

3.3. Properties of polymer electrolytes

The polymer electrolytes based on the PI-PEO copolymers were
prepared using solution casting technique. First, the feasibility of
preparation homogenous solutions of the copolymers with LiTFSI in
acetone was investigated. The presence of PEO chains in the copolymers,
enabled the coordination of lithium salt, facilitating the dissolution
LiTFSI in high concentration to form a polymer-in-salt electrolyte (with
concentration of LiTFSI>50 wt%) [73,74]. Noteworthy, PI95-PEO5
featuring the lowest concentration of PEO, could only dissolve up to 40
wt% of LiTFSI. Consequently, PEO primarily facilitated the dissolution
of LiTFSI, while the PI block enhanced the mechanical properties. For an
objective comparison, compositions with 40 wt% of LiTFSI were pre-
pared for all copolymers, and their ionic conductivities were measured
from 20 ◦C to 70 ◦C, as depicted in Fig. 5a. After the preparation of SPE,
the glass transition temperature cannot be measured using DSC due to
the high salt content. This is a common feature of compositions with
high salt content, especially for polymer-in-salt compositions [3].
All copolymers demonstrated a gradual increase in conductivity with

increasing temperature. As observed from the Arrhenius plot, at a con-
centration of 40 wt% of LiTFSI, all copolymers exhibited ionic

conductivities in the same order of magnitude. The increase in the
fluorinated imide block decreases the dependence of ionic conductivity
on temperature. This effect may arise from different ethylene oxide/
lithium ratios or from the enhanced chain mobility of copolymers with
higher PEO concentrations. However, PEO blocks are responsible for the
dissolution of lithium salt, which is why the PI95-PEO5 copolymer was
unable to dissolve a higher amount of LiTFSI than 40 wt% due to the low
fraction of PEO chains.
Therefore, PI85-PEO15 copolymer was utilized to investigate the in-

fluence of salt concentration on the ionic conductivity. The dependence
of ionic conductivity on temperature for PI85-PEO15 with different
LiTFSI concentrations was measured using EIS. Ionic conductivity was
measured from 20 ◦C to 70 ◦C, and the results are depicted in Fig. 5b. It
was observed, that with an increase in salt concentration from 40 wt%,
up to 70 wt%, the ionic conductivity gradually increased. Specifically,
the ionic conductivity of PI85-PEO15 increased from 1.2 × 10-6 S cm− 1

for composition with 40 wt% up to 1.34 × 10-4 S cm− 1 for composition
with 70 wt% at 70 ◦C. A similar trend of increasing ionic conductivity
with increase of salt content was shown in work of J. Zhang et al.when a
“polymer in salt” level was reached [75]. With an increase in salt con-
tent, the free volume in the polymer electrolyte also rises, leading to
higher charge carrier mobility between anion clusters, and an increase
in ionic conductivity [76]. Additionally, the presence of specific
Li–anion–polycation co-coordination has been previously demonstrated
for poly(ionic liquid)s, showing increased ionic conductivity with an
increase in salt concentrations using molecular dynamics simulation
[77,78]. Therefore, the presence of charge transfer complex in poly-
imides, formed between alternating electron-donor (diamine) and
electron-acceptor (dianhydride) moieties [41,79] might contribute to
such an ionic conductivity behavior. Therefore, we assume the ion-
hopping mechanism is predominant in this system, which is common
for high concentrated polymer electrolytes [80]. All compositions
exhibited a nonlinear growth in ionic conductivity as the temperature
increased, corresponding to a water-free polymer electrolyte [76]. The
conductivity plot demonstrated gradual increase of ionic conductivity
with rise of temperature in the 20 ◦C to 70 ◦C region. For composition
containing 70 wt% of LiTFSI, the ionic conductivity rose from 1.21× 10-
6 S cm− 1 at 20 ◦C to 1.34 × 10-4 S cm− 1 at 70 ◦C.
The copolymer PI85-PEO15 with 70 wt% of LiTFSI was selected for

further experiments as it showed the highest ionic conductivity among
the tested series. To estimate lithium-ion transference numbers (TLi+) the
Bruce-Vincent method was employed [81]. The chronoamperometry
profile of the symmetric cell and the Nyquist plots before and after po-
larization at 60 ◦C are presented in Supplementary Information,
Figure S10. It is known that polymer-salt compositions exhibit a steep
increase in the TLi+ with an increasing amount of salt [82]. The molar
ratio between ethylene oxide repeating units and Li+ for the copolymer
PI85-PEO15 with 70 wt% of LiTFSI was 0.7:1. Thus, TLi+ was calculated to
be 0.7, which is common for polymer-in-salt compositions with high salt
concentration [74,78,83]. Additionally, it was previously reported that
fluorine-containing blocks interact strongly with the anion of LiTFSI and
limit its movability, leading to an increased TLi+ [84,85]. Further, the
electrochemical stability of copolymer PI85-PEO15 with 70 wt% of
LiTFSI was investigated using LSV. As shown in Figure S11 in Supple-
mentary Information the electrolyte demonstrated a two-step oxidation
with a minor oxidation peak at a potential higher than 4 V vs. Li/Li+.
This minor oxidation process could be attributed to the gradual oxida-
tion of aliphatic PEO chains of the copolymer. A similar observation,
with a two-step degradation, was demonstrated by Aldalur et al. for poly
(ethylene-alt-maleic anhydride) with grafted Jeffamine side chains [86]
and for polybenzoxazine-PEO copolymers [38].
To demonstrate the enhancement in flame-retardant properties of PI-

PEO based electrolytes, a combustion test was conducted. As shown in
the Supplementary Information (Video-1), the polymer film PI85-PEO15
with 70 wt% of LiTFSI, was exposed to a flame for 5 s, but did not ignite
and demonstrated an outstanding self-extinguishing behavior.

Fig. 4. Dependence of storage modulus from temperature for copolymers
measured by DMA.
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Conversely, polymer electrolytes based on PEO with 20:1 EO/Li ratio of
LiTFSI ignited upon contact with fire immediately and burned out
(Video-2). Results of flame tests are summarized in Fig. 6. The non-
flammable properties of the PI85-PEO15 polymer electrolyte may be
attributed to the high concentration of inorganic salt and the presence of
a trifluoromethyl group in the PI backbone, which provided excellent
flame retardancy [87,88].
To probe interface stability between PI-PEO copolymer and lithium

metal, plating/stripping test was performed at different current den-
sities. A symmetric Li◦/PI85-PEO15-LiTFSI 70 wt%/Li cell was assembled
and investigated at 60 ◦C. The cell was cycled with gradually increasing
current densities of 0.01, 0.02, 0.05, and 0.1 mA cm− 2, alternating be-
tween charge/discharge and relaxation steps. As seen in Figure S12, the
symmetrical Li-cell demonstrated reversible metal deposition at current
densities from 0.01 up to 0.1 mA cm− 2. At current densities of 0.01,
0.02, and 0.05 mA cm− 2 the cell exhibited stable overpotentials of ~ 30,
60, and 200 mV, respectively. However, at current densities of 0.1 mA
cm− 2, a dramatic increase in overpotential was observed, reaching the
limiting cut-off of 2 V, and overpotential became unstable during the
application of positive and negative current. Overall the experiments
with the PI-PEO copolymer suggest good interface compatibility with
lithium metal. Lastly, the electrochemical performance in terms of ca-
pacity retention and cycle life of PI85-PEO15 with 70 wt% of LiTFSI was
evaluated in a LMB, using LFP as positive electrode. A small fraction of
copolymer was introduced into the electrode to improve interphase
contact with the electrolyte. The loading of active material was 1.5 mg/
cm2. The cell was cycled at 0.1C for 50 cycles at 60 ◦C. Initially, issues
were encountered during the construction of the cells due to insufficient

infiltration of SPE into the porous LFP cathode leading to the low
discharge capacity (<100 mAh/g). Similar issues were noted for
polyurethane-polycarbonate copolymers [89]. This resulted in a large
portion of the LFP being inaccessible for Li+ transport, leading to low
capacities and ultimately to cell failure. Therefore, it is necessary to
include SPE in the electrode formulation to enable sufficient contact
between SPE and active material. The loading of active material was 1.5
mg/cm2. The cell was cycled at 0.1C for 50 cycles. Fig. 7a illustrates the
cycling performance of the battery with PI85-PEO15-70 wt%. The cell
demonstrated a discharge capacity of 152 mAh/g during the first cycle,
which is close to the theoretical value of 170 mAh/g, along with high
coulombic efficiency (98.3 %). Overall, the cell maintained high
columbic efficiency during 50 cycles with a capacity retention of 81.4 %
after 50 cycles. The capacity decay may be attributed to side reactions
on the electrode surface [90]. Fig. 7b shows smooth charge–discharge
curves without noticeable noise, indicating the prevention of soft
dendrite growth likely due to the good mechanical properties of the SPE.

4. Conclusions

In this study, non-flammable polyimide-poly(ethylene oxide) co-
polymers were successfully synthesized using a facile, eco-friendly
method in a benzoic acid melt and utilized as polymer electrolyte for
lithiummetal batteries. Copolymers with molar ratios of 5:95, 15:85 and
30:70 between PEO and aromatic diamine were synthesized. Chemical
structures of copolymers were confirmed via 1H NMR and IR-
spectroscopy. An increase in the PEO:PI block ratio led to a decrease
in glass transition temperature and thermal stability, accompanied by

Fig. 5. (a) Temperature dependence of ionic conductivity of PI95-PEO5, PI85-PEO15 and PI70-PEO30 with 40 % salt concentration, (b) temperature dependence of
ionic conductivity of PI85-PEO15 with different salt concentration.

Fig. 6. Results of flame tests of PEO with 20:1 EO/Li ratio of LiTFSI (top) and PI85-PEO15 with 70 wt% LiTFSI (bottom).
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improved solubility in organic solvents, demonstrating the possibility of
precise control of polymer properties. All copolymers exhibited amor-
phous structure and demonstrated high thermal stability with two step
decomposition. Copolymers PI85-PEO15 and PI95-PEO5 displayed excel-
lent mechanical properties according to DMA studies, rendering them
suitable for application as polymer electrolytes. PI85-PEO15 copolymer
was capable of dissolving up to 70 wt% of LiTFSI, achieving a polymer-
salt composition, while PI95-PEO5 dissolved only 40 wt%. The increase
in conductive salt concentration led to a gradual rise in ionic conduc-
tivity, reaching 1.34× 10-4 S cm− 1 at 70 ◦C. Polymer-in-salt composition
and charge transfer complex contributed to a high transference number,
as measured by the Bruce-Vincent method. In addition, the polymer
electrolyte exhibited non-flammable properties, as demonstrated by
combustion tests. Lastly, the LMB with LFP displayed promising elec-
trochemical performance, including a high initial discharge capacity of
152 mAh/g, high columbic efficiency, and a capacity retention of 81.4 %
after 50 cycles at 0.1C that is comparable with other SPE for high
temperature application [89,91,92]. This study introduces a tunable
polymer system for the fabrication of non-flammable, high-performing,
and safe polymer electrolytes for LMB, thereby opening avenues for
further research in this field.
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