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Abstract—Ionic liquids, salts with melting temperature below 100°C, have continuously attracted research
interest. Introduction of ionic liquids in a polymer matrix affords polymer electrolytes exhibiting extremely
high electroconductivity and electrochemical stability, membranes on their basis possessing good mechanical
properties. Diversity of the polymers/copolymers suitable as the matrix as well as practically unlimited variety
of ionic liquids (obtained via variation of the anion-cation composition and additional modification of the
ions chemical structure) have afforded the polymer electrolytes with a wide range of the physico-chemical
properties. In this study, the attention has been primarily focused on the results published over the recent
decades and related to investigation of electrolytes for electrochemical devices, in which the membranes
based on polybenzimidazole (meta-PBI), the poly(vinylidene fluoride-со-hexafluoropropylene) (PVdF-
HFP) copolymer, and ammonium or imidazolium ionic liquids have been used. Various types of polymer
electrolytes differing in the composition and the application range have been considered in this study: poly-
mer + ionic liquid, polymer + ionic liquid + acid, and polymer + ionic liquid + lithium/sodium salt. More-
over, the influence of the fillers, introduced in the above-said polymer electrolytes to improve the properties
and resolve the issue of the ionic liquid retention in the membrane, has been discussed. This report presents
vast data sets (tables) on the electroconductivity and thermal stability of more than 100 polymer electrolytes,
which are demanded by the broad journal audience.

DOI: 10.1134/S0965545X23701080

INTRODUCTION

Ionic liquids, salts with melting temperature below
100°C, have continuously attracted research interest.
Owing to their unique properties, such as low vapor
pressure, high thermal and electrochemical stability,
low flammability, and high ionic conductivity, they
have been applied in various fields: in organic synthe-
sis, as materials for electrochemical energy storage and
conversion devices, for separation and isolation of
substances, as catalysts and heat transfer agents [1‒6].
Many reviews, original reports, and patents on the
preparation, properties, and application of ionic liq-
uids have been recently published [7‒16]. Ionic liq-
uids have been used to synthesize novel materials [5,
17‒21] and studied as potential solvents for extraction
and separation of substances [22‒26] or as electrolytes
for different electrochemical devices [27‒34]. Ionic
liquids have been widely applied in biotechnology and
pharmaceutics [35‒38]. Many ionic liquids have been
synthesized and characterized; their properties, struc-
ture, and applications have been reviewed in [16,
39‒48].

Ionic liquids used in various electronic devices can
act as electrolytes in the pure form as well as compo-
nents of polymer electrolyte. Two major classes of
polymer electrolytes based on ionic liquids are as fol-
lows: polymer + ionic liquid and polymerized ionic
liquid. Polymerized ionic liquids can be prepared
either via polymerization of a monomeric ionic liquid
or via modification of a polymer. Herein, polymer
electrolytes of the polymer + ionic liquid type as well
as composite systems on their basis will be considered.
In such systems charge transfer occurs mainly in the
liquid phase, whereas the polymer matrix retains the
liquid electrolyte in the pores. Mechanism of the ion
transport in such polymer electrolytes (the liquid-like
mechanism) has been considered in [49]; it has been
shown that their ionic conductivity correlates with the
segmental relaxation of the polymer matrix, in con-
trast to the superionic glasses and crystals, in which
the ions diffusion occurs in a practically frozen struc-
ture via the solid-like mechanism. Since ionic liquid
introduced in the polymer matrix acts as plasticizer,
such polymer electrolytes are also known as gel elec-
trolytes. Furthermore, the introduction of ionic liquid
in the polymer matrix allows polymer electrolytes with
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high electroconductivity and electrochemical stability,
and the membranes on their basis exhibit f lexibility
and good mechanical properties. Diversity of the
polymers/copolymers suitable as the matrix and prac-
tically unlimited number of ionic liquids obtained via
variation of the anion-cation composition or addi-
tional modification of the ions chemical structure
afford polymer electrolytes with a broad range of phys-
ico-chemical properties. According to the Scopus
database, nearly 100% of the publications on polymer
electrolytes based on ionic liquids (the “Ionic Liquid
Polymer Electrolytes” query) are related to their
application in batteries, supercapacitors, and fuel and
solar cells. In the case of supercapacitors, the nature of
the ions providing charge transport is not important,
but it is essential to ensure proton conductivity as far as
fuel cells are concerned. Hence, aprotic ionic liquids
are mainly used in supercapacitors, whereas protic
ones are considered for fuel cells applications. In the
proton-conductive membranes of the polymer + ionic
liquid + acid type, the ionic liquid can act as plasti-
cizer as well as be involved in the proton transfer.

Owing to their properties, ionic liquids provide a
good alternative to organic solvents used in polymer
electrolytes for lithium batteries (polymer + ionic liq-
uid + lithium/sodium salt), since efficiency of organic
solvents is limited by their volatility, high f lammabil-
ity, and mechanical instability at high temperature.
Moreover, growth of lithium dendrites is among the
factors limiting the life cycle of lithium metal batteries.
It has been shown that polymer electrolytes based on
ionic liquids can suppress the dendrites growth
[50‒52].

Mechanical, thermal, and chemical properties of
polymer electrolytes can be improved via the intro-
duction of fillers, for example, silicon dioxide, tita-
nium dioxide, zirconium dioxide, graphene oxide,
carbon nanotubes, and layered silicates [53‒59]. The
filler can be either covalently linked to the polymer
matrix or the ionic liquid, or remain not bound. Plas-
ticizers (for instance, organic solvents such as PC, EC,
and DMC) can be introduced in polymer electrolytes
to increase their electroconductivity.

A series of reviews on polymer electrolytes based on
ionic liquids (polymer–ionic liquid) have been
recently published [60‒64]. For example, historical
overview of the methods of preparation and investiga-
tion of such polymer electrolytes has been given in
[64], along with description of their modification
methods and application range. It has been marked
that high price and relatively low mechanical strength
remain the key obstacles limiting wide application of
polymer electrolytes based on ionic liquids.

The use of natural macromolecules to reduce the
price, creation of composite polymer systems to
improve the mechanical strength, preparation of
polymerized ionic liquids with enhanced electro-
chemical properties, and introduction of nanomateri-
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als to improve the interface contact and the ionic
transport have been considered among major direc-
tions of the research in the field of development of reli-
able and highly efficient polymer electrolytes of the
polymer–ionic liquid type. The role of various addi-
tives (plasticizers and fillers) in the targeted develop-
ment of polymer electrolytes has been discussed in
[65, 66].

Recent progress in the development of innovative
polymer electrolytes based on ionic liquid (polymer–
ionic liquid) for energy harvesting and storage applica-
tions has been discussed in [61]. Special attention has
been paid to the effect of the ionic liquid on thermal
stability, melting and vitrification temperatures, and
degree of crystallinity of the polymer matrix as well as
on the polymer electrolytes electroconductivity. It has
been stated that increase in the content of ionic liquid
in the polymer enhances the ionic conductivity, due to
the increase in the number of free charge carriers as
well as plasticizing effect of the ionic liquid on the
crystalline regions of the polymer matrix. The plasti-
cizing effect of the ionic liquid also leads to the
decrease in the melting and vitrification temperatures,
reduction in the degree of crystallinity, and deteriora-
tion of the mechanical stability of the polymer electro-
lyte. Polymer membranes based on ionic liquid are
thermally stable over broad temperature range of
~200–400°C. In general, the review [61] has con-
cluded that polymer electrolytes based on ionic liquids
are advantageous over polymer electrolytes obtained
via immobilization of liquid electrolytes (solution of a
salt in aprotic polar organic solvents such as EC, PC,
DMF, etc.) in polymer matrix.

The reports on proton-exchange membranes based
on protic ionic liquids immobilized in a polymer for
the application in fuel cells have been reviewed in
[67‒72]. The authors have analyzed the issues related
to the development of this promising class of the
membranes and recommended future research direc-
tions. Major attention in reviews [67, 68, 70] has been
paid to electrolyte membranes produced of ionic liq-
uids in combination with polybenzimidazole. It has
been shown that electroconductivity of the polymer
electrolyte membranes can be increased via the intro-
duction of fillers (such as carbon-based materials,
inorganic fillers, and metal-organic frameworks) as
well as modification of the structure of polybenzimid-
azole [68]. The role of protic ionic liquids introduced
in polymer membranes of different types: Nafion, sul-
fonated poly(ether ether ketone), poly(vinyl alcohol),
polybenzimidazole, sulfonated polyimide, and
poly(vinylidene f luoride-co-hexafluoropropylene)
has been discussed in [69, 71]. Since the perfluorosul-
fonic acid polymers (Nafion) are the most widespread
and commercially available polymer electrolyte mem-
brane materials, properties of novel membrane mate-
rials are often compared to Nafion [73‒78]. However,
the properties of Nafion membranes are deteriorated
at temperature above 100°C, due to the membrane
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Fig. 1. Scheme of production of polymer electrolytes based on ionic liquid. Reproduced with permission from [84]. Color illus-
trations are available in the online version.
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degradation resulting decreased conductivity. Taking
advantage of ionic liquids allows production of poly-
mer electrolytes operating at temperature above 100°C
under anhydrous conditions. Furthermore, the ways
to resolve the issues related to the use of protic ionic
liquids in polymer membranes, which are due to their
leaching and poor mechanical stability at elevated
temperature have been considered in [69]; the poten-
tial of hybrid (composite) polymer–ionic liquid–
inorganic filler membranes for the application in high-
temperature fuel cells has been shown.

Electrochemical and physico-chemical properties
of the ionic liquids as well as the derived polymer elec-
trolytes, essential for the application in lithium-ion
batteries and supercapacitors, have been considered in
[28, 79‒82]. Recent progress in the field of ionic liq-
uid-based electrolytes for lithium-ion batteries has
been generalized in [81]. It has been shown that phys-
ico-chemical properties of such electrolytes are usu-
ally determined by the chemical composition and the
cation–anion interactions, whereas their thermal sta-
bility (temperature of the decomposition onset above
200°C) ensures excellent electrochemical parameters
of lithium-ion batteries at elevated temperature.
Moreover, it has been shown that many polymer elec-
trolytes exhibit wider electrochemical window than
commercial organic-based electrolytes, which allows
the use of the former ones as high-voltage cathode
materials. Furthermore, rational design of hybrid elec-
trolytes based on ionic liquids, including ionic liq-
uid‒organic solvent hybrid electrolyte, mixed cat-
ion/anion electrolyte, and ionic liquid‒water hybrid
electrolyte, can significantly improve the electro-
chemical properties, which opens wide prospects for
modification of lithium-ion batteries.

Review [83] has provided comparative analysis of
properties of hybrid electrolytes for supercapacitors,
composition of which is determined by a combination
PO
of the following components: water, organic solvent,
ionic liquid, and polymer. For the novel hybrid elec-
trolytes, synergetic effect of the components mixing
has been marked, leading to improved electrochemical
parameters of the supercapacitors (broadened opera-
tional voltage window, increased ionic conductivity,
and enhanced stability).

Procedures for Preparation and Investigation of Polymer 
Electrolytes Based on Ionic Liquids

The methods to prepare polymer electrolytes con-
sisting of polymer matrix and ionic liquid can be
divided into two groups: doping of the polymer with
ionic liquid (Fig. 1, I) and polymerization or cross-
linking of monomers in the ionic liquid (Fig. 1, II).

Doping of polymers with ionic liquids is possible
either via impregnation of the polymer with the ionic
liquid (the swelling method) or via dissolution of the
polymer and ionic liquid in an organic solvent, fol-
lowed by casting the solution and drying on a support
(the casting method). The casting method allows con-
trol over concentration of ionic liquid in the polymer
electrolyte as well as production of composite materi-
als via introduction of inorganic fillers in the solution.
It should be noted that the use of organic solvent
makes this approach environmentally unfriendly.
Impregnation of the prepared polymer matrix with a
ionic liquid is a facile method to obtain polymer elec-
trolytes. However, the composition range of the pre-
pared polymer electrolytes is limited by the swelling
degree of the polymer in the ionic liquid; at the same
time, this method affords control over the polymer
matrix morphology.

Owing to good solubility of most of common
monomers in ionic liquids, polymerization/crosslink-
ing directly in the ionic liquid yields polymer electro-
LYMER SCIENCE, SERIES A  Vol. 65  No. 4  2023
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lytes with high ionic conductivity. As far as this
approach is considered, compatibility between the
polymer and the ionic liquid is an important factor.

Since the polymer electrolytes are majorly used in
electrochemical devices, their important parameters
include electroconductivity, electrochemical window,
and ion transport number (also known as transference
number). The electrochemical window is determined
by means of voltammetry with linear scanning,
whereas electroconductivity is assessed by means of
impedance spectroscopy. The transference number
can be measured using the Maxwell–Wagner polariza-
tion method, the direct current polarization test, or
the combined Bruce–Vincent method.

Besides the mentioned important electrochemical
properties, polymer electrolytes should also exhibit
high thermal stability (analyzed by means of thermo-
gravimetry) and mechanical strength. Moreover, the
differential scanning calorimetry method allows deter-
mination of temperature of the phase transitions
occurring in the polymer electrolyte on heating. To
assess the stability of the membranes in the oxidizing
media (important for the fuel cells applications), the
test with the Fenton’s reagent is used.

In the studies of polymer electrolytes, special
attention is paid to elucidation of the relationship
between their properties and the structure as well as
character of the interactions of the ionic liquid with
the polymer functional groups. For example, X-ray
diffraction method can be used to investigate the crys-
talline and amorphous regions in the polymer, scan-
ning and transmission electron microscopy allows
assessment of the surface and cross-section morphol-
ogy of the membranes, whereas spectral methods (IR,
Raman, NMR) probe the possible interactions
between the polymer electrolyte components.

In this review, we mainly focused on the reports
published over the recent decade, related to the
research on the electrolytes for electrochemical
devices produced of the membranes based on poly-
benzimidazole (PBI) and poly(vinylidene f luoride-
co-hexafluoropropylene) (PVdF-HFP) with alkylam-
monium and alkylimidazolium ionic liquids, the best
studied among other ionic liquids. The wide use of
PVdF–HFP and PBI as matrices of electrolyte mem-
branes is due to their high chemical, thermal, and
mechanical stability. Over 30% of the publications in
the above-mentioned Scopus query have considered
the membranes based on these polymers. The choice
of the alkylammonium and alkylimidazolium ionic
liquids is due to the fact that their properties are the
best studied among other ionic liquids.

Herein, we considered various types of polymer
electrolytes based on the ionic liquids, differing in the
composition and the application range: polymer +
ionic liquid, polymer + ionic liquid + acid, polymer +
POLYMER SCIENCE, SERIES A  Vol. 65  No. 4  2023
ionic liquid + lithium/sodium salt; furthermore, we
considered the effect of different fillers on the proper-
ties of the above-listed polymer electrolytes.

Polymer Electrolytes Based on Polybenzimidazole
Polymer electrolytes with polybenzimidazoles

([poly(2,2′-(1,3-phenylene)-5,5′-di(benzimidazole)]
meta-PBI, [poly(2,2′-(1,4-phenylene)-5,5′-di(benz-
imidazole)] para-PBI, [poly(2,5-benzimidazole)] AB-
PBI, pyridine-based PBI, [poly-(2,2′-(2,5-dihy-
droxy-1,4-phenylene)-5,5′-dibenzimidazole)] 2OH-
PBI, and others) as the polymer matrix are mainly
applied in fuel cells.

The best studied polybenzimidazoles are meta-PBI
and AB-PBI, the former one being considered in this
review.

Poly-2,2'-(m-phenylene)-5,5'-di(benzimidazole)
is an aromatic heterocyclic polymer:

Polybenzimidazole exhibits rigid rodlike molecular
structure with numerous H-bonds between the
molecular chains with the π‒π-packing, which hin-
ders its dissolution in many organic solvents. Its spe-
cial features are high chemical and thermal (up to
310°C) stability, excellent mechanical properties,
good moisture yielding capacity, and good thermooxi-
dative stability (above 80°C). Table 1 lists composition
and selected properties of polymer electrolytes based
on polybenzimidazole and ionic liquids.

Recent progress in the field of application of com-
posite polybenzimidazole-based membranes in high-
temperature fuel cells has been generalized in [68‒71,
104‒106].

(Polybenzimidazole–Ionic Liquid)–Acid Polymer 
Electrolyte

Pure polybenzimidazole exhibits low proton con-
ductivity (10−9 mS/cm), therefore it should be doped
with an acid to achieve high electroconductivity. In the
acid-doped polybenzimidazole, proton transfer
mainly occurs via the Grotthuss mechanism through
an extended network of hydrogen bonds. This mecha-
nism ensures proton conductivity in the absence of
moisture. Polybenzimidazole can be doped with many
inorganic acids, but phosphoric acid is most often
used owing to its good thermal stability and low vapor
pressure [105, 107‒114]. Electroconductivity of the
PBI membrane doped with phosphoric acid depends
on temperature and the doping level, being up to
140 mS/cm at 160°C [115]. However, pyrolysis of
phosphoric acid at temperature above 90°C, corrosion

H
N

N N

H
N

n
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Table 1. Composition of PBI-based membranes, relative humidity RH, specific electroconductivity κ, and decomposition
temperature Tdec

Membrane RH, % T, °C κ, mS/cm Tdec, °C Application Refe-
rence

Polymer + ionic liquid (wt %)

PBI–DEMA/TfO (1, 2, 3, 4)a 10–40 60–90 0.1 (80°C) 435 Fuel cell  [85]

PBI–DEMA/TfO (37.5–60%) AH 100–250 108.9 (250°C) 310 "  [86]

PBI–DEMA/TfO (33–83%) AH 40–160 20.73 (160°C) 230 "  [87]

PBI–DEMA/TFSI (1, 2)a AH 80–180 0.3 (180°C) 250 "  [88]

PBI–DEA/HSO4 (3–12)a 0–16 25–200 30 (160°C)* 200 "  [89]

PBI–SEMA/TfO (1.5)a 30 100 2.68 380 "  [90]

PBI–MIm/TFSI (37.5–60%) AH 100–250 45 (250°C)* 335 "  [86]

PBI–EMIm/TfO (37.5–60%) AH 100–250 46 (250°C)* 336 "  [86]

PBI–BIm/TfO (1.35, 2.2, 3.2)a AH 30–145 1.55 (145°C) 180 "  [91]

PBI–OHEMIm/TFSI (37.5–60%) AH 100–250 50 (250°C)* 383 "  [86]

PBI–BMIm/Cl (5%) 9** 20–200 0.1 (160°C) 300 Electroconduc-
tive membrane

 [92]

PBI–BMIm/BF4 (5%) 7** 20–200 2 × 10−3 
(200°C)

300 "  [92]

PBI–BMIm/TFSI (5%) 9** 20–200 0.65 (160°C) 300 "  [92]

PBI–BMIm/NCS (5%) 8** 20–200 3 × 10−4 
(200°C)

300 "  [92]

PBI–HMIm/TfO (2, 3, 4)a AH 80–250 16 (250°C) 348 Fuel cell  [93]

PBI–MIm/TFSI (N) AH 130–190 1.86 (190°C) 300 "  [94]

(PBI/ETS)–MIm/TFSI (73%) AH 20–200 0.15 (180°C) "  [95]

(PBI+SPEEK)–TESPA/HSO4 (2.5, 5%) 60–100 25, 80 101 (80°C) 290 "  [96]

(PBI+SPEEK)–BIm/HSO4 (2.5, 5%) 60–100 25, 80 94 (80°C) 355 "  [96]

(PBI–O–Ph)–EIm/TfO (40, 50, 70%) N 25–160 5 (160°C)* "  [97]

(PBI–O–Ph)–BMIm/TfO (40, 50, 70%) N 25–160 2.35 (140°C)* ''  [97]
POLYMER SCIENCE, SERIES A  Vol. 65  No. 4  2023
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RT: room temperature, AH: anhydrous conditions, FH: full hydration.
a Number of moles of ionic liquid–acid per 1 mol of the repeat unit of PBI.
N: not stated.
* The value taken from the plot.
**Absorption, %.

Polymer + ionic liquid + acid

[PBI–DEMA/TFSI (1, 2)]a–H3PO4(1–9)a 5 80–180 60 (180°C) 200 Fuel cell  [88]

[PBI–MDA (0-2%)]–Pr(MIm)2Br2 (4.5%)–
H3PO4 (11–15%)

AH 25–180 224 (180°C) 180 ''  [98]

[pPBI–MsMIm/Cl (5–20%)]–H3PO4 (N) AH 110–170 103 (170°C) 250 ''  [99]

[PBI–BMIm/Cl (5%)]–H3PO4 (60%) AH 0–200 26 (200°C) 180–210 ''  [100]

[PBI–BMIm/Br (5%)]–H3PO4 (60%) AH 0–200 58 (200°C) 180–210 ''  [100]

[PBI–BMIm/I (5%)]–H3PO4 (60%) AH 0–200 68 (200°C) 180–210 ''  [100]

[PBI–BMIm/BF4 (5%)]–H3PO4 (60%) AH 0–200 94 (200°C) 180–210 ''  [100]

[PBI–BMIm/PF6 (5%)]–H3PO4 (60%) AH 0–200 23 (200°C) 180–210 ''  [100]

[PBI–BMIm/NCS (5%)]–H3PO4 (60%) AH 0–200 26 (200°C) 180–210 ''  [100]

[PBI–BMIm/TFSI (5%)]–H3PO4 (60%) AH 0–200 65 (200°C) 180–210 ''  [100]

[PBI/IPTS–BMIm/H2PO4 (3–10%)]–H3PO4 
(8–10)a

AH 100–170 133 (160°C) 160–250 ''  [101]

PBI–ApMIm/Br-GO (5)–H3PO4 (2, 3.5)a AH 100–180 35 (175°C) N ''  [102]

PBI–[NH4BEA + MtOHTMA/(CH3)2PO4 
(29%)](3, 10, 20%)–H3PO4 (3.1, 3.4, 5.9)a

100, 
0.05**

RT–200 65 (100°C)
5 (100°C)

20–200 ''  [103]

PBI–[NH4BEA+DMEtOHA/TFSI (5%)](3, 10, 
20%)–H3PO4 (1.6, 3.4, 5.9)a

100, 
0.05**

RT–200 61 (100°C) 
0.15 (100°C)

20–200 ''  [103]

PBI–[NaY+DMEtOHA/TFSI (17%)] (3, 10, 
20%)–H3PO4 (8.5, 8.9, 12.1)a

100, 
0.05**

RT–200 34 (100°C)
6 (100°C)

20–200 ''  [103]

PBI–[NaY+MIm/TFSI (19%)] (3, 10, 20%)–
H3PO4 (4.6, 8.7, 12.0)a

0.05** RT–200 32 (150°C) 20–200 ''  [103]

(PBI/ETS)–MIm/TFSI (35%)–H3PO4 (40%) AH 20–200 10 (170°C) 20–200 ''  [95]

Membrane RH, % T, °C κ, mS/cm Tdec, °C Application Refe-
rence

Table 1. (Contd.)
POLYMER SCIENCE, SERIES A  Vol. 65  No. 4  2023
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of the catalyst, leaching of the acid, and deterioration
of the mechanical properties during the operation lead
to decrease in the membranes electroconductivity. To
improve the mechanical properties and increase elec-
troconductivity of the PBI–H3PO4 membrane, the
polymer matrix can be doped with ionic liquid. If the
ionic liquid is protic, it can be also involved in the pro-
ton transfer. For example, the PBI–DEMA/TFSI
polymer composite membrane with the ionic liquid :
polybenzimidazole molar ratio 1 and 2 was obtained
and further incorporated with H3PO4 [88]. The ionic
liquid acted as plasticizer in the obtained membranes,
making them more f lexible and preventing the acid
leakage from the membrane. To confirm the efficiency
of the obtained membrane in a fuel cell, they were
tested in the membrane electrode assembly. The high-
est specific power was achieved at 200°С, being
0.32 W/cm2 at 900 mA/cm2.

The (PBI–ionic liquid)–H3PO4 membranes were
prepared similarly in [100] using the salts with the
1-butyl-3-methylimidazolium (BMIm) cation and
different anions as the ionic liquid, its content in the
membrane being 5 wt %. The effects of the anion
(Cl, Br, I, NCS, TFSI, PF6, and BF4) on structure,
morphology, thermal, oxidative, and mechanical sta-
bility, and proton conductivity of the membranes were
analyzed. The considered (PBI–ionic liquid)–H3PO4
membranes exhibited increased thermal, oxidative,
and mechanical stability in comparison with the
PBI‒H3PO4 membrane. Electroconductivity of the
membranes containing 5 wt % of BMIm/Cl and
BMIm/I was lower in comparison with the
PBI‒H3PO4 membrane, whereas that of the mem-
branes containing other probed salts was lower in
comparison with the membrane doped only with
phosphoric acid.

The (PBI–ionic liquid)–H3PO4 membranes con-
taining dication (1,3-di(3-methylimidazolium)pro-
pane bis(trif luoromethylsulfonyl)imide and 1,6-di(3-
methylimidazolium)hexane bis(hexafluorophos-
phate)) and monocation (1-hexyl-3-methylimidaz-
olium bis(trif luoromethylsulfonyl)imide and 1-butyl-
3-methylimidazolium hexafluorophosphate) ionic
liquids were compared in [116, 117]. The membranes
containing the dication as well as monocation ionic
liquids were found more thermally stable and revealed
higher electroconductivity in comparison with the
PBI–H3PO4 membrane; at the same time, electro-
conductivity of the membranes with the dication ionic
liquids was higher than that for the membranes with
the monocation ionic liquids. The performed testing
of the membranes containing ionic liquids in the
membrane electrode assembly revealed that they out-
performed the PBI–H3PO4 membrane. That fact was
mainly related to higher electroconductivity of the
(PBI–ionic liquids)–H3PO4 membranes as well as
plasticizing effect of the ionic liquids, resulting in the
PO
improved contact of the membrane with the cathode
and anode.

Modified polybenzimidazole or inorganic filler
functionalized with ionic liquid was used to improve
the properties of proton-conducting membranes.
Modification of polybenzimidazole was performed in
[101] to prevent the leakage of 1-butyl-3-methylimid-
azolium dihydrophosphate (BMIm/H2PO4) and
H3PO4 from the (PBI–ionic liquid)–H3PO4 compos-
ite membrane and to improve its mechanical proper-
ties. To do so, hydroxyl-bearing polybenzimidazole
was prepared, which further interacted with
3-(triethoxysilyl)propyl isocyanate (IPTS). The
membranes produced of such modified PBI (cPBI in
Fig. 2) possessed the cage-like cross-linked structure
formed via the hydrolysis reaction due to the Si–O–Si
crosslinking. Other conditions being the same, elec-
troconductivity of the membranes containing
BMIm/H2PO4 (5, 8, or 10 wt %) was higher in com-
parison with the PBI–H3PO4 membranes. Two paths
of the proton transfer are possible in the (PBI–ionic
liquid)–H3PO4 membranes: hopping of protons
between the molecules of H3PO4 and the imidazole
rings of PBI (blue path in Fig. 2) and the proton trans-
fer between the molecules of H3PO4, BMIm/H2PO4,
and imidazole rings of PBI (rose path in Fig. 2). The
ionic liquid captured in the case favored the absorp-
tion of H3PO4 and acted as the protons acceptor, thus
shortening the distance of the proton transfer and
enhancing the proton conductivity.

Modified polybenzimidazole was also used in [95]
to produce the membrane. Porous PBI membrane was
first prepared, and then linking of the hydroxyl groups
of the titanosilicate microporous material ETS-10 and
the amino groups of polybenzimidazole afforded the
ETS-10 “grafting” at polybenzimidazole. The
described reaction was performed using functional-
ized ETS-10 prepared via the interaction with 3-(2,3-
epoxypropoxy)propyltrimethoxysilane. A deal of
attention was paid in that study to the effect of the
order of the stages of polybenzimidazole functional-
ization and the membrane doping with phosphoric
acid and ionic liquid (MIm/TFSI) on the membrane
electroconductive properties. Hydrophilic nature of
MIm/TFSI ensured absorption of water from the gas
phase, suppressed oligomerization of phosphoric acid,
and changed the conductivity profile at temperature
above 160°C. ETS-10 covalently linked to polyben-
zimidazole prevented leakage of the proton conductor
from the membrane and at the same time suppressed
the crossover of the fuel H2 and methanol.

In [103], ionic liquids (2-hydroxymethyltrimeth-
ylammonium dimethylphosphate, N,N-dimethyl-N-
(2-hydroxyethyl)ammonium bis(trif luoromethylsul-
fonyl)imide, and 1-H-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide) were incorporated in the
zeolites (NH4BEA and NaY), and their influence on
the degree of doping of the PBI membranes with
LYMER SCIENCE, SERIES A  Vol. 65  No. 4  2023
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Fig. 2. Possible paths of proton transport in the membranes. Reproduced with permission from [101].
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1-Butyl-3-methylimidazolium
dihydrogen phosphate

H3PO4
phosphoric acid, their morphological, physico-chem-
ical, and electrochemical properties was elucidated.
The membranes containing MIm/TFSI–NaY were
found the best of the tested membranes. Conductivity
and selectivity of the H+/H2 transport by the PBI–
[NaY–MIm/TFSI]–H3PO4 membranes exceeded
those characteristics of the PBI–H3PO4 and PBI–
NaY–H3PO4 membranes. The authors related the
obtained result to the presence of the presence of the
MIm cations and the TFSI anions at the NaY surface,
capable of the acid-base interactions with the compo-
nents of the PBI–H3PO4 system and involved in the
proton transfer via the Grotthuss mechanism. The
produced membrane also exhibited good operational
properties during the test in the membrane electrode
assembly.

Composite membrane with graphene oxide func-
tionalized with ionic liquid (ILGO) as the filler was
prepared in [102]. The (PBI–ILGO)–H3PO4 mem-
brane exhibited high electroconductivity at low con-
tent of phosphoric acid, which prevented its leakage,
favoring the membrane use in fuel cells. The fuel cell
with the (PBI–ILGO)–H3PO4 membrane exhibited
maximum specific power 320 mW/cm2 at 175°C,
which exceeded that of the fuel cell with the PBI–
H3PO4 membrane.

The (PBI–ionic liquid)–H3PO4 membrane for
flexible supercapacitor has was prepared in [99] using
POLYMER SCIENCE, SERIES A  Vol. 65  No. 4  2023
porous polybenzimidazole and (1-(3-trimethoxysilyl-
propyl)-3-methylimidazolium chloride (MsMIm/Cl).
The ionic liquid in the polymer matrix (PBI–ionic
liquid) was subject to hydrolysis with the formation of
the Si–O–Si bonds. Electroconductivity of the com-
posite membrane was up to 103 mS/cm at 170°C; it
exhibited good mechanical properties and thermal sta-
bility. The high value of electroconductivity was owing
to porous structure of the polymer matrix, ensuring
higher absorption of H3PO4. Moreover, the ionic liq-
uid acted as the proton carrier, allowing effective
increase in the proton conductivity. The produced
supercapacitor with such membrane retained stable
electrochemical parameters under conditions of bend-
ing, its specific capacity being up to 85.5 F/g at 120°С,
3 times higher than at room temperature.

Summarizing the above-said, introduction of a
ionic liquid in the PBI-acid polymer membrane can
improve the mechanical properties of the membranes
and enhance their thermal stability and electrocon-
ductivity (up to 10−1 S/cm).

(PBI–Ionic Liquid) Polymer Electrolyte

The promises of the application of protic ionic liq-
uids as the proton donor in the proton-conducting
membranes have been discussed in a series of studies
[62, 69, 71, 85, 86, 91].
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Fig. 3. Proton transport in the PBI–DEMA/TfO membrane. Reproduced with permission from [85].
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Commercially available diethylmethylammonium
trif late (DEMA/TfO) is the best studied protic ionic
liquid for preparation of the PBI-based membranes.
The PBI–DEMA/TfO membranes containing 1 to
4 mol of DEMA/TfO per a repeat unit of PBI were
produced in [85]. Basing on the IR and NMR spec-
troscopy data, weak interaction of the cations and
anions of DEMA/TfO with the imidazole fragments
of PBI was observed. Thermal stability of the mem-
branes was also discussed in detail in the report. The
mass loss at 250°С in the TGA curve was related to
elimination of the excess (free) DEMA/TfO and
diethylmethylamine due to the protonation of PBI
with the formation of (PBI- )х∙(CF3S )2х, that at
380°C was assigned to elimination of ТfОН via
decomposition of (PBI- )х∙(CF3S )2х, and finally
that at 500°C marked complete decomposition of PBI
into CO2, N2, hydrocarbons, and carbonaceous resi-
due. The influence of residual water which could be
accumulated during the fuel cell operation was stud-
ied. It was shown that the increase in the relative
humidity from 10 to 40% led to the increase in the
PBI–DEMA/TfO membrane electroconductivity by
an order of magnitude.

Using the model system consisting of a mixture of
DEMA/TfO and the benzimidazole monomer (BIm
instead of the polymer PBI), the proton transfer
mechanism was studied by means of 1Н NMR and
NMR with pulsed field gradient. In the absence of
water, fast proton exchange between  and
NHBIm was observed. In the presence of water, the
conductivity in the model system was due to the coop-

+
2H −

3O

+
2H −

3O

+
DEMANH
PO
erative mechanism involving all the species ( ,
NHBIm, and H2O), which accelerated the proton
transfer. Basing on the obtained data, the model of the
proton transfer in the PBI–DEMA/TfO membrane
was suggested (Fig. 3).

The membranes for the H2/Cl2 fuel cells based on
PBI doped with DEMA/TfO were also investigated in
[87]. The content of the ionic liquid in the membrane
ranged between 33 and 83%. Basing on the IR spec-
troscopy data, it was concluded that the increase in the
DEMA/TfO concentration led to the interaction
between the C=N group in PBI and the N–H group of
the ammonium cation, resulting in protonation of the
imide group of imidazole. The DSC thermograms of
the membranes containing less than 67% of
DEMA/TfO did not reveal endothermic peaks related
to melting of free DEMA/TfO. However, the presence
of small amount of free ionic liquid in the PBI mem-
brane was observed with further increase in the con-
tent of DEMA/TfO. The membranes with high con-
tent of DEMA/TfO exhibited electroconductivity up
to >10–3 S cm−1 at 40°C. The so high values of electro-
conductivity were related to the increase in the ionic
mobility as well as the formation of the developed
ionic channels. Low values of the electroconductivity
activation energy (Δ ), of 14–27 kJ/mol, pointed at
the predominance of the Grotthuss mechanism of the
proton transfer in those membranes. At the same time,
at high concentration of the ionic liquid in the mem-
brane, in the presence of free DEMA/TfO, the proton
transfer can also occur via the transport mechanism.
Figure 4 displays the suggested hypothesis on the ionic
electroconductivity. The H2/Cl2 fuel cell with the

+
DEMANH

≠
κG
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Fig. 4. Hypothesis on ionic conductivity in the PBI–DEMA/TfO membrane. Reproduced with permission from [87].
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PBI–DEMA/TfO membrane containing 83% of
DEMA/TfO exhibited specific power of 26.50 and
29.64 mW/cm2 at 120 and 140°C, respectively.

The membranes produced of PBI and several ionic
liquids: diethylmethylammonium trif luoromethane-
sulfonate (DEMA/TfO), 1-ethyl-3-methylimidaz-
olium trif luoromethanesulfonate (EMIm/TfO),
1-methylimidazolium bis(trif luoromethanesulfo-
nyl)imide (MIm/TFSI), and 1-(2-hydroxyethyl)-3-
methylimidazolium bis(trif luoromethanesulfo-
nyl)imide (OHEMIm/TFSI) were studied in [86].
Qualitative analysis of the membranes chemical struc-
ture basing on the IR spectra revealed that
DEMA/TfO, MIm/TFSI, and OHEMIm/TFSI
formed hydrogen bonds with the polymer, whereas
EMIm/TfO was physically adsorbed at PBI and did
nor form the Н-bonds. Temperature dependences
(100–250°C) of electroconductivity of different mem-
branes studied in [86] are shown in Fig. 5.

The calculated values of the activation energy of
electroconductivity were of 16.0 to 26.8 kJ/mol, hence
it was concluded that the proton transfer occurred via
the Grotthuss mechanism (typical Δ  values 14–
40 kJ/mol).

The membranes based on PBI doped via swelling in a
highly acidic protic ionic liquid, 2-sulfoethylmethylam-
monium trifluoromethanesulfonate (SEMA/TfO),

≠
κG
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were studied in [90]. The interaction of the acidic cat-
ions of the ionic liquid with basic groups of the poly-
mer led to their protonation with the formation of
neutral molecules of N-methyltaurin. Furthermore,
fast proton exchange between the acidic cation SEMA
and water molecules was observed. As a result, the
proton conductivity occurred via the transport mech-
anism with the protic ionic liquid cation and H3O+ as
well as via the cooperative mechanism involving both
types of the ions. The electroconductivity of the
obtained membranes was weak, due to low level of the
polymer doping. The degree of absorption of the
protic ionic liquid with polybenzimidazole via swelling
depended on the cation acidity: lower acidity of the
cation led to lower swelling degree. Despite certain
features of such membranes, the authors concluded
that protic ionic liquids possessing high Brønsted
acidity were promising candidates for the application
as nonaqueous electrolytes.

The influence of the nature of the anion (Cl, NCS,
TFSI, BF4) in the ionic liquid with the BMIm cation
on electroconductivity of the PBI–ionic liquid poly-
mer membrane was discussed in [92]. The values of
the electroconductivity activation energy depending
on the anion nature followed the Δ (TFSI) <
Δ (Cl) < Δ (BF4) < Δ (NCS) series. They were

≠
κG

≠
κG ≠

κG ≠
κG
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Fig. 5. Temperature dependence of specific electroconductivity of anhydrous PBI–ionic liquid membranes with different content
of the ionic liquid: DEMA/TfO (a), EMIm/TfO (b), OHEMIm/TFSI (c), and MIm/TFSI (d). Mass ratio PBI : ionic liquid =
1.0 : 0.6, 1.0 : 0.9, 1.0 : 1.2, 1.0 : 1.5. Reproduced with permission from [86].
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of 65–84 kJ/mol, suggesting the transport mechanism
of the ionic transfer.

The PBI–BIm/TfO proton-conducting mem-
branes with different molar ratios of the IL and poly-
mer units (1.35/1, 2.2/1, 3.2/1) were obtained in [91].
Their phase behavior as well as thermal and electro-
chemical stability were studied, and the specific elec-
troconductivity was measured over a wide temperature
range. The DSC study performed over the –80…
+150°C range revealed that no phase transitions typi-
cal of pure BIm/TfO were observed in the case of the
membrane. The membranes electroconductivity was
increased with the increase in the ionic liquid content,
yet remained lower in comparison with pure N-
butylimidazolium trif luoromethanesulfonate.

In conclusion to this section, let us notice that
since specific electroconductivity of polymer proton-
conducting membranes above 10−2 S/cm is considered
sufficient for fuel cells application [118], analysis of
electroconductivity of the PBI–ionic liquid mem-
branes (Table 1) has revealed that such membranes
PO
can be competitive to the Nafion membranes. The use
of protic ionic liquid as proton conductor in the PBI
membrane can significantly extend temperature range
of the fuel operation towards high-temperature range
in comparison with the PBI–acid membranes.

Polymer Electrolytes Based on Poly(Vinylidene 
Fluoride-co-Hexafluoropropylene)

Poly(vinylidene fluoride-co-hexafluoropropylene)

is a common fluorinated copolymer widely used as
polymer matrix, due to its high thermal and chemical
resistance, hydrophobicity, and ability to retain liquid
electrolytes in the derived membranes.

F F

F CF3F F
x y
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Fig. 6. Electroconductivity and degree of crystallinity of the (PVdF–HFP)–BMIm/Br polymer electrolyte as functions of the
ionic liquid (IL) concentration. Reproduced with permission from [2].
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PVdF–HFP is a semicrystalline polymer, i.e., a
mixture of amorphous of crystalline regions. Crystal-
line vinylidene f luoride units ensure structural integ-
rity allowing the formation of free-standing films,
whereas the units of amorphous hexafluoropropylene
aid in ionic species retention. The (–C–F) groups in
PVdF–HFP act as electron acceptors ensuring the
anodic stability. The PVdF–HFP copolymer also
exhibits high solubility in organic solvents, which is
very important as far as the solution casting method of
the membranes preparation is concerned. Table 2 lists
the reference data on the composition and selected
properties of polymer electrolytes based on PVdF–
HFP and ionic liquids.

Among the electrochemical devices, the (PVdF–
HFP)–ionic liquid polymer electrolytes have been
most widely applied in capacitors and in the produc-
tion of polymer electrolyte membranes for batteries,
where the ionic liquid is often used as solvent for lith-
ium/sodium salts.

As has been shown in many studies [2, 119, 123,
129, 135, 139, 141, 142, 144, 145, 151, 170, 175], the
interaction of the ionic liquid with polar –CF3 groups
of PVdF–HFP leads to significant conformational
changes in the polymer, resulting in the decreased
degree of crystallinity and, consequently, increase in
electroconductivity. For example, the correlation
between the change in conductivity and degree of
crystallinity of PVdF–HFP depending on the concen-
tration of 1-butyl-3-methylimidazolium bromide
(BMIm/Br) (Fig. 6) was observed in [2].

(PVdF–HFP)–Ionic Liquid Polymer Electrolyte

Since the (PVdF–HFP)–ionic liquid polymer
electrolytes are mainly applied in supercapacitors,
POLYMER SCIENCE, SERIES A  Vol. 65  No. 4  2023
aprotic ionic liquids are most often used in such elec-
trolytes.

It has been shown in many studies that increase in
the ionic liquid concentration leads to increase in elec-
troconductivity of the (PVdF–HFP)–ionic liquid
polymer electrolyte until certain threshold and can be
decreased with further increase in the ionic liquid con-
tent. For example, in [134] it was demonstrated that
the increase in the BMIm/I content led to increase in
the conductivity of the (PVdF–HFP)–ionic liquid
electrolyte due to the increase in the number of the
ionic species, to reach the limiting value of 3.9 mS/cm
at the BMIm/I : (PVdF-HFP) mass ratio of 4 : 1.
However, further increase in the ionic liquid content
led to decrease in the ionic conductivity due to the
ionic aggregation (Fig. 7a).

The addition of 1-ethyl-3-methylimidazolium bro-
mide (EMIm/Br) (~10 wt %) to the PVdF–HFP
polymer also resulted in the system conductivity
increase to 4.82 × 10–3 S/cm at the ionic liquid con-
centration of 70 wt %, remaining practically constant
with further increase in the concentration of
EMIm/Br [140] (Fig. 7b).

Polymer electrolyte films based on PVdF–HFP
with different contents of the 1-ethyl-3-methylimid-
azolium tricyanomethanide (EMIm/TCM) ionic liq-
uid were prepared in [129]. Ionic conductivity of the
polymer electrolyte films was increased with the
increase in the content of the ionic liquid in the poly-
mer, up to the highest value of 37 mS/cm at the doping
degree of 300 wt %, which exceeded the electrocon-
ductivity of the pure ionic liquid. It was found that the
films containing up to 400 wt % of the ionic liquid
were mechanically stable, but at higher concentration
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Table 2. Composition of membranes based on PVdF–HFP, relative humidity RH, specific electroconductivity κ, and
decomposition temperature Tdec

Membrane RH, % T, °C κ, mS/cm Tdec, °C Application Refer-
ence

Polymer + ionic liquid (wt %)

(PVdF-HFP)–EMIm/BF4 (75%) N −60–40 16.8 (30°C) Electrochemical dou-
ble layer capacitor

 [119]

[(PVdF-HFP)–EMIm/BF4 (75%)]+ZnO 
(5%)

N −60–40 2.57 (30°C) ''  [119]

[(PVdF-HFP)–EMIm/BF4 (75%)]+TiO2 
(5%)

N −60–40 3.75 (30°C) ''  [119]

(PVdF-HFP)–EMIm/BF4 (75%) N 25–65 8.6 (RT) Supercapacitor  [120]

(PVdF-HFP)–EMIm/BF4 (90%) N RT 25 Microsupercapacitor  [121]

(PVdF-HFP)–BMIm/BF4 (80%) AH −30–80 1.79 (20°C) 250–350 Supercapacitor  [122]

(PVdF-HFP)–BMIm/BF4 (25–75%)–SN 
(25–75%)

AH −30–80 6.4 (20°C) 250–350 ''  [122]

(PVdF-HFP)–EMIm/TFSI (85%) AH RT 3.3 350 ''  [123]

(PVdF-HFP)–EMIm/TFSI (96%) >50 ppm 25–100 8.6 (25°C) ''  [124]

(PVdF-HFP)–EMIm/TFSI (75%) N 25 0.95 333 ''  [125]

(PVdF-HFP)–EMIm/TFSI(75%)–
LASGP (9%)

N 25 5.22 346 ''  [125]

(PVdF-HFP)–EMIm/TFSI (83%) AH RT 11 300 ''  [126]

[(PVdF-HFP)–EMIm/TFSI(83%)]–GO 
(1%)

AH RT 25 300 ''  [126]

[(PVdF-HFP)/TAIC (5%)]–EMIm/TFSI 
(75%)

N RT 1.4 420 Electrochemical device  [127]

(PVdF-HFP)/P(MMA-co-BMA)–
EMIm/TFSI (70%)

N −40–80 1.02 (RT) 300 ''  [3]

[(PVdF-HFP)–GNSs (0.03–0.3%)]–
EMIm/TFSI (80%)

N RT 6.7 400 Supercapacitor  [128]

(PVdF-HFP)–EMIm/TCM (9–82%) N RT 37.6 261 Electrochemical device  [129]

(PVdF-HFP)–EMIm/TfO (80%) N 20–100 5.2 (RT) Sodium-sulfur battery  [130]

(PVdF-HFP)–EIm/TfO(60%) 0–22 20–160 85 (90°C, RH)* 
5 (140°C, AH)*

Fuel cell  [131]

(PVdF-HFP)–EMIm/TCB (80%) AH 20–90 9 (RT) 310 Supercapacitor  [132]

(PVdF-HFP)–BMIm/TfO (40, 50, 70%) N 25–160 19 (160°C) Fuel cell  [90]

(PVdF-HFP)–BMIm/TfO (60%) 0–22 20–160 18 (140°C, RH)* 
17 (160°C, AH)*

''  [131]

(PVdF-HFP)–BMIm/TFSI (20–80%) AH 30–160 0.66 (RT) 300–350 Rechargeable battery  [133]

(PVdF-HFP)–BMIm/I (2–5) a N RT 4 Supercapacitor  [134]

(PVdF-HFP)–BMIm/Br (10–50%) N 25–90 6.3 (RT) 235–325 Electrochemical device  [2]

(PVdF-HFP)–BMIm/NCS (40%) N 25–100 0.15 (RT) Lithium-ion battery  [135]
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(PVdF-HFP)–BMIm/Cl (50–80%) N 30–90 4.1 (30°C)
15 (90°C)

Electrochemical dou-
ble layer capacitor

 [136]

[(PVDF-HFP)+PVP]–BMIm/HSO4 
(50–70%)

60 30–130 3.9 (30°C) Fuel cell  [137]

(PVdF-HFP)–BMIm/Cl (60%)–(1M 
TetEA/BF4 in EC/PC(1 : 1)) (20%)

N 30–100 8.9 (30°C) Electrochemical dou-
ble layer capacitor

 [138]

(PVdF-HFP)–BMIm/BF4 (10–90%) N 30–90 5.9 (30°C) 300–400 Electrochemical device  [139]

[(PVdF-HFP)–BMIm/I (4)a] 
+ CNTs (1 × 10–3–4 × 10–3)a

N RT 17.6 Supercapacitor  [134]

(PVdF-HFP)–EIm/TfO (40, 50, 70%) N 25–160 9.5 (100°C) Fuel cell  [97]

(PVdF-HFP)–EMIm/Br (10–80%) N RT 4.82 Supercapacitor  [140]

(PVdF-HFP)–AEIm/TFSI (33.3–85.7%) N RT 0.052 Electrochemical dou-
ble layer capacitor

 [141]

(PVdF-HFP)–AMIm/TFSI (33.3–85.7%) N RT 0.029 Electrochemical dou-
ble layer capacitor

 [141]

(PVdF-HFP)–AMEtIm/TFSI (33.3–85.7%) N RT 0.039 ''  [141]

(PVdF-HFP)–DMEA/TFA (0.005) b AH 50, 100 2.1 (50°C) 190 Electrochemical device  [142]

(PVdF-HFP)–DEA/TFA (0.005) b AH 50, 100 2.97 (50°C) 212 ''  [142]

(PVdF-HFP)–TEA/TFA (0.005) b AH 50, 100 1.76 (50°C) 186 ''  [142]

(PVdF-HFP)–TEOA/TFA (0.005) b AH 50, 100 1.02 (50°C) 203 ''  [142]

(PVdF-HFP)–DIPEA/TFA (0.005) b AH 50, 100 1.68 (100°C) 194 ''  [142]

(PVdF-HFP)–TBA/TFA (0.005) b AH 50, 100 0.36 (50°C) ''  [142]

(PVdF-HFP)–AMEtA/TFSI (33.3–85.7%) N RT 0.13 Electrochemical dou-
ble layer capacitor

 [141]

(PVdF-HFP)–MMEtA/TFSI (33.3–85.7%) N RT 0.145 ''  [141]

((PVdF-HFP)+Nafion) (32%)+SWCNT 
(20%)–DEMMsA/BF4 (48%)

N RT 0.17 Energy conversion 
devices

 [1, 
143]

((PVdF-HFP)+Nafion) (32%)+SWCNT 
(20%)–DEMMsA/CF3BF3 (48%)

N RT 0.16 ''  [1, 
143]

((PVdF-HFP)+Nafion) (32%)+SWCNT 
(20%)–DEMMsA/C2F5BF3 (48%)

N RT 0.07 ''  [1, 
143]

((PVdF-HFP)+Nafion) (32%)+SWCNT 
(20%)–DEMMsA/TFSI (48%)

N RT 0.11 ''  [1, 
143]

Polymer + ionic liquid + acid

(PVdF-HFP)–DEMA/TfO (0–80%)–
H3PO4 (40%)

AH RT 0.63 100–200 Fuel cell  [144]

(PVdF-HFP)–DEMA/TfO(10–80%)–
HClO4⋅SiO2(N)

AH RT, 100 0.6 (100°C) Fuel cell, supercapaci-
tor

 [145]

Membrane RH, % T, °C κ, mS/cm Tdec, °C Application Refer-
ence

Table 2. (Contd.)
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Polymer + ionic liquid + Li(Na) salt

[(PVdF-HFP)–EMIm/TfO (80%)]–(0.5M 
Na/TfO in EMIm/TfO)

N 20–100 5.7 (RT) Sodium-sulfur battery  [130]

((PVdF-HFP)+TiO2)–(0.5M Na/TfO in 
BMIm/TfO)

AH 35–80 0.4 (RT) ''  [146]

(PVdF-HFP)–(0.5M Na/TfO in 
BMIm/TfO)

N 25–50 0.21 (30°C) 400 Sodium-ion battery  [147]

(PVdF-HFP)–(0.5M Na/TfO in 
EMIm/TfO)

N 25–50 0.25 (30°C) 400 ''  [147]

(PVdF-HFP)–(1M Na/TFSI in 
BMIm/TFSI) (20-70%)

N 30–100 1.9 (30°C) 368–394 ''  [148]

(PVdF-HFP)–[1M Na/TFSI in (EC-
DEC/TEGDME/EMIm/BF4)] (75%)

N 30–70 4.7 (70°C) ''  [149]

(PVdF-HFP)–Na/NCS (30%)–
EMIm/TCM (0–10%)

N RT 0.78 Electrochemical dou-
ble layer capacitor

 [150]

[(PVdF-HFP)+rGO-PEG-NH2 (0–5%)]–
EMIm/TFSI (30–50%)–Li/TFSI (20%)

AH 30–100 2.1 (30°C) 315–342 Lithium-ion battery  [151]

(PVdF-HFP)–EMIm/TFSI(0–50%)–(1M 
Li/TFSI in DME/DOL(1:1))(40–60%)

N 25–75 0.88 (RT) 400 Rechargeable lithium-
ion battery

 [152]

(PVdF-HFP)–EMIm/TFSI (33%)–
Li/TFSI (23.5%)–SiO2 (20%)

N 25–100 0.74 (25 °C) 300 Lithium-ion battery  [153]

[(PVdF-HFP)–Li/TFSI (20%)]–
EMIm/TFSI (80%)

AH 30–50 0.64 (30°C) 200 ''  [154]

[(PVdF-HFP)–Li/TFSI (20%)]–
BMIm/BF4 (0–60%)

0.5 ppm RT 1.7 300–400 Rechargeable lithium-
ion battery

 [155]

[(PVdF-HFP)–Li/TFSI (20%)]–
BMIm/BF4 (0–70%)

0.5 ppm RT 3.2 300–400 Lithium-metal battery  [156]

(PVdF-HFP)–(0.5M Li/TFSA in 
EMIm/TFSA) (90%)

0.5 ppm 10–50 1.7 (20°C) Lithium-ion battery  [157]

(PVdF-HFP)–EMIm/TFSI (20–60%)–
Li/TFSI (20%)

AH 25 4.3 ''  [158]

[(PVdF-HFP)–Li/TFSI(20%)]–
BMIm/TFSI(0–70%)

AH 30–160 2.07 (30°C) 300–350 ''  [133]

(PVdF-HFP)–Li/TFSI (25.33%)–
EMIm/TFSI (33–50%)

N 20–80 4.6 (30 °C) ''  [159]

(PVdF-HFP)–BMIm/TFSI (60%)–
Li/TFSI (20%)

AH 30–90 1.8 (30°C) ''  [160]

[(PVdF-HFP)+SiO2(2%)]–
BMIm/TFSI(60%)–Li/TFSI(20%)

AH 30–90 5.23 (30°C) ''  [160]

[(PVdF-HFP)+SiO2(2.8%)]–
EMIm/TFSI(55.6%)–Li/TFSI(13.9%)

AH 20–60 1.53 (20°C) Supercapacitor  [161]

Membrane RH, % T, °C κ, mS/cm Tdec, °C Application Refer-
ence

Table 2. (Contd.)
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RT: room temperature, AH: anhydrous conditions, FH: full hydration.
a Number of moles of ionic liquid–acid per 1 mol of the repeat unit of PBI.
b Number of moles of ionic liquid per 1 g of the polymer/copolymer.
N: not stated.
* The value taken from the plot.
**Absorption, %.

[(PVdF-HFP)+Poly(VPIM/TFSI)]–
EMIm/TFSI–Li/TFSI

N 25–85 0.92 (RT) 352 Lithium-ion battery  [162]

[(PVdF-HFP)+SiO2 + Poly(VPIM/TFSI)]–
EMIm/TFSI–Li/TFSI

N 25–85 1.69 (RT) 368 ''  [162]

[(PVdF-HFP)+Poly(VPIM/TFSI)]–
BMIm/TFSI–Li/TFSI

N 25–85 0.7 (RT) 362 ''  [163]

[(PVdF-HFP)+TiO2]–(0.1–0.5M Li/TFSI 
в C3CNMIm/TFSI)

AH 20–70 0.3 (20°C) 200 ''  [164]

[(PVdF-HFP)+Al2O2 (1.5-1.8%)]–
BMIm/BF4 (11-27%)–Li/TFSI (12–
14.5%)–(PC+EC)(1 : 1) (30–36%)

N 25–75 5.26 (25°C) 150 ''  [165]

(PVdF-HFP)–PDEIm/TFSI (60%)–(1M 
Li/TFSI in EC/DMC(1 : 1))

N 25–80 1.78 (25°C) 350 ''  [166]

[(PVdF-HFP)+SiO2 (30%)]–[1M Li/TFSI 
in [EMIm/TFSI (25–100%)+EC/DEC]

0.1 25–100 4.0 (RT)* 145–198 Lithium-metal battery  [167]

[(PVdF-HFP)–EMIm/TFSI (75%)]–[1M 
Li/PF6 in EC:DEC(1 : 1)]

N 25 14.8 Supercapacitor  [125]

[(PVdF-HFP)–LASGP (9%)–EMIm/TFSI 
(75%)]–[1M Li/PF6 in EC:DEC(1 : 1)]

N 25 78 ''  [125]

[(PVdF-HFP)–Li/BF4 (15%)]–
BMIm/BF4 (5–20%)

N 30–90 0.02 (RT) Lithium-ion battery  [168]

(PVdF-HFP)–(0.3M Li/BF4 in 
BMIm/BF4) (20–80%)

AH 30–160 5 (30°C)* 300–380 Electrochemical device  [169]

[(PVdF-HFP)+SiO2]–(0.3M Li/TfO in 
EMIm/TfO)(50-65%)

AH −30–80 3 (30°C) 320–330 Lithium-ion battery  [170]

(PVdF-HFP)–(0.3M Li/TfO in 
EMIm/TfO) (80%)

N 25–85 4.5 (RT) Supercapacitor  [171]

(PVdF-HFP)–(0.3M Li/TfO in 
EMIm/TfO) (65%)–EC/PC(1 : 1) (15%)

N 25–85 8 (RT) ''  [171]

(PVdF-HFP)–(1M Li/NfO in 
EMIm/NfO) (60–80%)

AH −50–100 3.09 (30°C) 330 Lithium-ion battery  [172]

(PVdF-HFP)–(1M Li/NfO in 
BMIm/NfO) (60–80%)

AH −50–100 26.1 (100°C) 336 Rechargeable lithium-
ion battery

 [173]

(PVdF-HFP)–EMIm/DCA (60%)–LiClO4 
(10%)

N RT 0.6 300 Lithium-ion battery  [174]

Membrane RH, % T, °C κ, mS/cm Tdec, °C Application Refer-
ence

Table 2. (Contd.)
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Fig. 7. Room-temperature electroconductivity of the (PVdF–HFP)–ionic liquid as function of the ionic liquid concentration:
BMIm/I (a) [134], EMIm/Br (b) [140]. 
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of the ionic liquid (at 450 wt %) the polymer became
very fragile and could be hardly processed. Electro-
chemical window of the film with the composition
optimized in view of the electroconductivity and
mechanical strength was of 2 V.

The effect of ether substituent in the imidazolium-
and ammonium-based ionic liquids on the parameters
of electrochemical double layer capacitors (EDLC)
consisting of gel polymer electrolyte (PVdF–HFP)–
ionic liquid and electrode of reduced graphene oxide
was investigated in [141]. Although the size of ammo-
nium cations and viscosity of their ionic liquid was
higher in comparison with the salts containing imid-
azolium cations, electroconductivity was higher in the
former case. According to the authors, there were two
reasons for that behavior, both reducing the physical
interaction between the polymer matrix and the ionic
liquid: 1) hydrophobic nature of PVdF–HFP possibly
allowed immobilization of cation ether groups exhib-
iting relatively higher hydrophilicity and 2) three-
dimensional structure of the ammonium cations sup-
pressed the stacking which could occur in the π-sys-
tem due to relatively planar structure of the imidaz-
olium cations. Moreover, the ionic liquids containing
the ammonium cations stronger reduced the crystal-
linity degree of PVdF–HFP in comparison with the
imidazolium-containing ionic liquids. The obtained
results showed that the presence of ether groups in the
imidazolium-based ionic liquids and of longer ester
groups in the ammonium-based ionic liquid could
enhance the capacity due to denser packing of the ions
at the electrode interface.

The influence of the alkylammonium cations on
thermal (temperatures of phase transitions and
decomposition) and electrochemical (electroconduc-
tivity and electrochemical window) parameters of the
PVdF–HFP membranes doped with protic ionic liq-
uids based on trif luoroacetate anion and diethyl-,
PO
dimethylethyl-, triethyl-, tributyl-, diisopropylethyl-,
or triethanolammonium was investigated in [142].
Electroconductivity of the prepared membranes was
increased along the TBA(DIPEA)–TEA(TEOA)–
DMEA(DEA) series of cations. The membranes
exhibited wide electrochemical window, of 6.1–7.6 V
at 50°C, narrowing with the increase in temperature.
The highest value of electrochemical window was
observed for the membrane with TBA/TFA, whereas
the lowest value was revealed by the membrane with
DMEA/TFA.

Carbon nanotubes (CNTs) were introduced in the
(PVdF–HFP)–BMIm/I polymer electrolyte to
increase its ionic conductivity [134]. The ionic con-
ductivity passed through a maximum with the increase
in the CNTs/PVdF–HFP mass ratio (Fig. 8a). At the
CNTs/PVdF–HFP mass ratio of 2 : 1000, the highest
ionic conductivity 17.6 mS/cm was reached, which
was almost 4.5 times higher in comparison with the
(PVdF–HFP)–BMIm/I polymer electrolyte without
CNTs. The increase in ionic conductivity with addi-
tion of CNTs was likely due to the formation of net-
work of channels in the polymer electrolyte, accelerat-
ing the ions transport, and favored dissociation of the
ionic liquid which increased the ions concentration.
However, addition of too much of CNTs can block the
ions transfer, which reduced the ionic conductivity.

Similar effect of addition of graphene oxide (GO)
on electroconductivity of the (PVdF–HFP)–
EMIm/BF4 polymer electrolyte was investigated in
[126]. The introduction of small amount of graphene
oxide (1 wt %) in the polymer electrolyte led to sharp
increase in the ionic conductivity (by ~ 260% in com-
parison with pure polymer electrolyte). Owing to
numerous oxygen-containing functional groups at the
surface and edges of the sheets, graphene oxide inter-
acted with the copolymer to form the amorphous
phase and thus to increase ionic conductivity of the
LYMER SCIENCE, SERIES A  Vol. 65  No. 4  2023
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Fig. 8. Electroconductivity of the (PVdF-HFP)–BMIm/I–CNTs polymer electrolytes with different CNTs : PVdF–HFP ratios
at the BMIm/I : PVdF–HFP mass ratio 4 : 1 [134] (a); electroconductivity of the (PVdF–HFP)–EMIm/BF4–graphene oxide
(GO) polymer electrolyte as function of the graphene oxide content (b). Mass ratio EMIm/BF4 : PVdF–HFP is 2 [126].
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polymer electrolyte. Moreover, uniform distribution
of graphene oxide as three-dimensional network in
(PVdF–HFP)–EMIm/BF4 led to the formation of
network of continuous interconnected channels facil-
itating the ion transfer, which also led to significant
increase in the ionic conductivity. With further
increase in the content of graphene oxide in the poly-
mer electrolyte, its excess amount blocked those trans-
port channels, which reduced the electroconductivity
(Fig. 8b). The solid-state supercapacitor produced
with the (PVdF–HFP)–2EMIm/BF4–graphene
oxide polymer electrolyte exhibited lower internal
resistance, higher capacity, and better cycling stability
as compared to the supercapacitors with (PVdF–
HFP)–2EMIm/BF4 and EMIm/BF4. The observed
excellent parameters were due to high ionic conduc-
tivity, perfect compatibility with carbon electrodes,
and prolonged stability of the polymer electrolyte
doped with graphene oxide.

The increase in concentration of multilayer
graphene nanosheets (ad-GNSs) used as the filler led
initially to almost twofold increase in electroconduc-
tivity of the (PVdF–HFP)–EMIm/TFSI polymer
electrolyte, followed by its insignificant decrease with
further increase in the ad-GNSs concentration [128].
The obtained (PVdF–HFP)–EMIm/TFSI–(ad-
GNSs) polymer electrolyte exhibited very good ther-
mal stability (up to 400°C) and wide electrochemical
window (3 V). The solid-state supercapacitor based on
commercial active carbon and the modified polymer
electrolyte showed the electrochemical parameters
improved in comparison with the corresponding all-
solid supercapacitor assembled using the (PVdF–
HFP)–EMIm/TFSI polymer electrolyte without ad-
GNSs additive. In particular, lower internal resistance
and charge transfer resistance, higher specific capac-
POLYMER SCIENCE, SERIES A  Vol. 65  No. 4  2023
ity, and better rate and cycling stability parameters
were observed.

The investigation of the effect of inorganic fillers,
TiO2 and ZnO nanoparticles, on the properties of the
(PVdF–HFP)–EMIm/BF4 polymer electrolyte [119]
revealed that the nanoparticles, similarly to the ionic
liquid, decreased the crystallinity degree of PVdF–
HFP upon their incorporation in the polymer matrix.
However, significant increase in the electroconductiv-
ity was not observed. The EDLC cell assembled using
the polymer electrolyte with addition of TiO2 exhib-
ited higher capacity in comparison with the ZnO
nanoparticles, due to higher dielectric constant of
TiO2, which favored the ionic liquid dissociation. At
the first cycle, specific energy density and specific
power of the EDLC cell assembled using the TiO2-
filled electrolyte were 33.19 W h/kg and 1.17 kW/kg,
respectively, at specific current of 1 A/g.

In contrast to the above-discussed study [119], the
introduction of the Li1.5Al0.33Sc0.17Ge1.5(PO4)3
(LASGP) ceramic filler into the (PVdF-HFP)–
EMIm/TFSI polymer electrolyte led to significant
increase in the electroconductivity [125], and also
improved mechanical strength as well as electrochem-
ical stability of the films.

Composite polymer electrolyte based on PVdF–
HFP, ionic liquid EMIm/BF4, and organic filler suc-
cinonitrile was prepared in [122]. Partial substitution
of the ionic liquid in the (PVdF–HFP)–BMIm/BF4
polymer electrolyte with succinonitrile led to the elec-
troconductivity increase. The presence of nonionic
highly polar succinonitrile, exhibiting fast molecular
diffusion, waxy nature, good solvating ability, and
high dielectric constant, reduced the PVdF–HFP
crystallinity, favored the ionic liquid dissociation, and
increased the ions mobility. The polymer electrolyte
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containing optimized ionic liquid : succinonitrile ratio
exhibited ionic conductivity 6.40 mS/cm at room tem-
perature and electrochemical stability range of 2.9–
2.5 V. The symmetrical carbon-carbon all-solid super-
capacitor cell with that polymer electrolyte showed
specific capacity 176 F/g at 0.18 A/g and 138 F/g at
8 A/g, the maximum power being 24.5 kW/kg and
energy density being 36 W h/kg at specific current
1.5 A/g.

Hence, the properties making the (PVdF–HFP)–
ionic liquid systems promising polymer electrolytes for
application in various electrochemical devices are
mainly their sufficiently high room-temperature ionic
conductivity (10−2 S/cm), high electrochemical stabil-
ity (up to 5 V), and broad operating temperature range
(up to 300–400°C).

(PVdF–HFP)–Ionic Liquid–Li/Na Salt Polymer 
Electrolyte

Polymer electrolytes for lithium power sources
with PVdF–HFP as the polymer matrix have been
considered in numerous studies. In such polymer elec-
trolytes, ionic liquids act as lithium salt solvent or as
plasticizer, when lithium salt in organic solvent is
used.

Electrochemical parameters of polymer electro-
lytes prepared via impregnation of porous PVdF–
HFP with sodium salts solutions in ionic liquids
(EMIm/TFSI and BMIm/TFSI) and in organic sol-
vents (propylene carbonate and fluoroethylene car-
bonate) were compared in [147]. The electrolyte based
on the ionic liquids revealed such advantages as high
thermal stability, nonvolatility, and wide electrochem-
ical window, but its high viscosity hindered the sodium
ions mobility in the liquid as well as in the polymer
matrix. Moreover, sodium ions in the polymer electro-
lytes based on ionic liquids was involved in strong
interactions with other ions, which also reduced their
mobility. Electroconductivity of such polymer elec-
trolyte was five times lower (about 0.21 and
0.25 mS/cm at 30°C) in comparison with the polymer
electrolyte based on the sodium salts in the organic
solvents. The values of room-temperature electrocon-
ductivity of the PVdF–HFP-based polymer electro-
lytes doped with solutions of LiTFSI in 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIm/BF4)
[155, 156, 165], in 1-ethyl-3-methylimidazolium
bis(trif luoromethylsulfonyl)imide (EMIm/TFSI)
[151–153, 157–159, 161, 162, 167], and in 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
(BMIm/TFSI) [133, 160, 163] were in the 1–
5 mS/cm range, depending on the doping method.
Similarly to the above-discussed influence of the ionic
liquid concentration on electroconductivity of the
(PVdF–HFP)–ionic liquid polymer electrolyte, elec-
troconductivity of the (PVdF–HFP)–ionic liquid–
lithium salt electrolyte passed through maximum with
PO
the increase in the ionic liquid content [152, 167].
As was shown in [151, 160, 164, 170], introduction of
fillers in the polymer matrix also increased the elec-
troconductivity, but the effect was less prominent, and
electroconductivities of the filled and unfilled electro-
lytes were of the same order. At the same time, it
should be noted that the introduction of the fillers
enhanced thermal and electrochemical stability of the
polymer electrolytes. More significant increase in the
electroconductivity (by 1–2 orders of magnitude) was
observed in the systems with ionic liquids as plasti-
cizer, the polymer matrix doping being performed by
lithium salt solution in an organic solvent [125].

Similar results were obtained in [148] for the poly-
mer electrolyte with the sodium salt (NaTFSI) solu-
tion in the ionic liquid (BMIm/TFSI) was introduced
in the PVdF–HFP polymer matrix. The ionic con-
ductivity was increased with the increase in the solu-
tion content in the polymer electrolyte, the highest
value (1.9 × 10−3 S/cm at 30°C being reached at the
solution content of 70%; the polymer electrolyte was
thermally stable up to 368°C and exhibited wide elec-
trochemical window of 4.2 V. Formation of the polar
β-phase in the matrix was observed in the presence
of the solution, and its fraction was increased with
the growing content of the solution. Furthermore,
the vitrification temperature was decreased with the
increase in the solution content, due to its plasticiz-
ing effect. Electrochemical efficiency of the half-
cell (Na-NMC/PE/Na) was studied, with PE being
the polymer electrolyte of the optimized composi-
tion acting as separator, Na-NMC cathode, and Na
metal anode. The cell exhibited specific discharge
capacity 108 mA h g–1 at discharge rate 0.1°C. The
capacity retention (94% upon 200 charge-discharge
cycles) was also high.

Comparative analysis of the data on polymer elec-
trolytes with poly(ethylene oxide), PVdF, PVdF-HFP,
poly(methyl methacrylate), polyacrylonitrile,
poly(vinyl chloride), and polyacrylates as the matrix
revealed [176] that PVdF–HFP was the most promis-
ing polymer for the development of novel electrolytes
for lithium power sources.

CONCLUSION

Polymer electrolytes based on ionic liquids provide
an excellent alternative to liquid electrolytes and can
be applied in various electrochemical devices, owing
to good ionic conductivity as well as mechanical, ther-
mal, chemical, and electrochemical stability. Herein
we reviewed the literature on the polymer electrolytes
of the polymer + ionic liquid type as well as composite
systems based on them, used as membranes in fuel
cells, batteries, and supercapacitors. Polybenzimidazole
and poly(vinylidene fluoride-co-hexafluoropropylene)
were considered as polymer matrices, and major
LYMER SCIENCE, SERIES A  Vol. 65  No. 4  2023
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attention was paid to ionic liquids containing alkylam-
monium and alkylimidazolium cations.

Polybenzimidazoles doped with proton-generating
additives are currently the most promising materials
for the production of proton-conducting membranes
to be used in intermediate-temperature fuel cells.
Using protic ionic liquids as proton conductors for the
PBI membrane has allowed significant extension of
the operating temperature range of the fuel cells
towards high temperature in comparison with the
PBI–acid membranes. Introduction of a ionic liquid
in the PBI–acid polymer membrane improves
mechanical properties of the membrane as well as its
thermal stability and electroconductivity.

The use of PVdF–HFP as the matrix for the pro-
duction of polymer electrolytes has led to the increase
in solubility in different organic solvents, decrease in
the crystallinity, and enhancement of the mechanical
strength. The (PVdF–HFP)–ionic liquid polymer
electrolytes have exhibited sufficiently high room-

temperature ionic conductivity, good electrochemical
stability, and wide range of the operation temperature.

Numerous studies have revealed that ionic liquids
in the (PVdF–HFP)–ionic liquid–Li/Na salt poly-
mer electrolytes provide promising alternatives to con-
ventional organic plasticizers (ethylene carbonate,
propylene carbonate, diethyl carbonate, poly(ethylene
glycol), etc.) in view of the chemical power sources
applications, owing to their unique properties (high
ionic conductivity, wide electrochemical window,
inflammability, low vapor pressure, excellent miscibil-
ity with conventional liquid electrolytes, and good
thermal stability).

It has been shown that introduction of inorganic
fillers (silicon dioxide, titanium dioxide, zirconium
dioxide, graphene oxide, carbon nanotubes, or layered
silicates) in the considered polymer electrolytes
improves their mechanical, thermal, and chemical
properties.

APPENDIX

ABBREVIATIONS

Cations

AEIm 3-Allyl-1-ethylimidazolium
AMIm 3-Allyl-1-methylimidazolium
AMEtA N-Methyl-2-(2-methoxyethoxy)-N,N-bis[2-(2-methoxyethoxy)ethyl]ethane-1-ammonium
AMEtIm N-Methyl-2-(2-methoxyethoxy)-N,N-bis[2-(2-methoxyethoxy)ethyl]imidazolium
ApMIm 1-(3-Aminopropyl)-3-methylimidazolium
BIm 1-Butylimidazolium
BMIm 1-Butyl-3-methylimidazolium
C3CNMIm 1-Cyanomethyl-3-methylimidazolium
DEA Diethylammonium
DEMA Diethylmethylammonium
DEMMsA N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammonium
DIPEA Diisopropylethylammonium
DMEA Dimethylethylammonium
DMEtOHA N,N-Dimethyl-N-(2-hydroxyethyl)ammonium
EIm 1-H-3-Ethylimidazolium
EMIm 1-Ethyl-3-methylimidazolium
HMIm 1-Hexyl-3-methylimidazolium
MIm 1-H-3-Methylimidazolium
MMEtA N-Methyl-N-tris(2-methoxyethyl)ammonium
MsMIm 1-(3-Trimethoxysilylpropyl)-3-methylimidazolium
MtOHTMA (2-Hydroxymethyl)trimethylammonium
OHEMIm 1-(2-Hydroxyethyl)-3-methylimidazolium
PDEIm Poly(1,2-diethoxyethylimidazolium)
Pr(MIm)2 1,3-Di(3-methylimidazolium)propane
SEMA 2-Sulfoethylmethylammonum
TBA Tributylammonium
POLYMER SCIENCE, SERIES A  Vol. 65  No. 4  2023
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TEA Triethylammonium
TEOA Triethanolammonium
TESPA Triethyl(3-sulfopropyl)ammonium
TetEA Tetraethylammonium

Polymers

PBI Poly-2,2'-(m-phenylene)-5,5'-di(benzimidazole)
PBI-O-Ph Derivative of polybenzimidazole bearing benzofuran fragments
P(MMA-co-BMA) Poly(methyl methacrylate–co–butyl methacrylate)
pPBI Porous polybenzimidazole
PVdF-HFP Poly(vinylidene fluoride-co-hexafluoropropylene)
PVP Poly(N-vinylpyrrolidone)
SPEEK Sulfonated poly(ether ether ketone)

Anions

BF4 Tetrafluoroborate
Br Bromide
CF3BF3 Trifluoro(trif luoromethyl)borate
C2F5BF3 (Perfluoroethyl)trif luoroborate
(CH3)2PO4 Dimethylphosphate
Cl Chloride
DCA Dicyanamide
H2PO4 Dihydrophosphate
HSO4 Hydrosulfate
I Iodide
NCS Thiocyanate
NfO Nonafluoro-1-butanesulfonate
PF6 Hexafluorophosphate
TCB Tetracyanoborate
TCM Tricyanomethanide
TFA Trifluoroacetate
TfO Trifluoromethanesulfonate
TFSI Bis(trif luoromethylsulfonyl)imide

Fillers

CNTs Carbon nanotubes
ETS Functionalized microporous titanosilicate-type material
GNSs Graphene nanosheets
GO Graphene oxide
rGO-PEG-NH2 2,2''-(Ethylenedioxy)bis(ethylamine) covalently linked to reduced graphene oxide
IPTS 3-(Triethoxysilyl)propyl isocyanate
LASGP Li1.5Al0.33Sc0.17Ge1.5(PO4)3

MDA Melamine-based dendrimer functionalized with mesoporous silica SBA-15
NaY Sodium-type zeolite
NH4BEA Large-pores zeolite
SiO2–poly(VPIM/TFSI) Ionic liquid covalently bound to silica nanoparticles
SN Succinonitrile
SWCNT Single-wall Carbon Nanotubes
TAIC Triallylisocyanurate
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