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Abstract: Ion exchange membranes are widely used in chemical power sources, including fuel cells, redox
batteries, reverse electrodialysis devices and lithium-ion batteries. The general requirements for them are
high ionic conductivity and selectivity of transport processes. Heterogeneous membranes are much cheaper
but less selective due to the secondary porosity with large pore size. The composition of grafted membranes
is almost identical to heterogeneous ones. But they are more selective due to the lack of secondary poros-
ity. The conductivity of ion exchange membranes can be improved by their modification via nanoparticle
incorporation. Hybrid membranes exhibit suppressed transport of co-ions and fuel gases. Highly selective
composite membranes can be synthesized by incorporating nanoparticles with modified surface. Further-
more, the increase in the conductivity of hybrid membranes at low humidity is a significant advantage for
fuel cell application. Proton-conducting membranes in the lithium form intercalated with aprotic solvents
can be used in lithium-ion batteries and make them more safe. In this review, we summarize recent pro-
gress in the synthesis, and modification and transport properties of ion exchange membranes, their transport
properties, methods of preparation and modification. Their application in fuel cells, reverse electrodialysis
devices and lithium-ion batteries is also reviewed.

Keywords: fuel cells; hybrid membranes; ion exchange membranes; ion conductivity; lithium-ion batteries;
membrane synthesis; Mendeleev-21; selectivity.

Introduction

Energy is among the oldest and simultaneously most demanded products. None of modern production
processes nor human everyday life would be possible without energy. The energy demand doubles every
30 years [1]. In addition, the mankind enters every new century with a new major energy source. Today the
question is of what will be the major energy source by the 22" century. This seems to be renewable energy
sources such as solar batteries, wind generators, and tidal energy [2-4]. However, these sources cannot
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operate continuously. Therefore, energy storage devices are needed to maintain the energy supply. Among
these devices, metal-ion batteries, redox batteries, and the hydrogen cycle based on fuel cells [5-9] are the
most promising. In a certain sense, fuel cells can be considered as a primary or even a renewable energy
source, when hydrogen obtained via reforming of natural gas [10], biomass [11-14], or biomass-derived alco-
hols [15-17] is used as the fuel.

Ion exchange membrane is the necessary component in all these devices. It should provide directed
transport of protons or metal cations driven by electrochemical potential gradient and prevent the transport
of electrons, fuel, and oxidants [3]. Therefore, a desired membrane should exhibit high ionic conductivity
and selectivity. Meanwhile, new energy sources have been developed also. For example, reverse electrodialy-
sis based on the energy of mixing of fresh and salt water has received considerable attention in recent years
[18-20]. This may seem not quite reasonable, since numerous desalination plants using reverse osmosis [21]
or electrodialysis [22] are installed, which provide strictly opposite processes. However, rivers inevitably run
into the seas and it appears pertinent to use this process for the design of a renewable energy source [23].
The use of reverse electrodialysis is not always expedient because of the high cost of water pretreatment
needed to maintain the power density. Therefore, an alternative way is to integrate reverse electrodialysis into
the existing power systems for additional energy generation [24-26]. The ion exchange membranes used in
reverse electrodialysis should also have high ionic conductivity, selective transport of ions of one sign, and
low electronic conductivity [27].

In this review, we summarize recent progress in the synthesis and modification of ion-exchange mem-
branes, their transport properties, methods of preparation and modification. Their application in fuel cells
and lithium-ion batteries is also reviewed.

Perfluorinated ion exchange membranes

Perfluorinated cation exchange membranes are most often used in fuel cells due to high chemical stabil-
ity, conductivity, and selectivity [28-30]. This set of properties are determined by their chemical structure
(Fig. 1). The perfluorinated chains are responsible for the thermal and chemical stability of membranes,
while the ~SO,H functional groups determine their ion-exchange and conductive properties [31]. Other func-
tional groups such as ~PO,H and —~COOH are introduced into cation exchange membranes much more rarely
[31-34]. Anion exchange membranes usually contain different ~NR, alkylammonium moieties as functional
groups [35-37].

The most extensively studied Nafion® membranes are composed of a polytetrafluoroethylene backbone
with perfluoropolyether side chains terminated by sulfonate groups (Fig. 1a) [38, 39]. It is noteworthy that
relatively few studies are devoted to the synthesis of these membranes. The first stage of this synthesis is
the copolymerization of tetrafluoroethylene and perfluorovinyl ether with sulfonyl acid fluoride [40-44] in a
fluorocarbon solvent using radical initiators [45, 46]. The process stops at the conversion degree of 20-25 %
because of considerable rise of viscosity. In some cases, copolymerization is carried out in aqueous emulsions
[47]. Recently, the preparation of such polymers at high pressure has been reported [48]. The membranes can
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Fig. 1: Chemical structure of perfluorinated cation exchange membranes with a long (Nafion®, a) and short (Aquivion®, b) side
chains.
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be extruded from a polymer melt or cast from a solution. After that, they are subjected to alkaline hydrolysis
and are finally converted to the proton form by treatment with acid followed by washing.

The functional groups are located on relatively long side chains. Their segmental mobility induces self-
organization in the membrane; as a result, hydrophobic perfluorinated chains form the membrane matrix,
while hydrophilic sulfonate groups are arranged into clusters [35, 49, 50]. On contact with the surrounding
moistened gas or solution, these clusters actively absorb water, thus being increased in size and form pores
filled with water. Usually on contact with water, membranes with equivalent weight of about 1300 g/mol and
ion exchange capacity of about 1 mg-equiv./g absorb up to 17-18 water molecules per functional group [31,
51]. The functional groups dissociate almost completely. The fixed ~SO,~ groups impart a negative charge to
pore (cluster) walls, while the cations pass to the aqueous solution inside the pores, thus providing the ionic
conductivity. When hydrated, the characteristic size of membrane pore is 4-5 nm. The ion transport across
the membrane prompts the idea that the pores are interconnected by more narrow channels (Fig. 2). It is note-
worthy that this cluster-channel or cluster-network model was developed for Nafion® membranes [52, 53], but
it is usually extended to all ion exchange membranes [35].

As a result of electrostatic interactions with negatively charged pore walls, most of the cations (counter-
ions) are concentrated in a thin (about 1-2 nm) Debye layer near the membrane pore wall (Fig. 2). This layer
is responsible for the ionic conductivity of membranes in contact with water or water vapor [55]. At the pore
center, there is a so-called “electrically neutral solution” with a slight excess of counter-ions. Usually it is
assumed that its composition is close to that of the solution contacting with the membrane [56] which can
contribute to the membrane conductivity. However, in this case, there are co-ions (anions) at the pore centers
which provide low anionic conductivity of cation exchange membrane. The selectivity of transport processes
is expressed as the transport numbers (the fraction of the total electrical current carried by ions of the given
charge) [30, 57].

Membranes used in a fuel cell contact with the water vapor only. In this case, it can be assumed that the
electrically neutral solution contains no anions and the liquid inside the pores is presented by pure water.
However, water can dissolve gases or methanol feeding the cell. This determines the possibility of their trans-
port across the membrane without energy generation (crossover) [58, 59]. In this case, the selectivity is char-
acterized by the ratio of the transport rate of these molecules to the membrane conductivity.

The presence of pure water inside the pores for membranes with high water uptake is confirmed by the
endothermic peak of water crystallization near 0 °C on the DSC-curves [60]. However, this crystallization can
be observed only at high water uptake. For example, for the H*-form of the membrane, it should be more than
18-20 water molecules per sulfonate group [61]. So high water uptake was attained for grafted membranes
based on polyethylene and sulfonated polystyrene. Meanwhile, for a large majority of perfluorinated mem-
branes, water uptake is much lower. Even if there is a small amount of almost pure water in the pore centers,
this water freezes markedly below 0 °C due to a low nucleus radius.

Fig. 2: Scheme of cluster-channel or cluster-network system in the cation exchange membrane. (1) membrane matrix consisting
of perfluorinated chains, (2) functional -SO," groups, (3) Debye layer, (4) electrically neutral solution [54].
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In recent years, considerable attention has been paid to the Aquivion type membranes with short
side chains (Fig. 1b), which have high conductivity and selectivity [62—-64]. However, a comparative study
of the Nafion® and Aquivion® perfluorinated membranes [65] demonstrates that the major advantages of
short side-chain membranes are mainly due to lower equivalent weight. At the moment, their cost is about
1.5 times higher than that of the Nafion membranes with the same thickness. Moreover, some membranes of
this type have lower selectivity at a high conductivity [66]. It is possible, however, that this is determined by
the preparation method.

Grafted membranes

A very high cost limits application of perfluorinated membranes [67]. Therefore, heterogeneous membranes
containing ion-exchange resins (e.g. polystyrene sulfonate) and an inert binder, most often polyethylene,
are much more popular [35]. They are usually obtained by hot rolling or pressing. Therefore, these mem-
branes contain an additional system of larger pores (secondary porosity) with the size about 1 um and have a
bimodal pore size distribution [68]. These pores can contain much more co-ions or dissolved molecules. The
contribution of the conductive Debye layer to the volume of such pores is negligibly low. Therefore, heteroge-
neous membranes are usually less selective [69, 70]. Recently, another reason for the low selectivity of hetero-
geneous membranes was also shown [71]. Large pores can be formed at the contacts of the reinforcing fabric
with ion-exchange material. The situation is worse when there are protrusions of the fabric filaments above
the surface. In this case, the relatively great length of these non-selective open-ended macropores allows easy
transport of co-ions from the external solution into the membrane depth.

An appealing idea is to design ion exchange membranes similar to heterogeneous ones in their
composition, but devoid of macroporosity. This approach can be implemented by graft polymerization
of vinyl monomers on irradiated polymer films [72, 73]. For example, y-irradiation of a polyethylene
film results in the radical generation. Usually, the radicals have short lifetimes, but in a polymer film
they are stabilized because of low mobility. Therefore, grafting can be carried out even several months
after irradiation. Grafting is accomplished by immersion of the irradiated film into the monomer and is
associated with radical copolymerization. Most often, grafted ion exchange materials are synthesized
using styrene, which readily undergoes further chemical modification [74]. Grafted styrene polymerizes
in the poreless membrane matrix, thus pushing its chains apart, which prevents the formation of the
secondary “macroporosity”, usually observed in heterogeneous membranes. The subsequent sulfona-
tion of polystyrene gives highly acidic cation exchange membranes with a broad range of ion exchange
capacities and water uptakes [61, 75, 76]. A method has been proposed for the synthesis of ion exchange
membranes based on polymethylpentene [77] containing a large number of tertiary carbon atoms in the
polymer structure. In this case, UV radiation can be used for activation instead of y-radiation, which
makes the synthesis of grafted materials much simpler. In addition, divinylbenzene cross-linking can be
carried out for both methods, which allows targeted control over the membrane selectivity and solvation
degree [78, 79]. The designed grafted films based on styrene copolymer with UV-activated polymethyl-
pentene were used for the synthesis of highly alkaline anion exchange membranes using chloromethyla-
tion and quaternization [80].

In order to compare the conductivity and selectivity of the obtained membranes with those of commercial
samples, the potentiometric transport numbers were plotted versus ionic conductivity of membranes under
equivalent conditions [78, 81]. It can be seen from the data presented in Fig. 3a that the cation exchange
membranes obtained by graft polymerization match the best homogeneous perfluorinated membranes [78].
Fairly high characteristics were also attained for the anion exchange membranes based on graft copolymers
of polystyrene with UV-irradiated polymethylpentene (Fig. 3b) [79].

An alternative approach to the preparation of ion exchange membranes is associated with polymer film
stretching, resulting in the formation of numerous small pores [82]. A broad range of polymers, including
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Fig. 3: Selectivity versus ionic conductivity for various cation exchange (a) and anion exchange (b) membranes: (1) membranes
based on functionalized polystyrene—polymethylpentene graft copolymer; (2) homogeneous and pseudo-homogeneous
commercial membranes; (3) heterogeneous commercial membranes; (4) cation exchange membranes based on sulfonated
polystyrene—polyethylene graft copolymer [77, 79].

polyethylene, polyvinylidene fluoride, and even Teflon were treated [83]. This approach cannot prevent the
secondary porosity; however, the membranes based on stretched polymer film exhibit high conductivity and
selectivity [84, 85].

Modification of membrane materials

A promising approach to produce new membrane materials with improved performance involves modification
of commercially available membranes. This can be done by surface treatment, including profiling [85, 86] or
surface deposition of other materials [57]. In particular, studies describing successive deposition of thin layers
of anionic and cationic polyelectrolytes on the surface have become popular over the past couple of years. This
gives membranes with high fouling resistance and selectivity for cations of different charge [57, 87-92].

A widely used approach is the formation of inorganic-organic hybrid or composite membranes. There
are several reviews discussing this method [93-97]. Initially, studies in this field were aimed at increasing the
conductivity of membranes for fuel cells [98-101]. Synthesis of a small amount of inorganic additives directly
in the membrane pores is the most efficient [102, 103]. According to the limited elasticity model, pores are
expanded upon nanoparticle incorporation, which leads to simultaneous expansion of the channels that
connect the pores and determine the membrane conductivity [104]. As the additive concentration increases,
its particles are enlarged. The force needed for further pore expansion increases according to the Hooke law.
Therefore, the osmotic pressure created by the cations in the pore solution is insufficient for efficient pore
expansion. This results in decrease in the membrane water uptake and conductivity [104].

Incorporation of nanoparticles with acidic surface seems to be more favorable. It should contribute to the
membrane conductivity by the formation of additional charge carriers as well as increase in the membrane
water uptake due to their hydrophilic surface [54, 95, 105, 106]. Furthermore, negative charge formation near
the surface of these particles may result in the second Debye layer formation. It would increase the mem-
brane selectivity as a result of displacement of anions and non-polar gas molecules from the pores [7]. This
was observed for acid salts of heteropolyacids incorporated in the membrane pores [105, 107]. Meanwhile,
selectivity can also increase upon incorporation of particles with basic surface due to the formation of strong
hydrogen or coordination bonds between them and the membrane functional groups. This should markedly
decrease the membrane water uptake and, hence, decrease the volume of electrically neutral solution at the
pore centers and increase the membrane selectivity [108].
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The effect of inorganic filler surface acidity was studied for polymethylpentene-based membranes
with grafted polystyrene sulfate containing ZrO,, TiO,, and SiO, nanoparticles with increasing acid
properties [109]. Upon SiO, incorporation, the ion exchange capacity is retained while the conductivity
increases. However, simultaneously with increasing water uptake, the selectivity decreases. Dissocia-
tion of slightly acidic silica surface is suppressed by the -SO,H group dissociation and the second Debye
layer does not form. On going to TiO, and especially to ZrO,, the ion exchange capacity and conductivity
of membranes substantially drop. However, the membrane selectivity markedly increases. Thus, incor-
poration of basic oxides acts similarly to membrane cross-linking with simultaneous decrease in the ion
exchange capacity [109]. A similar effect is induced by modification with basic polyelectrolytes [110].
Low gas [111] and alcohol [112] permeability were noted among the advantages of hybrid membranes in
many studies.

Usual membranes rapidly lose conductivity at low humidity because of dehydration and decrease in the
size of pores and channels [113]. At the same time, the conductivity of hybrid membranes is often much higher
[95]. For example, the conductivity of the perfluorinated MF-4SK membranes containing SiO, and heteropo-
lyacid is 2.5 orders of magnitude higher than that of the initial material [105].

Application of ion exchange membranes in power generation

Among the applications of ion exchange membranes in modern power generation, fuel cells (FCs) should
be mentioned, first of all. A majority of commercial fuel cells are based on proton-conducting ion exchange
membranes [3]. As noted above, this area is mainly occupied by perfluorinated sulfonated cation exchange
membranes [114], which have high conductivity, selectivity, and chemical stability [62]. Fuel cells based on
the Aquivion® type membranes show higher transport performance and allow operation at temperatures up
to 130 °C [65, 115]. The absence of an ester group and tertiary carbon in the side chain provide a better chemi-
cal stability and strength of the membranes. Moreover, lower gas permeability of these membranes was also
highlighted [115].

Composite membranes have shown considerable benefits for applications [116, 117]. Improved fuel cell
performance is due to their higher conductivity [118], lower gas permeability [111], and/or possibility of opera-
tion at elevated temperatures [119]. The latter issue is very important, as the platinum catalysts used in fuel
cells irreversibly sorb CO, which is inevitably present in the relatively cheap hydrogen produced by natural
gas or alcohol reforming [120]. At temperatures above 120 °C this problem is much less severe [28]. However,
data on the hybrid membrane application at high temperatures are scarce, and this advantage looks ques-
tionable. Many authors noted lower methanol permeability of hybrid membranes when used in direct metha-
nol FCs [121-124].

Among the fluorine-free membranes used in fuel cells, sulfonated poly(ether ether ketones) are notewor-
thy [125-127]. The interest in these compounds is mainly caused by their low cost. Therefore, poly(ether ether
ketones) are often used to develop methods for membrane modification [128-130]. The practical interest in
these materials is rather low, because of their relatively low stability.

Membranes based on polybenzimidazoles and polyarylenes are more promising. These materials have
high thermal stability and can operate at temperatures up to 200 °C [131]. However, their anion-exchange
groups are weakly basic and conductivity of these membranes is relatively low. For the use in fuel cells, these
membranes are doped with phosphoric acid [132-135], which gives charge carriers and plays the same role as
water in sulfonated cation exchange membranes. It forms the conduction system, providing the proton trans-
port by Grotthuss mechanism [136]. Most likely, charge carriers are proton vacancies (H,PO," ions), which
are formed upon proton hopping from phosphoric acid to the nitrogen atom of polybenzimidazole matrix.
Therefore, these membranes are not prone to desolvation, and their operation temperature is restricted by
stability of their matrix. Their main drawback is washing out of phosphoric acid during fuel cell operation,
and poor mechanical properties in the solvated state at high temperatures. In addition, high corrosivity of
phosphoric acid solution formed during FC operation imposes strict requirements to materials used for FC
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fabrication. The introduction of inorganic nanoparticles rarely increases the conductivity of polybenzimida-
zoles, because they themselves are, in essence, a good “dopant” for phosphoric acid. More often, the intro-
duction of fillers prevents washing out of phosphoric acid [132]. Also, if additional nitrogen-containing basic
groups are grafted onto the filler surface, the material sorbs an additional amount of phosphoric acid, which
increases the conductivity [137].

Membranes composed of polymer matrices based on stretched polyvinylidene fluoride, ultra-high-
molecular-weight polyethylene, and polypropylene with polystyrene sulfate-filled pores also showed good
fuel cell performance [84]. However, they can hardly be used in FC applications due to relatively low oxidative
stability as well as grafted membranes described above. Meanwhile, owing to their high transport character-
istics, grafted membranes are promising in reverse electrodialysis units, which generate electricity by mixing
fresh and salt water [73]. The electricity generation with the use of RED is financially feasible if the membrane
cost is below 4.3 €/m? [138]. As far as we know, there are no commercially available grafted ion-exchange
membranes. It is difficult to compare their cost with those of the homogeneous or pseudo-homogeneous
membranes used in reverse electrodialysis plants today. At a present price of several tens of dollars per square
meter of membrane, the financial viability of the RED process is determined by its efficiency, which is higher
for grafted membranes because of their higher selectivity.

Nowadays, liquid electrolytes based on aprotic organic solvents and lithium salts with bulky anions are
most often used in metal-ion batteries [139, 140]. However, they tend to be reduced during cycling to form
a film, which increases the internal battery resistance and decreases its efficiency. One more problem is a
sharp decrease in the conductivity due to electrolyte freezing or a pronounced increase in its viscosity at low
temperatures [141]. Furthermore, when lithium metal is used as the anode, its dendrites may grow through
the electrolyte, leading to a short circuit. Therefore, in recent years, considerable research has been focused
on the application of ion exchange membranes as electrolytes for lithium — [142, 143] and sodium-ion bat-
teries [144]. In this case, membranes are used in the lithium or sodium form, respectively, and are solvated
by organic solvents or their mixtures. This results in high conductivity of electrolytes, in particular, at low
temperatures [145].

Efficient hydrogen production from biomass or alcohols is a basic problem for the use of fuel cells as a
renewable energy source in the hydrogen cycle [11]. Also, as noted above, low-temperature FC application
requires high-purity hydrogen, which can be produced by filtration through metallic membranes based on
palladium alloys [146, 147]. One problem is the relatively low throughput of these membranes. The perme-
ability can be increased by using thin films of palladium alloys deposited on a thin ceramic substrate, which
ensures their strength [146-148].

Membranes based on non-precious metals, first of all, vanadium [149, 150], and porous non-metallic
membranes [151, 152] are being actively developed. Although the last ones do not provide sufficient hydrogen
purity. A promising method is the use of membrane catalysis processes in which hydrogen is produced from
biomass [11] or alcohols on the same palladium alloy membranes [120, 147, 153, 154]. This not only gives high-
purity hydrogen, but can also increase the conversion above the equilibrium value as a result of removal of
one reaction product [155]. High-purity hydrogen can be obtained by electrolysis also [156].

Certainly, the above does not exhaust the potential applications of ion exchange membranes. Various
types of redox flow batteries are developed [157, 158]. Electrodialysis units based on heterogeneous [159-161],
in particular hybrid, membranes [162] are widely used for water desalination or preconcentration of solu-
tions. Perfluorinated membranes are used for chlorine production by electrolysis [163], for sensors [164, 165],
and for some other applications [166, 167]. However, these issues are beyond the scope of this review.

Conclusions

Among the currently used ion exchange membranes, the best transport properties are demonstrated by
homogeneous materials based on perfluorosulfonic acids, distinguished by high conductivity and selectiv-
ity. However, Nafion® type membranes are expensive; furthermore, temperature rise and decrease in the
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water uptake lead to a sharp drop in their conductivity, which has a detrimental effect on the performance of
devices using these membranes. Thus, substantial efforts are currently devoted to the alternative material
development. Development of membranes with a short side chain is in progress. Among the alternative
membrane materials that are developed, mention should be made of polybenzimidazoles, which are
distinguished by high thermal stability.

A drawback of cheaper heterogeneous membranes is low selectivity caused by features of their
microstructure. However, grafted membranes, with composition being close to that of some heterogeneous
membranes, are much more selective.

Membrane modification by nanoparticle incorporation can result, in some cases, in a considerable
improvement of a number of membrane properties, among which one can mention increase in the proton
conductivity and transport selectivity. This determines the possibility of a broad practical use of hybrid
membranes for the design of electrochemical devices with improved performance.

Funding: This work in part of sections “Perfluorinated ion exchange membranes” and “Grafted membranes”
was financially supported by the Russian Science Foundation (project 17-79-30054), other parts were
supported by IGIC RAS state assignment.
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