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Abstract: Fluorinated proton-exchange membranes (PEMs) based on graft copolymers
of dehydrofluorinated polyvinylidene fluoride (D-PVDE), 3-sulfopropyl acrylate (SPA)
and 1H, 1H, 2H-perfluoro-1-hexene (PFH) were prepared via free radical copolymeriza-
tion and characterized for fuel cell application. The membrane morphology and physi-
cal properties were studied by small- (SAXS) and wide-angle X-ray scattering (WAXS),
SEM and DSC. It was found that the crystallinity degree is 17% for PEM-RCF (co-
polymer with SPA) and 16% for PEM-RCF-2 (copolymer with SPA and PFH). The de-
signed membranes possess crystallite grains of 5-6 nm in diameter. SEM images reveal
a structure with open pores on the surface of diameters from 20 to 140 nm. Their
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1. Introduction

Sustainable development of the modern society is closely connected to efficient and
safe production and usage of energy. Mankind is constantly searching for new clean
sources of energy based on concepts that are ecologically and economically appropriate
for the long-term future. Polymer electrolyte membrane fuel cells (PEMFCs) can gener-
ate electricity using hydrogen (or other fuel). Polymer electrolyte membrane water
electrolyzers (PEMWEs) can generate hydrogen. Coupled together, PEMFCs and
PEMWEs can form the basis of an efficient green hydrogen zero-carbon technology for
energy production and storage [1-3]. It is noted that the main features of such systems
enlist low operating temperature, high energy-conversion efficiency, low emission, quiet
operation and easy scale-up [1,4]. Proton exchange membrane is a major component in
these devices and channelizes the conduction of protons from the anode to the cathode.

Numerous studies and review papers have been devoted to the study of PEM [1,5-
12] and suggest that the characteristics of the PEM has a significant effect on the perfor-
mance and durability of the PEMFCs. Among all commercial samples for the PEMFC
applications, the most used membranes are perfluorosulfonic acid (PFSA) due to its sta-
bility, long-term performance, mechanical strength and low conduction resistance
[13,14]. Standard reference PFSA used in energy conversion systems is Nafion® mem-
brane, developed by the DuPont Company, which consists of an aliphatic perfluorinated
backbone with ether-linked side chains bearing sulfonated cation exchange sites. How-
ever, despite all the advantages of the Nafion — like PFSA membranes, there are several
challenges viz dehydration induced inoperability at high temperatures, gas/fuel crosso-
ver, high cost of materials and production of harmful wastes [6,15,16]. Hence, the use of
complex fluorine chemistry involved in the PFSA PEM fabrication method is not only
the reason for the high stability in oxidative and reductive conditions of these mem-
branes, but also for their high price and environmental hazards [10]. Noteworthy, that
cost of the membrane is an important point because the PEM material is one of the major
contributors (along with catalysts in these systems) to the cost of the membrane elec-
trode assembly [17]. These shortcomings and the need for environmentally friendly and
cheap power generation systems have initiated a worldwide research effort to develop
alternative PEMs for fuel cells.

Today, the alternate membranes designs to Nafion® are partially fluorinated mem-
branes, membranes with hydrocarbon polymer matrixes, inorganic-organic hybrid
membranes, acid-base complexes and grafting membranes by irradiation [6,10,16]. In-
troducing additives in the membrane, i.e. ionic liquids [18-21] and inorganic compounds
[22-27] is used to improve mechanical strength, thermal stability, ionic conductivity, wa-
ter behavior and other properties of the PEM. Detailed review on the effects of some do-
pants on PFSA membrane behavior can be found in Ref. [28].

Among this variety of polymers and dopants, partially fluorinated membranes
based on the PVDF copolymers attract special attention [29-35]. Such membranes are
cheaper, easy to manufacture and flexible in changing properties [29,30]. By varying the
synthesis conditions, different exchange capacity, water content, porosity and degree of
cross-linking of such materials can be achieved. Significant improvement of the proper-
tied of the PVDF-based membranes intended for direct methanol fuel cells can be
achieved by incorporating sulfonated Fe3:04@SiO2 nanorods [36] or sulfonated graphene
oxide [37] into the PVDF structure. In addition, membranes with PVDF copolymers ma-
trix can be suitable not only for PEMFC applications but also in electrodialysis, electro
deionization, membrane electrolysis, etc. [31,38-42].

This work reports systematic studies on the synthesis and pivotal physicochemi-
cal/ion transport properties of a PVDF-based sulfonated proton exchange membrane.
The electrochemical attributes of the synthesized fluorinated membranes were com-
pared with those of commercially available PFSA-based PEMs and cation exchange
membranes with sulfonated PVDF matrix designed for electrodialysis application. This
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9% comparison allows to determine the most promising applications of fabricated mem-
97 branes and outline ways of their further improvement.
98 2. Results and discussion
99 In this research, polyvinylidene fluoride-based membranes PEM-RCF and PEM-
100 RCEF-2 were synthesized. The chemical modification of PVDF to prepare membranes was
101 achieved as follows: first, dehydrofluorination of PVDF in basic medium [31] led to
102 PVDF containing double bond in the backbone (D-PVDF). Such double bond could react
103 with 3-sulfopropyl acrylate (SPA) and 1H, 1H, 2H-perfluoro-1-hexene (PFH) un-der rad-
104 ical initiation to lead to the membranes [43]. Figure 1 illustrates the reaction steps and
105 synthetic strategy adopted for PEMs fabrication.
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107 Figure 1. Synthetic route adopted for PEM-RCF and PEM-RCEF-2 preparation. Black colour indi-
108 cates the hydrophobic component (PVDF and PFH), blue colour indicates the hydrophilic compo-
109 nent of the copolymer (SPA). AIBN is azobisisobutyronitrile; IPA is isopropyl alcohol.
110 2.1. Structural Characteristics of the Membranes under Study
111 The perturbations in melting behaviour and crystallinity of functionally modified
112 PVDF via grafting of 3-Sulfopropyl acrylate and 1H, 1H, 2H-Perfluoro-hex-1-ene were
113 studied using DSC technique. Consequently, the melting of PVDF phase is observed for
114 PEM-RCF (Figure 2(a)), and for PEM-RCF-2 (Figure 2(b)), with an onset temperature of
115 121 °C and 127 °C, respectively. The reduction of melting temperature in comparison
116 with pure PVDF might be caused by disturbance of the crystalline phase of PVDF by
117 small fraction of grafted side chains according to Flory’s approach [44]. The enthalpy is
118 18.2]/g for PEM-RCF and 172 ]/g for PEM-RCF-2. Given the melting enthalpy of
119 104.5 J/g for 100% crystalline PVDF [45], the degree of crystallinity are estimated to be
120 17% and 16% for PEM-RCF and PEM-RCEF-2, respectively.

121
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122 Figure 2. DSC traces of PEM-RCF (a) and PEM-RCF-2 (b). Red curves represent the first heating
123 cycle, brown curves correspond to the second heating cycle, and blue curves indicate the cooling
124 phase.

125 The indexation of the WAXS peaks results in the identification of the a-phase of
126 PVDF [46] , as shown in Figure 3(a). The peaks are broadened due to the small lateral
127 crystal size (5-6 nm). The SAXS curve for the PEM-RCF-2 membrane, as shown by the
128 red line in Figure 4(b), exhibits a significant peak Li=L+L.=7.9 nm, characteristic of the
129 lamellar stacking in PVDF, which includes alternating crystalline (Lc) and amorphous
130 (La) layers [42,43]. The absence of this peak in PEM-RCF, indicated by the red line in
131 Figure 4(a), suggests a less ordered structure, potentially enhancing the membrane's
132 transport properties, since proton transport predominantly occurs through the amor-
133 phous regions. Interest-ingly, after the treatment of PEM-RCF-2 described in section 3.3,
134 the SAXS peak shifts to smaller angles corresponding to long period L2=9.0 nm because
135 of water absorption into the interlamellar amorphous regions (Figure 4(b), black line).
136 Weight fraction of absorbed water WSAXS can be estimated by assuming a typical sce-
137 nario where the thickness of the crystalline and amorphous layers in lamellar stacks is
138 equal, i.e., L=L.=0.5L1. Taking into account the densities of the amorphous and a-crystal
139 phase of PVDF of 1.73 and 1.92 g/cm? [47], respectively, one can estimate Wsaxs as:

140 Wy = —— L) )

pw(LZ_L1)+chc+paLa

141 where pu, pc and o represent the densities of water, the crystalline and the amorphous
142 phase of PVDF, respectively. Water content in PEM-RCEF-2 after treatment in sulfuric ac-
143 id, as calculated from equation (1), is approximately 7% by weight. In contrast, a similar
144 treatment of PEM-RCF does not lead to any noticeable changes in the membrane mor-
145 phology (Figure 4(a), black line). During heating and subsequent crystallization, the la-
146 mellar morphology of both membranes becomes more pronounced, i.e. the intensity of
147 the main interference peak, or the long period, increases, while its position shifts to 13.5
148 and 15.2 nm for PEM-RCF and PEM-RCEF-2, respectively (Figure 4(a)(b), blue lines).
149 Since the recrystallization of the membranes occurs in a dry state, the increase of the
150 long period can be associated with lamellar thickening of a-crystals. This structural
151 change could negatively influence water uptake and proton diffusion across the amor-
152 phous regions, showing a direct correlation between crystal and supramolecular struc-
153 tures and the transport properties of the membranes under study.

154



Int. ]. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 26

() (b)
. r T T T
1 (110)
1.2
=
©
- 0.8
=
‘@
=
L 04
=
0.0
155
156 Figure 3. WAXS diffractogram of the PEM-RCF membrane with peak indexation.
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157 Figure 4. SAXS profiles of PEM-RCF (a) and PEM-RCF-2 (b): as prepared (red curves), after treat-
158 ment (black curves), after recrystallization from the melt (blue curves).
159 SEM images of both PEM-RCF membranes (Figure 5) reveal porous structure. As
160 evidenced, PEM-RCF is more porous, with variation of pore diameters in the range of
161 56-138 nm and a pore density of 1.4x10° cm2. These factors might have a great impact on
162 the transport characteristics. Table 1 provides a summary of the structural information
163 on the membranes.

164
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gl

(a)
Figure 5. SEM surface images of PEM-RCF (a) and PEM-RCEF-2 (b).

Table 1. Structural characteristics of the PEM-RCF and PEM-RCF-2 membranes.

Degree of

Grain size . . Membrane
Membrane crystallinity, % PVDF from XRD, Diameter of open  Pore density, thickness,!
phase extended pores, nm  pores/cm? d
DSC  WAXS nm mb, Hm
PEM-RCF 17 18 a 5 556-138 1.4x10° 29+2
PEM-RCEF-2 16 19 a 6 520-58 2.8x108 8612

!in the swollen state in equilibrium with 0.05M HCI solution

2.2. Structural characteristics of the membranes used for comparison

The transport properties of ion-exchange membranes (ionic conductivity,
permselectivity and some other) are controlled by their porous structure, including pore
size distribution, their direction in space and possible agglomeration, and the physico-
chemical characteristics of the pore walls [48,49]. In order to get an idea of the porous
structure of the designed membranes, their transport and electrochemical properties
were compared with the corresponding properties of some commercial membranes.

Two perfluorosulfonated membranes, Nafion® 117 (Dupont) and MF-4SK
(Plastpolymer, Russia) are chosen as usual references of PEM for fuel cells. These mem-
branes consist of an aliphatic perfluorinated backbone and ether-linked side chains with
sulfonated cation exchange sites. The pore structure is schematized as a system of hy-
drated clusters with a diameter of about 4 nm, which are connected by channels with 1
nm in diameter and length [50]. The relatively large clusters (the aggregates of fixed
sulfo groups with mobile counterions) condition high ionic conductivity, and the pres-
ence of narrow channels creates electrostatic barrier for the anion transport, which en-
sures high permselectivity of these membranes [51]. The channels ensure the percolation
[52] of the membrane, the degree of which can be different in regard of counterions and
co-ions [53]. According to the standard contact porosimetry data [54-56], most of the
pores contained in these membranes have a radius less than 10 nm. However, there are
also pores with a radius of up to 50 nm, but there are no macropores with a radius high-
er than 100 nm.

Cation-exchange CJMC-3 and CJMC-4 membranes (ChemJoy Polymer Materials,
Hefei, China) are chosen for the comparison, since their ion exchange matrix is based on
polyvinylidene fluoride (PVDF) functionalized with sulfonic —-S0, groups, and cross-

linked with an aromatic agent, similar as the novel membranes under study. Membranes
of this type contain nanometer-scale pores. In addition, the crosslinking degree of the
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CJMC-3 ion-exchange matrix is relatively low, it contains polyester reinforcing fiber,
which causes the presence of macropores localized at the matrix/reinforcement fiber in-
terface [38].

A track-etched polyethylene terephthalate membrane with the provisional name
TEM#811 (made by the Flerov Laboratory of Nuclear Reactions, Joint Institute for Nu-
clear Research, Dubna, Russia) [57,58] is added for the comparison, since it contains
through pores with a radius of 20 nm and pore density of 5x10° (estimated by SEM [59])
comparable with the pores of the PEM-RCF membrane (Table 1). The pore walls contain
cation-exchange hydroxyl and carboxyl groups within an ion-conducting gel loose layer
of thickness of a few nm.

The thicknesses of Nafion® 117, MF-4SK, CJMC-3 and CJMC-4 membranes are rela-
tively close: 230 pm [60], 190-230 um [61], 185 um [38] and 128 pm (our data), respective-
ly; while that of TEM#811 is significantly less: 10 um [59].

2.3. Transport Characteristics

Some characteristics of the membranes under study are presented in Table 2.

Table 2. Some physicochemical characteristics of the membranes

Nm,
Q, mmol g Water content, mol H20/mol {&rea Contact angle,
Membrane t W / o functional resistance, 7 faapp (wet), erad
we s 8H20/ Gwet, /o C R, Q cm? wet), g
groups
PEM-RCF 10.12 £ 0.02 3262 3122 50.9+ 0.05 0.81 402
PEM-RCEF-2 10.08 £ 0.01 37+2 352 5571+3 - -
1
TEM#811 0'06?6;0'003 46.5 [59] 443 [59] 50.3 [62] 0.95 [62] 62+3
. 0.1-0.15
Nafion® 117 10.71 [60] 314.8 [60] 314 [60] 60.82 [60] [63] 8108.1+0.7 [64]
MF-4SK 2(.58 [63] 316.7 [63] 316 [63] - 0.05 [63] 77.5+2.6 [65]
10.63 +0.05 522+0.3 0.33
MC- 430+ 427 1+2
CJMC-3 [38] 30 £ 3 [38] [38] [38] [38] 5142 [66]
CIMC+4 11.2+0.1 429+3 413 62,5+ 0.1 0.09 64+ 1 [66]

1 - equilibrium exchange capacity (H* was replaced by Na* and titrated); 2 - total exchange capaci-
ty (H* directly titrated by OH-); 3 — in H* form; 4 — in Na* form; 5 — in 0.5 M NaCl; 6 —in 0.2 M
NaCl; 7 - determined from measurements of electrical conductivity in NaCl (section 2.4); 8 — in dry
state. Values obtained in this study are presented in bold.

Comparison of the membranes in Table 2 shows that the PVDE-based membranes (the
PEM-RCF one and the CJMC ones) are characterized by a relatively high water content de-
spite the fact that the PEM-RCF and the CJMC-3 display low exchange capacities. Only the
PEM-RCEF-2 membrane having an extremely low exchange capacity is distinguished by a
low W value, according to the SAXS result, water in this sample is localized in the amor-
phous regions and probably does not form continuous channels. Nevertheless, there is a
maximum amount of water per mole of fixed groups for both membranes. The high water
content in the manufactured sample PEM-RCF can be partly caused by a fairly high density
of macropores and their large radius. However, even when assuming that these pores are
through, a simple evaluation shows that their volume fraction is insignificant and amounts
to about 8%. It is more likely that the high water content is due to the presence of hydro-

philic fragments specially introduced into the polymer matrix, which contain oxygen and
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228 sulfonate groups (Figure 1). These hydrophilic fragments should contribute to the formation
229 of a system of nanopores similar to that in Nafion® and other PEM [67,68], which contains
230 ionic clusters and channels (Figure 6); the latter are filled with an aqueous electrolyte solu-
231 tion. The rather high hydrophilicity of the synthesized polymer is also indicated by the
232 smallest contact angle of the PEM-RCF surface (40 °) among other studied membranes (Ta-
233 ble 2). Noteworthy the contact angle of the PVDF-based CJMC-3 membrane is also small de-
234 spite its low exchange capacity. This small value might be due to the presence of open ex-
235 tended macropores on the surface of CJMC-3 membrane [38].
3
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237 Figure 6. Probable structure of a swollen PEM-RCF membrane. EDL is electrical double layer.
238
239 Figure 7 exhibits the concentration dependences of the conductivity and integral
240 diffusion permeability coefficient of the synthesized membranes in sodium chloride so-
241 lutions. Figure 8 presents the temperature dependences of the conductivity of these
242 membranes in a 0.05M HCl solution.
243
10 7005 g 16
o 70 £ PEM-RCF 14
8 + 0.04
. PEM-RCF 60 & 12
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244 Figure 7. Concentration dependences of the membrane conductivity, k", (a) and integral diffusion
245 permeability coefficient, P, (b) of the PEM-RCF and PEM-RCF-2 membranes in NaCl solutions.
246 The 95% confidence interval of the measurement is marked by a vertical line. The solid lines are
247 guides to the eye.
90 T 0.015 6 T
80 i o Nafion 117
. + 0013 4 L TT TR A A,
70 Nafion 117 1 y=-113x+7.78
- 60 toott _
¢ ] =27 PEM-RCF
© 50 1 E [
@ 10009 o | y=-103x +4.57
,2.40 PEM-RCF-2 E 02_6' o -2:8- — -3:0- — -3:2- s -3:4
30 poo7 £ 4 1000 KT '
20 ] 21
1 0.005 .
10 PEM-RCF ] . : PEM-RCF-2
o foteerer e 1 0003 i o o
0 20 40 60 80 100 [
{ °C 6L y=-1.18x- 1.07
(a) (b)
248 Figure 8. Dependence of the membrane conductivity in 0.05M HCI solution k" as a function of
249 temperature (a) and in the Arrhenius coordinates (b). The solid lines are guides to the eye. The
250 equations correspond to a linear regression of the experimental data. Data for Nafion® 117 mem-
251 brane are taken from Ref. [69].
252 The conductivity of both synthesized membranes increases almost linearly with in-
253 creasing concentration of the external NaCl solution. The electrical conductivity of the
254 PEM-RCF sample turns out to be an order of magnitude higher than that of PEM-RCF-2
255 sample, which evidently is due to the low exchange capacity of the latter. The tempera-
256 ture dependences of the membrane conductivity presented in Arrhenius coordinates
257 have classical linear shape [69-72] (Figure 8).
258 The diffusion permeability, P, of both membranes decreases as the NaCl concentra-
259 tion of the external solution increases. Apparently, this decrease is due to the fact that
260 with increasing external solution concentration, the membranes lose water. The latter is
261 caused by a decrease in the difference in osmotic pressure between the internal and ex-
262 ternal solutions (the “swelling pressure” [73]), which leads to shrinkage of the mem-
263 brane matrix and narrowing the pores [73]. The decrease of P in the case of PEM-RCEF-2
264 is very strong, at the NaCl concentration of 1.5 M the value of P of this membrane is 50
265 times lower than that of the PEM-RCF membrane. It seems that the channel conductance
266 regarding the co-ion (Cl-) becomes so low that the co-ion percolation of the PEM-RCEF-2
267 membrane is lost at a certain external solution concentration.
268 2.4. Comparison of transport and electrochemical characteristics of synthesized and commercial
269 membranes
270 The activation energy of conductivity, found according to Equation (9) (Section 3.3)
271 from the Ink* — 1/T dependences (Figure 8(b)) is equal to 8.6 k] mol! (for the PEM-RCF
272 membrane) and 9.7 k] mol! (for the PEM-RCF-2 membrane), which is close to that of 9.4
273 kJ mol for Nafion® 117 as obtained by Yurova et al. [69]. Note that the activation ener-
274 gy of proton transfer in aqueous solutions of acids including the case where such a solu-
275 tion is in a macropore is about 5 kJ/mol [74]. It is known that the activation energy for
276 conductivity is equal to the sum of the activation energy for proton migration and half
277 the energy for the formation of defects in the membrane. It decreases in the presence of

278 large pores, the proton transport in which occurs by the Grotthuss mechanism [75,76].
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On the contrary, the activation energy of conductivity increases if the transferred pro-
tons are located at a large distance from each other (low concentration of fixed groups)
in pores of small radius. A similar effect is observed also, if the pores are isolated [77].
Our data indicate that the sizes of the pores, which are formed in the synthesized mem-
branes in conditions of a relatively dilute bathing solution (0.05 M HCl), are comparable
to the pore sizes formed in the Nafion®-117 membrane.

The conductivity of the PEM-RCF membrane in the H*-form is about three times
higher than that in Na*form (Figs. 7 and 8). At 25 °C and when the bathing solution
concentration is 0.05 M, in the first case, the PEM-RCF conductivity is about 3.0 mS cm™,
while in the second case, 1.0 mS cm™. A similar ratio is observed for Nafion® mem-
branes| For example, at 25 °C and close concentrations, the conductivity of a Nafion®
425 membrane is 16 mS cm™, and 3.6 mS cm™, in H*- and Na*- form, respectively [78].
For Nafion® 117 this ratio is slightly higher: 51 mS cm™ [69] and 9.3 mS cm™ [79] in 0.05
M HCI and 0.05 M NaCl solutions, respectively. The higher conductivity of cation-
exchange membranes in the H*-form in comparison with the Na*-form is due to the
higher mobility of H* ions. However, the increase in membrane conductivity (3-5 times)
is lower than the increase in ion mobility in free solution: the mobility/diffusion coeffi-
cient of H* in aqueous solutions is about 7 times higher than that of Na*. In the litera-
ture, two mechanisms of proton transport in cation-exchange membranes are discussed
[48, 49]: vehicular motion, which is the movement of the center of mass of proton in an
aqueous environment, and the Grotthuss mechanism, which is proton shuttling through
hydrogen bonded network. The contribution of the Grotthuss shuttling, which deter-
mines the high mobility of H* ions, increases with increasing water content in a cation-
exchange membrane.

Conductivity and diffusion permeability

Figure 9 shows the concentration dependences of conductivity and integral diffu-
sion permeability of the PEM-RCF sample as well as the commercial membranes select-
ed for comparison. Figure 10 presents the counterion transport numbers in these mem-
branes. We measured the characteristics of the CJMC-4 in this study; the data for other
commercial membranes are taken from the literature: Nafion® 117 [79], MF-4SK [63],
TEM#811 track-etched membrane [62], CJMC-3 [38].
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Figure 9. Concentration dependences of the electrical conductivity (a) and integral diffusion per-
meability coefficient (b) of the membranes: PEM-RCF, Nafion® 117 [79], MF-4SK [63], TEM#811
[62], CIMC-3 [38] and CJMC-4 in NaCl solutions; if the data were taken from a reference, it is indi-
cated. The solid lines are guides to the eye.
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316 The shape of the concentration dependences of the conductivity of the membranes
317 presented in Figure 9 can be explained using the microheterogeneous model [80]. This
318 model considers the membrane as a microheterogeneous swollen medium, which con-
319 sists of two phases: i) The intergel phase is an electrically neutral solution, which is lo-
320 cated in the center of the macro- and mesopores. It is assumed that this solution is iden-
321 tical to the external equilibrium solution; ii) The gel phase combines all the other com-
322 ponents of the membrane: it is a microporous medium containing the polymer chains
323 with fixed groups (sulfonate groups in our case); the charge of the fixed groups is com-
324 pensated by a charged aqueous solution filling the hydrophilic domains of the mem-
325 brane. There are mobile counterions (carrying a charge of the same sign as the fixed
326 ions) and, in smaller quantities, co-ions (carrying the opposite sign of charge). The gel
327 phase involves also inert filler (if any) and reinforcing fabric (if any). The conductivity of
328 the gel phase, x , to a first approximation, is considered a constant value, which de-
329 pends on the counterion diffusion coefficient, D,, in this phase, and on its exchange ca-
330 pacity, Q:

_ zDQF’
331 K = )

RT

332 The value of Q is related to the exchange capacity of the membrane Q:
333 Q=Q/f 3)
334 where f1 is the volume fraction of the gel phase. The volume fraction of the intergel
335 phase f=1-f1.
336 In the case where (1) the solution concentration is close to the concentration of the
337 iso-conductance point (where the conductivities of the membrane and solution are
338 equal), and (2) the membrane contains approximately an equal number of pores, which
339 are connected between them in parallel and in series (regarding the direction of the cur-
340 rent flow), the conductivity of the membrane (x*), that of the gel phase (i) and the elec-
341 trically neutral solution in the intergel spaces (i) are related to each other by the follow-
342 ing equation:
343 =kt 4)
344 Using Equation (4), it is not difficult to find the values of f» and fi, as well as , if the ex-
345 perimental results are presented in the Igk™ vs. gk (or lgk*vs. 1gC) coordinates, since
346 lgx™ = filgk + f,1gk = const + f,1gC, when assuming that the electrolyte solution
347 conductivity is proportional to its concentration C.
348 It follows from equation (4) that in dilute solutions the main contribution to the
349 membrane conductivity comes from the conductivity of the gel phase. As the concentra-
350 tion of the external solution increases, the conductivity of the intergel space makes an in-
351 creasing contribution. Moreover, the higher the value of f2, the more significant this con-
352 tribution is, which manifests itself in an increase in the slope of the lgk™ vs. Igk (or
353 lgx*vs. 1gC) dependence. Indeed, in the region of dilute solutions (about 0.1 M), the
354 conductivity of membranes increases in the series TEM#811 <PEM-RCF<CJMC-4~MF-
355 4-SK<CJMC-3<Nafion® 117 (Figure 9(a)), that is, symbatically with the value of the ex-
356 change capacity of swollen membranes (Table 2). An increase in the external solution
357 concentration leads to an increase in conductivity of all membranes. The highest growth
358 in conductivity is manifested by the track-etched TEM#811 membrane and the novel
359 PEM-RCF membrane. Apparently, it is due to the extended relatively large open pores,

360 which have these membranes. It is difficult to use the narrow concentration range in the
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361 dilute solution region when measuring conductivity, as required by Equation (4). The
362 requirement of an equal number of parallel and serial connections between the pores is
363 also not always met. Therefore, to quantify the rate of increase in conductivity with in-
364 creasing concentration, it is convenient to use the apparent volume fraction of intergel
365 solution [81]:
366 f... = dli 5)
T dige
367 As Table 2 shows, the fapp values are the highest in the case of TEM#811 and PEM-
368 RCF having large open pores. In contrast, the perfluorosulfonated membranes do not
369 have large pores, and the values of this parameters is close to 0.1. The CJMC-4 mem-
370 brane based on PVDF, similarly, has a small fzp value. However, its homologue, the
371 CJMC-3 membrane, has an increased fzpp value, which should be due to the presence of
372 macropores between the polyester reinforcing fiber and the membrane matrix.
373 If the conductivity of ion-exchange membranes (IEMs) is controlled by counterions,
374 then the diffusion permeability is controlled by co-ions. When an electrolyte diffuses
375 through a membrane, counterions cannot leave the membrane without being accompa-
376 nied by co-ions due to the electroneutrality conditions. The co-ion concentration, ¢, , is
377 low in ion-exchange membranes due to the Donnan exclusion effect: co-ions are electro-
378 statically pushed out by the fixed ions [73]. However, co-ions are excluded only from the
379 gel phase containing the fixed ions. They are not pushed out from the central parts of the
380 macro- and mesopores, where their concentration is the same as in the external solution.
381 The co-ion concentration in the gel phase, under the first approximation, is inversely
382 proportional to the fixed ions concentration, i.e. to the exchange capacity:
383 c, = o ¢ (6)
Q
384 Equation (6) is obtained from the Donnan equation [73] in the case of 1:1 electrolyte
385 under the condition that C<<Q. The Q value determines the degree of electrostatic
386 (Donnan) exclusion of co-ions from the gel phase; a low value of Q facilitates the sorp-
387 tion of co-ions, hence, advantages the electrolyte diffusion through the membrane. An-
388 other parameter, which controls the membrane diffusion permeability is f2. The latter de-
389 termines the membrane volume fraction of the in which the electrostatic exclusion of co-
390 ions is absent.
391 Indeed, Figure 9(b) shows that among the studied membranes, two groups can be
392 distinguished: a group (PEM-RCF, TEM#811 and CJMC-3 membranes) with low Q (Q)
393 and high f> (f2app), which is characterized by elevated values of P, and a group (CJMC-4,
394 MF-4SK and Nafion® membranes) with elevated Q (Q) and low £ (fapp), which is en-
395 dowed with a high diffusion permeability.
396 With increasing concentration, the effect of co-ion exclusion weakens, since its driv-

397 ing force is the Donnan potential (the difference in potential in the membrane gel phase
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398 and in the equilibrium solution), which is close to the ratio C/Q [73]. Thus, an increase
399 in the solution concentration should lead to an increase in the membrane diffusion
400 permeability. Indeed, this trend can be seen for all compared membranes, except for the
401 PEM-RCF (Figure 9(b)). The diffusion permeability of this membrane decreases as the
402 external concentration increases. Thus, an increase in the solution concentration should
403 lead to an increase in the diffusion permeability of the membranes. Indeed, this trend
404 can be seen for all compared membranes, with the exception of the PEM-RCF. As we
405 wrote in Section 3.3, the reason for such a dependence in the case of PEM-RCEF is a de-
406 crease in the degree of membrane percolation with respect to co-ions. This decrease is
407 due to the loss of water by the membrane upon contact with a concentrated solution:
408 shrinkage of the membrane results in narrowing the pores, which hinders the ion
409 transport, primarily, the co-ion transport.

410 The reason for this behavior of the PEM-RCF membrane is the low concentration
411 of fixed groups, causing the appearance of singularities in its structure as compared to
412 conventional IEMs (Figure 6). Since the number of fixed ions in a cluster is almost inde-
413 pendent of their average concentration in the membrane, a decrease in their concentra-
414 tion primarily leads to an increase in the distance between clusters [82,83]. Thus, the
415 length of channels in the PEM-RCF membrane should be longer and their radius small-
416 er than the corresponding parameters in such membranes as Nafion® 117 and MF-4SK.
417 Dehydration of the membrane causes a decrease in swelling and, consequently, a de-
418 crease in cluster size, as well as a decrease in the radius of inter-cluster channels [83].
419 These structural changes cause a sharp decrease in the diffusion coefficient, especially
420 of co-ions. This phenomenon is due to the fact that along with a decrease in the radius
421 of clusters and channels when contacting with concentrated solutions, there is an in-
422 crease in the concentration of fixed groups per volume of water sorbed by the mem-
423 brane [73,84,85]. As shown in [86,87], an increase in the concentration of fixed groups
424 should lead to a stronger electrostatic exclusion of co-ions from the channels, which
425 causes an increase in their resistance against co-ions. The high resistance of some chan-
426 nels may cause them to be completely impermeable to co-ions. The need to search for
427 longer pathways of co-ion transport will lead to a sharp increase in the tortuosity factor,
428 which can also be interpreted as a decrease in the degree of membrane percolation with
429 respect to co-ions. These effects are particularly strong in the case of non-crosslinked
430 polymers, such as the PEM-RCF matrix. Polymer chains of Nafion® 117 and MF4-SK
431 membrane matrix also do not contain additional cross-linking. However, during the
432 manufacturing process, these membranes are subjected to a special temperature treat-
433 ment that results in the formation of crystallites from the main chains of the polymer. It
434 gives commercial Nafion® 117 and MF-45K membranes additional rigidity [88]. There-
435 fore, the influence of external electrolyte concentration on pore size and moisture con-
436 tent is less evident in these membranes. The described phenomenon of membrane
437 shrinkage in concentrated solutions is almost absent in the case of the TEM#811 track
438 membrane, since it is based on hydrophobic material that is not capable of swelling.

439
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440 Membrane selectivity
441 An important property of IEM is selectivity with respect to counterion transport,
442 which can be characterized by ("true") ionic transport numbers, t; (Figure 10). Accord-
443 ing to equation (12) (Section 3.3), in the first approximation when the counterion
444 transport numbers are close to one, the t; is proportional to the membrane conductivity
445 and inversely proportional to its diffusion permeability.
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446
447 Figure 10. Concentration dependence of the counterion transport number in the synthesized
448 membrane PEM-RCF, Nafion® 117 [79], MF-4SK [63], TEM#811 [62], CJMC-3 [38] and CJMC-4; if
449 the data were taken from a reference, it is indicated. The solid lines are guides to the eye.
450 Nafion® 117 and CJMC-4 membranes, which do not contain macropores and ap-
451 parently have a well-balanced combination of hydrophobic and hydrophilic components
452 of the ion exchange matrix, as well as a sufficiently high exchange capacity, are charac-
453 terized by a very high selectivity. The combination of these properties ensures an only
454 slight decrease in the selectivity of these membranes with increasing electrolyte concen-
455 tration in the external solution. The values of counterion transport numbers in the
456 TEM#811 track membrane and the synthesized PEM-RCF sample are more sensitive to
457 external electrolyte concentration. However, in the case of dilute (<0.1 M) solutions,
458 t; exceeds 0.9. The transport numbers of the cations should become even greater, ap-
459 proaching one, with further dilution of the solution. Since PEMs in fuel cells are in con-
460 tact with water, the selectivity of PEM-RCF should not be a barrier to its use in this ap-
461 plication.
462 2.5. Electrochemical characteristics
463 Figure 11 shows the current-voltage curves (CVC) of the synthesized samples as
464 well as commercial ion exchange membranes in a 0.05 M HCl solution or in a 0.02 M
465 NaCl solution. The values of current densities are normalized by theoretical limiting
466 current density iim' to offset differences caused by unequal values of diffusion coeffi-
467 cients of H* and Na* cations in solution. For the same reasons, the ohmic resistance of the
468 space between the Luggin measuring capillaries containing the membrane and the

469 unpolarized solution was subtracted from the measured potential differences.
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Figure 11. Current-voltage characteristics of PEM-RCF sample and commercial ion exchange
membranes (the membrane names are indicated near the curves) (a) as well as PEM-RCF-2 sample
(b). The CVCs of PEM-RCF, PEM-RCEF-2, CJMC-3 and CJMC-4 membrane are measured in 0.05 M
HCl solutions, that of Nafion® 117, MF-4SK and TEM#811, in 0.02M NaCl solutions. The black
dashed line corresponds to i=iiim'". The blue arrows indicate the direction of current sweep during
the CVC measurement of the PEM-RCF-2 membrane.

The low ion transport characteristics of the PEM-RCF-2 sample cause a specific
shape of its current-voltage curve, which resembles the CVCs of bipolar membranes
[89]. The current-voltage curves of all other membranes have a shape characteristic of
others IEMs obtained in many studies [38,90-97]. Initial linear region I of the CVCs
shown in Figure 11a corresponds to the formation of diffusion layers near the IEM sur-
face, one of which is depleted in ions and the other is enriched. At i<0.9iim'", electric cur-
rent is transported by electrodiffusion: ions move under the influence of electric poten-
tial gradient and concentration gradient. The sloping plateau (region II of the CVC) oc-
curs when there is a deficit of electric charge carriers in the depleted solution layer at the
membrane boundary. The electrolyte concentration near the membrane surface ap-
proaches zero, which causes a rapid resistance increase. A very small increase in current
leads to a significant increase in the potential difference, which results in the appearance
of a sloping plateau on the CVC. Further rapid growth of the current (region IIl in Figure
11(a)) is due to the appearance of new mechanisms of the charge transport. These in-
clude (1) electroconvection: the transfer of a volume containing a space electric charge
under the action of a potential gradient [98], and (2) "water splitting": the generation of
H* and OH- ions due to the dissociation of water molecules with the catalytic participa-
tion of functional groups of the IEM [99]. The slope and length of region II are controlled
by the rate of these two charge transfer mechanisms, electroconvection and water split-
ting. There is a critical value of the potential drop (different for each membrane), which
corresponds to the onset of intensive electroconvection and/or water splitting.

The intersection of the tangents drawn to regions I and II of the CVC gives the val-
ue of the experimental limiting current, iim®P. As can be seen from Figure 11, the im®*
value for the membranes presented in Figure 11(a) agrees reasonably well with the theo-
retical estimation of theoretical limiting current density iim'ev using equation (14) (Sec-
tion 3.3).

The CVC of the PEM-RCF membrane has the same characteristic regions as those of
the other IEMs. The difference is that region II is more diffuse, its slope is much larger,
and its length is much shorter than that of the other membranes (excluding TEM#811).
Only in the case of PEM-RCF and TEM#811, a negative slope of region III is noted. This
slope corresponds to the negative differential resistance of the membrane system: at a
small increase in current there is a decrease, rather than an increase, in the potential
drop. Such effect could be caused by electroosmotic (EO) transport of solute through
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510 open or extended solution pores. The theoretical possibility of sufficiently intense
511 electroosmosis through TEM#811 pores was discussed in our recent publication [100].
512 EO transport through the membrane pores is caused by the action of an external electric
513 force on the space charge localized in the double electric field at the surface of the pore
514 walls. The rate of EO transport increases with increasing potential drop. EO flow
515 through the membrane pores induces a “fresh” more concentrated solution from the
516 bulk solution into the depleted diffusion layer. This “fresh” solution leads to a decrease
517 in the resistance of the membrane system and the negative diffusion resistance. It is pos-
518 sible that PEM-RCF has a small number of through pores, which makes the effect de-
519 scribed above possible.

520 If the concentration of fixed sulfonate groups of the PEM-RCF sample is increased,
521 a quantitative match of its CVC with the corresponding curves obtained for PEM and
522 IEMs can be expected. Improvement of the electrochemical properties of this sample can
523 be achieved by increasing the number of side chains with sulfonate groups during the
524 synthesis process or by filling its macropores with an ionic liquid or solid polyelectro-
525 lyte, as demonstrated in previous studies [101-104].

526 3. Materials and Methods

527 3.1. Chemicals

528 In this work, distilled water (electrical conductivity of 3 + 0.5 uS cm?; pH =5.5 £ 0.2;
529 25 °C), solid NaCl of the analytical grade (JSC Vecton), liquid standards HCl and NaOH
530 (JSC Lenreaktiv) were used to prepare solutions. Polyvinylidene fluoride, PVDF (Solef®,
531 Mn = [J 230,000 and melt flow index = 6-8 g per 10 min; temperature = 230 °C) was pur-
532 chased from Solvay and dried at 45 °C before chemical modification. The 3-sulfopropyl
533 acrylate (hydrophilic monomer), 1H, 1H, 2H-perfluoro-1-hexene (fluorinated spacer)
534 and Azobisisobutyronitrile (AIBN, radical initiator) were supplied from Sigma Aldrich.
535 Solvents (as dimethyl acetamide, DMAc) for membrane casting were procured from
536 Qualigens Chemical Ltd while common reagents like iso-propyl alcohol (IPA), sodium
537 hydroxide and sodium chloride from B. Hiten chemical distributor. All reagents were
538 used without procession (Except, AIBN, which was recrystallized in ethanol prior to co-
539 polymer synthesis).

540

541 3.2. Membrane Preparation. Synthesis of polyvinylidene fluoride copolymer

542

543 The formation of unsaturated site in PVDF is desirable strategy for the copolymeri-
544 zation of monomers viz. 3-sulfopropyl acrylate potassium salt (SPA) and 1H, 1H, 2H-
545 Perfluoro-1-hexene (PFH) and to synthesize the desired copolymers.

546 a. Dehydrofluorination of polyvinylidene fluoride (PVDEF)

547 The dehydrofluorination of polyvinylidene fluoride (PVDF) was carried out using
548 previous reported method [105]. In brief, a 10 w/v % of vacuum dried PVDF powder
549 was prepared in DMAc solvent. Further, the homogenous solution of PVDF was then
550 subjected to dehydrofluorination using 0.5 M NaOH/isopropyl alcohol (IPA) reagent at
551 27 + 2 °C for 12 h. Finally, the dehydrofluorination reaction was quenched by precipitat-
552 ing the brown coloured polymer from cold water. To eliminate the interference of any
553 trapped solvent, the dehydrofluorinated PVDF was washed multiple times until free
554 from bound DMACc and the modified PVDF was dried in vacuum at 75 °C for 24 h.

555 b. Synthesis of polyvinylidene fluoride-co-(3-sulfopropyl acrylate) and polyvi-
556 nylidene fluoride-co-(3-sulfopropyl acrylate)-co-perfluoro-1-hexene copolymer

557 Simple one-pot free radical polymerization was adopted to synthesize copolymer of
558 dehydrofluorinated PVDF and 3-sulfopropyl acrylate potassium salt akin Yadav et al
559 [106]. For the synthesis of polyvinylidene fluoride-co-(3-sulfopropyl acrylate), a 15 w/v
560 % polymer solution of dehydrofluorinated PVDF was prepared at 45 + 2°C in N2 atmos-

561 phere. To this solution, 10 w/v % of 3-sulfopropyl acrylate potassium salt was added and
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562 allowed to mix homogenously. Thereafter, the temperature of reaction mixture was set
563 to 80 + 2°C allowed to further dissolve completely and Azobisisobutyronitrile (radical
564 initiator) was added at 2 mol % of monomer concentration in final reaction mixture. The
565 obtained solution was continued to react for 16 h and the colour changes from pale
566 brown to off white. Finally, the reaction was quenched and allowed to slow dry in vac-
567 uum oven for 24 h at 60 °C to yield the desired polyvinylidene fluoride-co-(3-
568 sulfopropyl acrylate) copolymer. Furthermore, to understand the influence of fluori-
569 nated spacer, the copolymer was fine-tuned and modified. Akin the procedures adopted
570 for polyvinylidene fluoride-co-(3-sulfopropyl acrylate) synthesis, the polyvinylidene
571 fluoride-co-(3-sulfopropyl acrylate)-co-perfluoro-1-hexene copolymer was synthesized.
572 During addition of monomers, the relative input ratio of 3-sulfopropyl acrylate potas-
573 sium salt: 1H, 1H, 2H-Perfluoro-1-hexene was 9:1 w/w %.

574 Finally, the synthesised copolymers with buff and cream coloured solution texture
575 were allowed to dissolve in dimethylacetamide (DMAc) solvent to prepare a homoge-
576 nous solution. The obtained copolymer mixture was blade-casted to desired thickness
577 and dried for 24 h to obtain the membrane.

578 3.3. Methods of Membrane Characterization

579 The morphology and physical properties of the membrane were studied by small
580 (SAXS) and wide angle (WAXS) X-ray scattering, scanning electron microscopy and dif-
581 ferential scanning calorimetry.

582 The SAXS/WAXS measurements were carried out at laboratory Xenocs Xeuss 3.0
583 system equipped with a GeniX3D copper micro-focus tube operating at 60 kV and 0.59
584 mA with 1.5406 A wavelength. Samples were placed in an evacuated chamber and illu-
585 minated with monochromatic X-rays in transmission geometry. The scattered intensity
586 was recorded using a Dectris Eiger2 1M detector implemented in a long vacuum flight
587 tube at two different sample-to-detector distances of 68 mm and 0.7 m. The accessed q
588 values, with Iql = 4mnsin(©)/A, where © is the Bragg angle and A —wavelength, cover a
589 range from 0.015 A-1to 3.0 A-.. The degree of crystallinity of the membranes was esti-
590 mated from the results of WAXS. 1D diffraction curve was decomposed in IgorPro,
591 WaveMetrics Software. The crystal size was calculated with Scherrer equation from 110
592 peak. To study the influence of water penetration into hydrophilic domains SAXS meas-
593 urements were performed for both dry and swollen membranes. The next protocol was
594 used: boiling in milliQ for 6 hours and keeping in 3M H250s at 50°C for 5 hours after.

595 SEM experiments were performed with a Zeiss Crossbeam 550. Membrane samples
596 were attached to carbon tape and examined without sputtering at an accelerating volt-
597 age of 1 kV at the accelerating voltage of 1kV.

598 DSC experiments were performed with a Mettler Toledo DSC 3+ instrument. The
599 protocol was the same for both samples: two heating and cooling runs with the tempera-
600 ture range from -50 to 250 °C and rates equal to 10 K/min, annealing at room tempera-
601 ture for one day and repeating the same heating/cooling runs. STARe software was used
602 to obtain the enthalpies of phase transitions.

603 Prior to the next measurements, all membrane samples were subjected to standard
604 salt treatment in NaCl solutions [55].

605 The contact angles of the membrane were measured by sessile drop method as re-
606 ported earlier [66]. A drop of distilled water was placed on the surface of the swollen
607 sample and the image was captured with an optical microscope. Then the contact angle
608 of the surface was obtained by image processing. The measurements were repeated at
609 least 10 times at different points of the membrane surface and the values were averaged.

610 The ion exchange capacity (Q) is determined by the static method [55,107]. For this
611 purpose, protons of fixed -SOsH groups were replaced with sodium ions using a 0.1 M
612 NaCl solution. Then the amount of removed H* ions was found by titration with a
613 0.02 M NaOH solution. Q is found as the ratio of the number of moles of the H* ions to

614 the mass of the swollen membrane. Detailed information on this and other physico-
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615 chemical methods of membrane characterization can be found in the Supplementary
616 Materials.
617 Water content (W) of the membranes is found by the gravimetric method. This
618 method consists of drying a swollen wet membrane in the H* form, equilibrated with
619 distilled water, initially of mass mwet, to an air-dry state while weighing on an analytical
620 balance to a constant mass value (madry). The gravimetric water content is calculated ac-
621 cording to the formula:
My —M dry
622 W = —x100% 7
m wet
623 The ion exchange capacity and water content also provide values for the membrane
624 hydration number (nm, mol H20 / mol -5Os7)[63], which is the average number of water
625 molecules per functional group. The nm is calculated according to the formula [63,65]:
W
626 n,=—— (8)
M . Q
627 where Mw is the molar mass of water (18 g mol).
628 The electrical conductivity () of the membrane was determined by the differential
629 method using a clip-like cell [108,109]. The membrane resistance is determined as the
630 difference between the resistances of the space between the electrodes with the solution
631 and the membrane and only with the solution.
632 The activation energy of the membrane conductivity is determined by the tangent
633 of the slope of the temperature dependence of " in Arrhenius coordinates [60,70,110]:
dink’
634 E,..=—-———R )
d@L/T)
635 To obtain the diffusion permeability of the membranes, a two-chamber flow cell
636 was used [111]. The membrane separated two compartments: distilled water was circu-
637 lated through one of them (I), and a NaCl solution of a given concentration, Cu, was
638 pumped through the other (Il). Diffusion permeability coefficient, P, is determined
639 based on the rate of ion diffusion transport through the membrane under the concentra-
640 tion gradient between the solution II and distilled water:
Jd _,
641 P=—"— (10)
C I
642 where ] is the diffusion flux density, dm is the membrane thickness.
643 The differential diffusion permeability coefficient, P, related to concentration Cu, is
644 found when knowing the dependence P(Cn) [112]:
645 F’*=P|(1+—OI 9P \I (11)
L dlgc,, )
646 The transport number of co-ion (") in the membranes under study is obtained us-
647 ing the experimental values of x* and P’ on the base of the relationship deduced by
648 comparing the Onsager and the Kedem—Katchalsky transport equation systems [112]:
* 2
649 t = # (12)
2RTx't, g
650 where F, R and T are the Faraday constant, gas constant and temperature; f+pp is the ap-
651 parent counterion transport number; g is the activity factor, and C is the electrolyte con-
652 centration of the bathing solution (in this study, it varied in the range of 0.1 — 1.5 mol L-
653 '). When accepting that t __ ~t| and g ~1, the following approximate equation usually
654 used for calculating the ion transport numbers in the membrane is obtained [112,113]:

.1 1 PF’C X .
655 t, = —+,|——— ;t_=1-t, (13)
2 4 2RT«x



Int. ]. Mol. Sci. 2023, 24, x FOR PEER REVIEW 19 of 26

656 Current-voltage characteristics (CVC) of the membranes were studied in a flow-
657 through four-chamber cell. The scheme of the cell as well as the principle of its operation
658 are described in [38]. The potential drop across a membrane under study was measured
659 using two silver/silver chloride electrodes connected to the Luggin capillaries. Further
660 relevant details are given in Supplementary materials.
661 The value of the theoretical limiting current density was calculated by the Lévéque
662 equation obtained within the convection—diffusion ion transport model for a flat channel
663 with an ideally selective membrane [114]:

e FDz,C (h'v V"
664 iy =147 ———| —| (14)

h1-t){ LD )

665 where D is the electrolyte diffusion coefficient, z+ is the counterion charge number, h is
666 the intermembrane distance, t+ is the electromigration transport number of the
667 counterion in the solution, V is the average linear flow velocity of the solution, and L is
668 the length of the active part of the membrane surface.
669 All experiments were conducted at a temperature of 25 °C excluding the measure-
670 ment of the temperature dependence of membrane conductivity.
671 As for further characterization of the developed membranes, the membranes
672 should be tested for gas permeation and chemical stability, following, for example, the
673 procedure suggested in Ref. [115].
674
675 4. Conclusions
676 Using a relatively inexpensive material, an attempt has been made to synthesize a
677 graft copolymer that contains hydrophobic fluorine-containing backbones
678 (polyvinylidene fluoride, PVDF, and Perfluoro-1-hexene, PFH) and hydrophilic side
679 chains (3-Sulfopropyl acrylate, SPA). One of the two synthesized membranes (PEM-
680 RCF) demonstrates properties proper to proton-conducting (Nafion® 117, MF-4SK) and
681 ion-exchange membranes (CJMC-3, CJMC-4). It has a low surface resistance (0.9 Q cm?),
682 characterized by an activation energy of fixed groups (8.6 k] mol-1), close to the activa-
683 tion energy of fixed sulfonate groups of the Nafion® 117 membrane (9.4 k] mol-1), but is
684 inferior to this and other membranes selected for comparison in selectivity. This disad-
685 vantage appears to be caused by the relatively small amount of hydrophilic sulfonate-
686 containing moieties introduced into the copolymer during the synthesis step and for-
687 mation of regular lamellar stacks of a-crystals of PVDEF. These a-crystals act as a barrier
688 to ion transport. In addition, the ion transport and electrochemical characteristics of
689 PEM-RCF are negatively affected by open extended macropores formed in the mem-
690 brane, probably at the casting manufacturing stage. Eventually, the influence of PFH
691 hydrophobic spacers suggest decrement in ion migration aptitude and reduction in con-
692 ducting phase since, the structure is dense and occupied by inert copolymer of PVDF
693 and PFH. These shortcomings can be overcome by changing the synthesis conditions, for
694 example by using high boiling dry solvents and the casting of membrane in vacuum en-
695 vironment at very low humidity and/or filling the macropores of the synthesized mem-
696 brane with cationic ionic liquids or a solid polyelectrolyte such as Nafion®.
697 Supplementary Materials: Supporting information on membrane characterization methods can be
698 downloaded at: www.mdpi.com/xxx/s1.
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