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Increasing levels of pollution (especially in large cities), the rising cost of oil, and cli-
mate change are pushing the scientific community towards more sustainable solutions for
the conversion and storage of energy. Devices such as fuel cells (FCs), redox flow batteries
(RFBs), and electrolyzers can help to significantly decrease the amount of greenhouse gases
emitted. Ionic conductive polymers are fundamental components of these devices (protonic,
anionic, and amphoteric), generally requiring great chemical and mechanical stability; good
performance and durability; low permeability to reagents; and excellent characteristics of
weight, volume, and current density for several applications from mobile to automotive
and co-generation systems. Unfortunately, the high cost of perfluorinated ionomers and
the low stability of anionic polymers in alkaline environment, among other things, still
limit their use. This Special Issue of Polymers is dedicated to this exciting research field,
with some excursions in related fields, focusing on commercial polymers such as Nafion,
a benchmark for proton conducting membranes, acid doped polybenzimidazole (PBI),
or blended membranes containing hyperbranched PAES/Linear PPO as anion exchange
membranes (AEMs). Promising and low-cost sulfonated aromatic polymers (SAP), such as
sulfonated poly(ether ether ketone) (SPEEK) and sulfonated poly(phenyl sulfone) (SPPSU)
ionomers in phosphate buffer solution for enzymatic fuel cell, or crosslinked sulfonated
polyphenylsulfone-vinylon (CSPPSU-vinylon) are presented. The ecofriendly poly(vinyl al-
cohol) (PVA) used to modify the catalyst layer, or the use of novel ionic liquid-incorporated
Zn-ion conducting polymer electrolyte membranes, or solid polymer blend electrolytes
(SPBEs) based on natural chitosan (CS) and methylcellulose (MC) are proposed. In this
book, we also report some strategies to enhance the mechanical stability, such as cross
linking (XL), or several techniques, including classical casting methods or electrospinning
(ES), used to obtain ionomer nanofibers with different morphologies depending on relative
humidity (RH); all properties were studied with classical investigations techniques, such as
impedance, dynamic mechanical analysis (DMA), FC tests, or the new INCA method. To
reflect the broad scope of this topic, contribution from leading scientist across the world,
whose research addresses ionomeric membranes and catalysts from different perspectives,
sharing a common vision of pollution reduction and the search for sustainable energy
sources, have been gathered. In this manner, Lufrano et al. [1] investigated how Nafion
1100 membrane preparation procedures affect both the morphology of the polymeric film
and the proton transport properties of the electrolyte. A comparison between commercial
membranes such as Nafion 117 and Nafion 212 and Nafion membranes prepared by three
different procedures, Nafion-recast, Nafion uncrystallized, and Nafion 117-oriented, was
conducted. The conductivity measurements show that the anisotropy increased from ~20%
in the commercial membrane up to 106% in the pressed membrane (Nafion 117-oriented)
where the ionic clusters were averagely oriented parallel to the surface, leading to a strong
directionality in proton transport. The solution cast Nafion uncrystallized membrane
showed the lowest water diffusion coefficients, conductivities, and Young’s modulus,
highlighting the correlation between low crystallinity and a more branched and tortuous
structure of hydrophilic channels. The authors suggested to avoid the use of both materials,
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oriented and uncrystallized, in high-temperature fuel cells. Pasquini et al. [2] studied the
hydrolytic stability, conductivity, and mechanical behavior of SPEEK and SPPSU ionomers
in phosphate buffer solution for enzymatic fuel cell. The results showed that the membrane
stability can be adapted by changing the casting solvent (water, ethanol or DMSO) and pro-
cedures. A shorter casting time resulted in stiffer membranes but had no effect on the mass
uptake (MU) and conductivity. The crosslinking stabilized the membranes that showed
a better hydrolytic stability, even if with a little decrease of conductivity. The addition of
SPPSU to SPEEK membranes improved the ionic conductivity. Kim et al. [3] prepared a
series of novel AEMs with hyperbranched brominated poly(arylene ether sulfone) (Br-HB-
PAES) and linear chloromethylated poly(phenylene oxide) (CM-PPO) with different weight
ratios followed by quaternization with triethylamine, which promoted the ion channel
formation. In particular, the Q-PAES/PPO-55 membrane showed a very high hydroxide ion
conductivity (0.91 x 107! Sem™!) around three times higher than the pristine Q-HB-PAES
membrane. In addition, the rigid hyperbranched structure showed an enhancement of
the swelling ratio and demonstrated an alkaline stability under 2M KOH conditions over
1000h at 50 °C. Jienkulsawad et al. [4] employed, in the fabrication of membrane electrode
assemblies (MEAs), a PVA to humidify the membrane in proton-exchange membrane fuel
cells (PEMECs) operated under low-humidity conditions. The 0.03 wt% PVA in the anode
catalyst layer (CL) and 0.1 wt% PVA on the gas diffusion layer (GDL) improve the current
density by approximately 30% at the operating voltage of 0.6 V and non-humidified anode
and cathode humidifier temperature of 25 °C. Liu et al. [5] prepared a novel membrane con-
taining a polymer matrix poly(vinylidene fluoride-hexafluoropropylene) (PVdF-HFP) and
1-ethyl-3-methylimidazolium trifluoromethanesulfonate (EMITf), along with zinc trifluo-
romethanesulfonate Zn(Tf),. The best amorphous and nanopored membrane, ILPE-Zn-4,
with a mass ratio of 0.4:0.4:1 (EMITf:Zn(Tf),:PVDF-HF), showed at room-temperature (RT)
ionic conductivity of ~1.44 x 107* S cm~! with a wide electrochemical stability window
(~4.14 V) and thermal decomposition temperature ~305 °C with good tensile strength
~5.7 MPa. This polymer electrolyte could be a promising candidate for energy storage
applications. Aziz et al. [6] studied and synthesized, with a solution cast technique, SPBEs
materials based on CS and MC incorporated with different concentrations of ammonium
fluoride (NH4F) salt. The electrochemical stability of the electrolyte sample was found to
be up to 2.3 V via the linear sweep voltammetry (LSV) study. The value of specific capac-
itance was determined to be around 58.3 F g~ 1. The synthesized electrical double-layer
capacitor (EDLC) cell was found to exhibit high efficiency (90%). In the first cycle, the
values of internal resistance, energy density, and power density of the EDLC cell were
determined to be 65 (), 9.3 Wh kg1, and 1282 W kg !, respectively. Escorihuela et al. [7]
presented a systematic study of the physicochemical properties and proton conductivity
of PBI membranes doped with common phosphoric acid at different concentrations, 0.1,
1, and 14M, and with other alternative acids such as natural phytic acid (0.075M) and
phosphotungstic acid (HPW, 0.1M). The cross-section SEM images show the formation of
channels in the polymeric network thanks to the use of these acids, also keeping their me-
chanical properties and thermal stability. Under low acid doping (0.1M), membranes doped
with phytic acid displayed a superior conducting behavior (2.6 x 10~* S cm~1), compared
to doping with phosphoric acid (5.8 x 107° S cm ™), proved to be a sustainable alternative.
Kim et al. [8] synthesized a thermally crosslinked sulfonated polyphenylsulfone (CSPPSU)
polymer and different wt% of PVA (5, 10, and 20); then, a CSPPSU-vinylon membrane was
synthesized using a formalization reaction. The conductivity of the CSPPSU-10vinylon
membrane reached 0.66 x 107! S cm™! at 120 °C under 90% RH and was higher than
CSPPSU membrane. The fuel cell results showed higher current densities than those of
Nafion 212 and CSPPSU membranes, obtained under high- and low-humidification condi-
tions. These results are due to the excellent water retention even under low humidification
conditions of vinylon membranes and can be proposed as an alternative to fluoropolymer
electrolytes, especially for thin membranes. Halabi et al. (Dekel’s group) [9] prepared, by
ES technique, anion-conducting ionomer-based nanofibers with different morphologies



Polymers 2022, 14, 246

depending on the RH during the process (RHgs). The formation of branched thin fibers
was observed in mats prepared at RHgg 20% and 30%. This affects the water uptake (WU)
and conductivity, which are higher for fibers formed at low humidity, attributable to their
larger diameter. The understanding of these parameters is important for the future design
of these devices with tailored properties. Raja Rafidah et al. [10] discussed the recent
progress of aromatic-based membranes that represent some of the best alternatives in
proton exchange membranes (PEMs) due to their electrochemical, mechanical, and thermal
strengths. Membranes based on these polymers, such as poly(aryl ether ketones) (PAEKS)
and polyimides (PIs), however, lack a sufficient level of proton conductivity and durability.
Various strategies are proposed to improve these characteristics: crosslinking, multiblock
copolymerization, the introduction of inorganic/organic fillers/nanofillers, etc. Although
they have disadvantages that limit their use in fuel cells, aromatic-based polymers still
hold great potential as effective and low-cost alternatives to perfluorinated ones.

I am confident that the articles contained in this Special Issue will serve to further
stimulate advances in this research area, in both the sectors of membranes and catalysts;
the first is essential for the long-term functioning of the system, and the second for a
drastic reduction in costs, especially in fuel cells. I thank all my friends and colleagues who
contributed papers to this Special Issue.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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t In memoriam of Prof. Giulio Alberti.

Abstract: This work represents a systematic and in-depth study of how Nafion 1100 membrane
preparation procedures affect both the morphology of the polymeric film and the proton transport
properties of the electrolyte. The membrane preparation procedure has non-negligible consequences
on the performance of the proton-exchange membrane fuel cells (PEMFC) that operate within a wide
temperature range (up to 120 °C). A comparison between commercial membranes (Nafion 117 and
Nafion 212) and Nafion membranes prepared by three different procedures, namely (a) Nafion-recast,
(b) Nafion uncrystallized, and (c) Nafion 117-oriented, was conducted. Electrochemical Impedance
Spectroscopy (EIS) and Pulsed-field gradient nuclear magnetic resonance (PFG-NMR) investigations
indicated that an anisotropic morphology could be achieved when a Nafion 117 membrane was
forced to expand between two fixed and nondeformable surfaces. This anisotropy increased from
~20% in the commercial membrane up to 106% in the pressed membrane, where the ionic clusters
were averagely oriented (Nafion 117-oriented) parallel to the surface, leading to a strong directionality
in proton transport. Among the membranes obtained by solution-cast, which generally exhibited
isotropic proton transport behavior, the Nafion uncrystallized membrane showed the lowest water
diffusion coefficients and conductivities, highlighting the correlation between low crystallinity and
a more branched and tortuous structure of hydrophilic channels. Finally, the dynamic mechanical
analysis (DMA) tests demonstrated the poor elastic modulus for both uncrystallized and oriented
membranes, which should be avoided in high-temperature fuel cells.

Keywords: nafion; conductivity; oriented morphology; recast; uncrystallized

1. Introduction

In recent years, researchers have taken an interest in the development of more sus-
tainable energies, both from an economic and environmental point of view. Among the
different types of fuel cells, low-medium temperature, proton-exchange membrane fuel
cells (PEMFCs) are promising for the replacement of classic heat engines, especially in mo-
tor vehicles [1,2]. Among the most studied and promising materials are perfluorosulfonic
acid membranes (PFSA), such as long side chain (LSC) Nafion, which has, until now, been
the most widely investigated ionomer, and the more recent short side chain (SSC) Aquiv-
ion from Solvay [3,4]. PFSA are characterized by high proton conductivity and chemical
inertness; the latter is due to the presence of fluorine. However, sometimes the mechanical
and thermal stability are not enough for the present needs in automotive applications [5,6].
In particular, when relative humidity (RH)-temperature conditions overcome certain crit-
ical values, (70-130 °C and 95-100% RH [7]), the membranes undergo some irreversible
processes that induce a decrease in their through-plane proton conductivity [8]. These
phenomena are due to modifications in the bulk-transport properties, and may be observed
when a membrane is constrained between the electrodes and forced to swell in a plane
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direction [9]. A lamellar platelet was first proposed by Fujimura et al. [10] in 1981. In 1982,
Starkweather [11] proposed a layered morphology. A lamellar structure was described
by Litt et al. [12] in 1997, in which ionic domains were formed out of hydrophilic layers
separated by thin lamellar polytetrafluoroethylene (PTFE) crystallites. A lamellar structure
was suggested by Haubold et al. [13] in 2001, and recently by Kreuer et al. [14]. Ribbon
morphologies were proposed by Gebel [15] in 2000, Rubatat et al. [16], Perrin et al. [17],
and more recently, in 2007, by Termonia [18]. In 2013, Alberti and coworkers prepared
a large batch of these low-conducting ionomers and hypothesized a layered structure;
a change from randomly-oriented to plane-oriented morphologies was proposed to ex-
plain the experimental results of low conductivity and low density [19]. The results were
interpretated using the INCA method (ionomer n. analysis) proposed in 2008, and later
by Alberti and collaborators [5,20]. This method consists of the elaboration of n./T plots,
where n, is the counterpressure index, that describe the counter pressure force of the
ionomer matrix that balances the inner osmotic pressure of the proton solution inside
the membrane at equilibrium. The use of the n./T plot makes it possible to determine
the history of the membranes, since the value itself and the trend slope are characteristic
of every treatment that the ionomer has undergone: e.g., at 50 °C, the oriented Nafion
has a n. value of approximately two units, much lower than the commercial Nafion 117
membrane, which has a value of about nine units [21,22]. In 2017, some studies, using
the Ionomer n. Analysis (INCA) method, performed on uncrystallized Nafion, with an
EW =1100, and semicrystalline Nafion, with an EW = 1000, evidenced the relation between
nc and the glass transition temperature of the former and the temperature of melting of
crystallites in the latter [23]. Using wide-angle (WAXD) and small angle X-ray scattering
(SAXS), Moore and Martin [24] found that the as-received and solution-processed films
were semicrystalline, with similar degrees of crystallinity, while the recast films were amor-
phous. The high-solubility and “mud-cracked” character of the recast material suggested
that the colloidal morphology observed in the solution remained intact in the recast state,
with little chain entanglement or coalescence between particles [1]. As demonstrated by
Gebel et al., with WAXS and SAXS in 1987 [25], the polymers threated with a high boiling
solvent at a high temperature increased the degree of crystallinity. In 2013, Alberti et al. [26],
and in 2018, Narducci et al. [22], reported a thermal treatment assisted by DMSO to increase
crystallinity, and proposed a method to avoid or limit low-conductivity phase formation.
This method was extended in 2019 by Giancola et al. [4] to Aquivion. A well-defined
annealing temperature (T,,), between the glass transition and the melting temperature of
the crystalline phase, was chosen for the treatments performed at different times in order
to increase the mechanical stability [27].

In order to further confirm and clarify the previous studies carried out using the
INCA method, in this study, we analyzed the proton transport behavior by Electrochemical
Impedance Spectroscopy (EIS) measurements and Pulse-Field Gradient NMR spectroscopy
to obtain direct measurements of the self-diffusion coefficients. Several Nafion-based
membranes were investigated and compared: (i) recast Nafion, prepared by a casting
procedure from the commercial solution by using DMF as a solvent, (ii) industrial recasting
Nafion NR212, (iii) oriented Nafion 117, obtained with a special device that mimics the
structure of the fuel cell, and (iv) uncrystallized Nafion, obtained by simple evaporation
of a commercial solution. All these ionomers were characterized by the same EW = 1100.
In particular, our attention was focused on the oriented material, in which through-plane
conductivity decay occurred due to the transformation from “random” to “oriented” ribbon-
type morphologies, with semicrystalline and amorphous layers being mostly parallel to
the surface of the material.

The mechanical properties of such membranes have been investigated by Dynamic
Mechanical Analysis (DMA). Particular attention was paid to membranes with low or no
crystallinity, i.e., those positioned in the lower part of the n./T plot, where the materials
were mechanically less stable, and therefore, were similar or inferior to as-received or
semicrystalline materials, such as Nafion 117. Once this systematic comparison had been
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made, we could suggest which materials could be used in fuel cells, and which should be
avoided, both for use and formation under operating conditions.

2. Materials and Methods
2.1. Chemicals

Nafion resin solution, 5 wt% solution in a mixture of lower aliphatic alcohols and
water (EW, 1100 g eq_l), Nafion 117 membranes (EW, 1100 g eq_l, 180 um thickness),
and other reagents were supplied by Sigma Aldrich (Milan, Italy) and used as received.
Nafion NR212 membrane (EW 1100 g eq !, 51 um thickness) were supplied by lon Power
Inc. (New Castle, DE, USA) and subjected to thermal and chemical activation before the
characterization.

2.2. Preparation of Nafion Uncrystallized

Nafion resin solution was cast on a Petri dish (5 mL), evaporated in air for 24 h at
RT, and then placed in an oven for 15 min at 80 °C to eliminate the solvent. The resulting
membranes were peeled off the Petri dish and stored in P,Os5 at RT [23].

2.3. Preparation of Nafion 117 Oriented

Nafion 117 membranes were placed in the apparatus previously described in [19]
(Figure 1) with a metallic disc internal diameter of 7 cm. To avoid direct contact with the
metal, the plaques were covered with a Teflon foil. The whole apparatus with tightened
membranes was placed inside an autoclave at 120 °C, and in liquid water for about 48 h.
The pressure in the autoclave simply arose from the vapor pressure of water at 120 °C
(i.e., about 2 bar). In this conformation, the membrane swelling perpendicular to the surface
was not allowed, and the parallel one was facilitated with the consequent transition to
oriented materials. Then, the apparatus was cooled at RT and the samples were maintained
in P205 at RT.

Membrane

Figure 1. (a) Photo and (b) schematic representation of the device used for the preparation of Nafion
117 oriented.

2.4. Preparation of Nafion Recast

A Nafion recast membrane was fabricated through a typical solvent casting method.
Briefly, 1 g of commercial Nafion perfluorinated resin solution was heated at about 60 °C
until the complete evaporation of the solvents (water, alcohol, etc.), and then redissolved
in 10 mL of Dimethylformamide (DMF) until a clear solution was obtained. Thereafter,
the solution was cast on a Petri dish and placed in the oven at about 60 °C until it was
dry. The membrane was finally subjected to thermal and chemical activations according
to a standard method [28]. Briefly, for the membrane reinforcement, it was sandwiched
and pressed between two Teflon plates and then placed in an oven at 155 °C for 15 min.
Thereafter, the membrane was acid-activated by treating it with: (1) 1M HNOj; solution
at 90 °C for 1 h to oxidize the organic impurities, (2) HyO, (3 vol%) at 60 °C for 1 h to
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remove all the organic impurities, (3) 1M H,SOy at 80 °C for 1 h to remove any metallic
impurities, (4) 0.001 M ethylenediaminetetraacetic acid (EDTA) solution at RT for 1 day
to remove all the paramagnetic contaminants (such as the copper contained in the Nafion
commercial solution), (5) 2 M HCl at 80 °C for 2 h, and (6) EDTA. After each acidic treatment,
the membrane was rinsed three times in boiling deionized H,O for 10 min to remove any
trace of the acids. The thickness of the dry membranes was about 50 pm.

2.5. Water Uptake (WU), A and n,

The samples were kept in liquid water at 25 °C for 24 h in a hermetically-sealed Teflon
vessel. The membranes were carefully wiped off and the mass was determined (myet).
They were then dried over P,Os for 3 days and weighed (mgry). The WU was calculated
according to Equation (1):

m: — m,
WU = [ 74y ) o 100 Q)
Mgry

The hydration number }, i.e., the number of water molecules per SO3H group, was
calculated by Equation (2):

WU
A= (IEC > M(H20)> x 10 @)

where the ion exchange capacity (IEC) of Nafion 1100 is 0.909 meq. g~! and M is the molar
mass of water. The uncertainty is estimated to be about =+ 0.5.
The A values were converted into n. values by the Equation (3):

100
Ne = A—6 ®3)

This equation is valid for A > 10 [5,20].

2.6. 'H NMR Spectroscopy NMR

The NMR measurements were performed with a Bruker AVANCE 300 Wide Bore
NMR spectrometer working at 300 MHz on 'H, and equipped with a Diff30 Z-diffusion
30 G/cm/A multinuclear probe with exchangeable RF inserts (Bruker, Milan, Italy).
The self-diffusion coefficients (D) of water were determined by pulsed field gradient
stimulated-echo (PFG-STE) technique [29]. The sequence consists of three 90° rf pulses
(1t/2-t1-11/2-Tiy-1t/2) and two gradient pulses applied after the first and the third RF pulse.
At time 271 + Try, the echo was found. The FT echo decays were analyzed by means of the
relevant Stejskal-Tanner expression Equation (4):

[=1je PP (4)

where I and I represent the intensity/area of a selected resonance peak with and without
gradients, respectively, D the self-diffusion coefficient, and {3 the field gradient parameter.
Following the usual notation, the magnetic field pulses had amplitude g, duration d,
and time delay A. Accordingly, the field gradient parameter can be defined by Equation (5):

p=|0e9? (8-3)] ®

The used experimental parameters were: 5 = 0.8 ms, time delay A = 8 ms, and the
gradient amplitude varied from 100 to 900 G cm~!. Based on the very low standard
deviation of the fitting curve and repeatability of the measurements, the uncertainties of the
self-diffusion measurements were approximately 3%. The NMR samples were prepared

according to the procedure described in detail elsewhere [30]. The self-diffusion coefficients

8



Polymers 2021, 13, 359

were measured in the temperature range of 20 °C to 130 °C, measured every 20 °C, leaving
the sample to equilibrate at each temperature for approximately 20 min.

2.7. Dynamic Mechanical Analysis DMA

Dynamic Mechanical Analysis (DMA) was conducted by Metravib DMA /25 analyzer
equipped with a shear jaw for films clamping (Limonest, France). A dynamic stress of
amplitude of 10~* at 1 Hz is applied on a rectangular shaped sample (width =3 cm;
height = 1 ¢m), in the temperature range of 25-200 °C, with a heating scan rate of
2°Cmin~ L.

2.8. Electrochemical Impedance Spectroscopy (EIS)

A commercial four-electrode cell (BT-112, Scribner Associates Inc., Southern Pines,
NC, USA) was adopted to measure the in-plane proton conductivity of the various Nafion
membranes [31]. In this case, the membranes were cut into rectangular shapes of 25 mm x
10 mm. For the through-plane conductivity, the membrane was sandwiched between two
disks of conductive carbon papers (4 = 10.5 mm) and placed in a homemade two-electrode
cell. Impedance spectra were recorded on a PGSTAT30 potentiostat/galvanostat/FRA
(Metrohm Autolab B.V., Utrecht, The Netherlands) at OCV, over a frequency range between
1 Hz to 1 MHz, with an oscillating potential of about 10 mV. The resulting impedance
data were analyzed by Metrohm Autolab NOVA software. From the Nyquist plot, the
electrolyte resistance (R) was extracted as the high-frequency intercept on the real axis,
and the ionic conductivity (o) was calculated according to Equation (6) and reported as an
average of three independent measurements:

L

°=RA

(6)
where L is the distance between the electrodes and A is the active area.

The in-plane and through-plane proton conductivities were measured as a function of
the temperature, in the range of 20-120 °C, at 90% RH, leaving the sample to equilibrate for
at least 30 min before each measurement. A humidification system (Fuel Cells Technologies,
Inc Albuquerque, NM, USA) directly connected to the cell was used to finely control
temperature and RH.

3. Results and Discussion
3.1. Conductivity Study (Through-Plane vs. In-Plane)

To highlight any sort of anisotropy in the membrane morphology induced by the fabri-
cation procedure, the various Nafion 1100 membranes were investigated by electrochemical
impedance spectroscopy (EIS) by using two cell configurations, through-plane (o7p) and in-
plane (o7p). Figure 2 illustrates the comparison between through-plane and in-plane proton
conductivity of the PFSA membranes, in the temperature range of 20 °C to 120 °C at 90%
RH. Furthermore, for the sake of comparison among the different Nafion-based mem-
branes, some representative values are also reported in Table 1. In 2008, Holdcroft et al. [32]
first compared the in-plane and through-plane conductivity of several Nafion membranes,
demonstrating that the conductivity was clearly anisotropic in extruded samples, with
the opp higher than orp, whereas it was isotropic in recast films. Furthermore, a strong
correlation between the membrane thickness and the anisotropic degree was also observed:
the discrepancy between in-plane and through-plane conductivity was lower for thicker
membranes (i.e., 18% for Nafion 117) and increased for thinner membranes, such as Nafion
112, reaching a value of 32%.
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Figure 2. In-plane vs. through-plane proton conductivities of (a) Nafion recast, (b) Nafion 212;
(c) Nafion un crystallized and (d) Nafion 117 as received and Nafion 117 oriented membranes as a
function of temperature (20-120 °C) at 90% RH%. (The error bars are not reported because they are
smaller than the size of the symbols).

Table 1. Proton conductivity [mS cm 1], @ RH 90% and for three temperature values, of the PFSA membranes (along with
the standard deviation resulting from three independent measurements).

40 °C 80 °C 120 °C
Membranes - - -
In-Plane Through In-Plane Through In-Plane Through
Plane Plane Plane
Nafion 117 40.0 £ 0.8 36.7 1.2 76.5 £ 1.7 63.6 = 1.3 1184+ 1.7 100.6 = 1.6
Nafion 212 741 +15 761+ 1.6 157.0 £ 2.1 153.1 £ 2.1 220.0 £ 2.1 213.1£22
Nafion recast 548 +1.2 58.7 + 1.3 119.7 £ 1.9 113.3 = 1.8 151.0 & 2.0 1491 +19
Nafion uncrystallized 31.2+1.1 30 + 0.9 521 +1.1 56.1 +1.4 71.3+£13 761+ 1.6
Nafion 117 oriented 11.07 + 0.6 51+03 16.0 £ 0.8 8.08 0.3 21.0 0.8 14.09 £ 0.7

Our findings are consistent with the outcome described by Holdcroft et al., as all
the solution-cast membranes (Nafion recast, 212, and uncrystallized) exhibited isotropic
conductivity, confirming the absence of any particular orientation in their polymer chains
and/or in their ionic clusters. At the same time, a relatively small anisotropy was observed
in the case of Nafion 117, with the conductivity parallel to the extruding direction (op)
~ 20% higher than the through-plane. It is worth noting that the in-plane to through-plane
anisotropy increased to almost 106% when Nafion 117 oriented. This suggests that the
ion-conducting clusters are mostly oriented along the plane of the membrane’s surface,
inducing a strong directionality to the proton transport. This is expected to greatly affect
the performance of the electrolyte in the PEMFC, where the op is crucial. In particular,
while the through-plane conductivity of Nafion 212, recast, 117, and partially uncrystallized
membranes still match the requirements for PEMFC application, the low otp of Nafion
117 oriented makes it unsuitable for practical application; for this reason, its formation
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in the fuel cell itself should also be avoided. Such a huge decrease in the through-plane
conductivity of Nafion 117 oriented is also accompanied by an appreciable decrease of
the ionomer density. It is found to be 1.7-1.8 g cm 3, a little higher than that found in
the previous work, i.e., 1.4-1.5 g cm~3, probably due to some small differences in the
procedure, and because the previous device had a smaller diameter than the one used here.
However, such a density reduction is sufficient to cause the drop in conductivity, that we
attribute to the transition of ribbon phases already present in commercial Nafion, from a
random orientation to parallel direction of the surface, probably causing less/worsened
interconnection between the ion channels, giving rise to lower through-plane conductivity.

3.2. Hydration Number (A) and Counterpressure Index (n.)

From the water uptake measured for each membrane and reported in Table 2, it was
possible to calculate A and n.. Based on these values, we can determine, without building
the whole n./T plots at different temperatures, the position in the plot at 25 °C of the single
sample, suggesting the type of Nafion we are investigating and what kind of treatment it
has previously undergone.

Table 2. Thickness, WU%, lambda, and nc for Nafion 117, NR212, “recast”, “uncrystallized” and
“oriented” at 25 °C in liquid water for 24 h.

Membranes Thickness [um] WU [wt%] A ne
Nafion 117 180 6 24 14.6 11.6
Nafion 212 5142 22 134 135

Nafion recast 501 24 14.6 11.6

Nafion uncrystallized 59 + 2 29 17.7 8.6
Nafion 117 oriented 160 £ 5 25 15.3 10.8

The values of n. fall with good approximation in Figure 3 of the reference 17, suggest-
ing the good reproducibility of the system [19].

water self-diffusion coefficient - D

10° 4

—%— Nafion 212
—@— Nafion recast
—¥— Nafion un crystallized
107 4 —W¥- Nafion 117

—@— Nafion 117 oriented

D/cm?s™

24 2.6 2?8 3.0 3.2 34
1000/T / K

Figure 3. Self-diffusion coefficients as a function of the temperature (from 20 °C to 130 °C) of the
water confined in the various PFSA membranes.

From Table 2, Nafion 212 has the lowest water uptake and the highest value of n..
One need to consider that, according to Alberti et al. [5], one n. unit is equivalent to an
increase of Young’s modulus by about 6.5 MPa, with the higher the value having the greater
mechanical resistance.
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The highest value of WU was reached for the uncrystallized membrane. The thickness
of this sample is comparable to commercial Nafion 212, i.e., about 50 um. Both membranes
have been obtained by recasting method; however, the preparation of the uncrystallized
does not use a high-boiling solvent, in contrast to Nafion 212. In fact, as reported in the
literature (e.g., Alberti [26], Gebel [25], Moore [24]), the use of high-boiling solvents such
as DMF and DMSO increases the crystallinity on both preformed and casting membranes.
Therefore, the uncrystallized Nafion membrane demonstrated a weaker structure. Fi-
nally, the Nafion 117 oriented presented a lower density, had a higher equivalent volume,
and therefore, had a greater willingness to host water [19].

H PFG NMR Investigation

'H-PFG NMR experiments allowed us to investigate the molecular dynamics of the
water confined inside the prepared electrolytes, via the direct measurements of the water
self-diffusion coefficients (D) [33,34]. Figure 3 shows the Arrhenius plot of the water self-
diffusion coefficients measured on completely swelled membranes in the temperature range
between 20 and 130 °C. For all the membranes, the diffusivity increases with temperature
up to 80 °C due to thermal energy, then drops precipitously as a consequence of the
evaporation of the bulk-like water fraction. In this regard, once above 80 °C, the D
values of the various Nafion membranes become quite comparable and merge towards
the same value. This is indicative that the “bound-water” fraction that remains in the
ion clusters as hydration to sulfonic groups is almost invariable, regardless of the casting
procedure/preparation of the polymeric film. Instead, the analysis of D in the temperature
range of 20-80 °C allows us to clarify the relationship between proton transport properties
and a membrane’s nanomorphology:

Despite the highest water uptake (29 wt%), uncrystallized Nafion displays slightly
lower D than both Nafion 212 and Nafion recast (w.u. 22 wt% and 24 wt%, respectively).
Likely, the decreasing of the crystallinity degree induces a more branched channel structur-
ing, increasing the diffusion path’s tortuosity for water, thus slowing the overall diffusivity.

A Nafion membrane structure more regular with a lamellar morphology of the poly-
mer chains reduces the mobility of water molecules, being limited to only two directions.
Indeed, Nafion 117 and, even more, the Nafion 117 oriented, show a significant decrease of
water diffusion.

3.3. Dynamic Mechanical Analysis

Figure 4 shows the temperature evolution of storage modulus (E") and dumping factor
(tan §) of all the membranes. It can be observed that the storage moduli of Nafion 212 and
Nafion recast (both thermally activated before the characterization) are almost comparable,
and are the highest among the investigated membranes: E’ for these membranes is ca.
200 MPa, which is almost 3.5-fold higher than the other samples in which the storage
modulus is ca. 60 MPa.

108 0.7

b)

a) 0.6 === Nafion 212

= Nafion recast

0.54 e Nafion un crystallized
: = Nafion 117

= Nafion 117 oriented

104
0.4

tan &

0.3

= Nafion 212
=== Nafion recast

== Nafion un crystallized
== Nafion 117

== Nafion 117 oriented
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Figure 4. Storage modulus (a) and tan 6 (b) versus temperature of PFSA membranes.
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This outcome confirms that the thermal activation procedure is crucial to achieving
tough and mechanically stable polymeric film. As noted in Table 2, the Nafion 212 and
recast PEMs show a high value of n., which, according to Alberti et al. [5], is related to a
greater mechanical stability. It is worth noting that the storage modulus of uncrystallized
Nafion starts decreasing at 70 °C, whereas the other membranes show a high E” until
100 °C. As described in the experimental methods, the Nafion uncrystallized was prepared
in absence of high-boiling solvents. This reduces the overall crystallinity of the membrane
and clearly has a detrimental effect on its thermal resistance. The dumping factor plots
showed in Figure 4b further elucidates the relationship between thermal resistance and
membranes architecture. The tan 6 profile of each Nafion membrane is characterized by a
single peak in the high temperature region that is typically related to the « transition (Tg)
of the ionic clusters [35,36]. In the case of solution-cast membranes, the Tg of uncrystallized
Nafion is shifted to lower temperatures (i.e., 128 °C) in comparison with Nafion 212 and
Nafion recast, which show the « transition at ~145 °C. The outcome, which is clearly
amenable to the lower crystallinity of the uncrystallized Nafion, de facto limits the practical
application of this PEM in high-temperature fuel cell devices, which has a temperature
target fixed by DOE of 120 °C. Turning our attention to the extruded membranes, the
higher Ty of Nafion 117 oriented compared to the parental Nafion 117 (i.e., 139 °C vs.
132 °C, respectively) is compatible with a reduced flexibility of the polymer chains after
strict orientation of its ionic clusters, which need more energy to move, leading to a higher
relaxation temperature.

4. Conclusions

This study extends our knowledge of the morphology of Nafion membranes from
previous INCA method results. In particular, it has been argued that the decay of the
through-plane conductivity in Nafion-oriented membranes is the result of the formation of
“oriented-ribbon”-type morphologies and poor connections between ion clusters, which
macroscopically is accompanied by a consistent decrease in density. In this study, both
in-plane and through-plane conductivities were investigated using a wide range of tem-
peratures (20120 °C). There was evidence of a strong anisotropy between op and ojp in
the case of extruded membranes, which increases from 20% for the Nafion 117 commercial
membrane to almost 106% in the Nafion 117-oriented membrane. In this last sample,
the lamellar-like morphology significantly reduced the water diffusivity because it was
restricted in only two directions.

Regarding the uncrystallized Nafion, in previous studies, we observed a strong lower-
ing of n./T plots due to either an important decreasing in crystallinity, or more likely due to
a decomposition of the hydrogen bonds between adjacent ribbons. The high water uptake
ability of this membrane, however, is not accompanied by a corresponding high conductiv-
ity. On the contrary, both the lower proton conductivity and water diffusion, compared to
Nafion 212 and Nafion recast, suggest that the decreased degree of crystallinity induces
more branched channel structuring, increasing tortuosity and slowing down the overall
transport properties. In addition, the -transition shifts at 20 °C lower than the other
solution-cast membranes, which, along with having a lower storage modulus, definitely
limits the practical application of uncrystallized Nafion. On the other hand, materials with
a high degree of crystallinity induced by the use of high-boiling solvents, such as DMF
and DMSO, have optimal structural characteristics for use in medium /high-temperature
fuel cells.
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Abstract: Proton-conducting ionomers are widespread materials for application in electrochemical
energy storage devices. However, their properties depend strongly on operating conditions. In
bio-fuel cells with a separator membrane, the swelling behavior as well as the conductivity need to
be optimized with regard to the use of buffer solutions for the stability of the enzyme catalyst. This
work presents a study of the hydrolytic stability, conductivity and mechanical behavior of different
proton exchange membranes based on sulfonated poly(ether ether ketone) (SPEEK) and sulfonated
poly(phenyl sulfone) (SPPSU) ionomers in phosphate buffer solution. The results show that the
membrane stability can be adapted by changing the casting solvent (DMSO, water or ethanol) and
procedures, including a crosslinking heat treatment, or by blending the two ionomers. A comparison
with Nafion™ shows the different behavior of this ionomer versus SPEEK membranes.

Keywords: ionomer; blend; casting; SPEEK; SPPSU; crosslinking

1. Introduction

Synthetic polymer membranes are economical separator materials in many advanced
devices, including ultrafiltration systems, electrolyzers, redox-flow batteries and hydrogen
separation [1-5]. Membranes composed of ionomers [6] (i.e., polymers with grafted ionic
groups, including commercial Nafion™, 3M™, Aquivion™) are important for the devel-
opment of highly efficient and reliable electrochemical energy conversion devices such
as fuel cells. The main challenge is to increase the ionomer conductivity and maintain an
appropriate hydrolytic and mechanical stability [7-9]; very often, the good conductivity of
highly functionalized polymers is linked to a poor hydrolytic stability [10,11], an increase
of the reactant permeability and an overall decay of the device performances, ultimately
causing the failure of the systems. The microstructure and behavior of ionomer membranes
in operating conditions thus need to be better understood to increase the lifetime and the
efficiency of the devices.

In the last years, biological fuel cells (BioFCs) were developed as an alternative to
classical fuel cells [12]. The main advancement and, at the same time, the main challenge
for this type of cell is the substitution of the inorganic catalyst. Generally, expensive and
rare (e.g., platinum) [13,14] BioFCs can be divided in two sub-categories [15], microbial
fuel cells (MFCs), using complex organisms as catalyst [16,17], and enzymatic fuel cells
(EFCs), using enzymes as catalyst [18-20]. In both cases, the coupling of the catalyst with
the materials of the whole device has to be deeply understood to guarantee the catalyst’s
stability over time and the overall performance to the device [14]. EFCs including a
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separator membrane [20,21] were introduced to solve the main problems of membrane-less
EFC, i.e., the mixing of the reactants (O, and Hjy) and the sensitivity of some enzymes to
O; [22], which result in a short lifetime of the device and poor performances [23,24]. In the
specific example of the EFCs, the enzyme catalyst is often immersed in a buffer solution
to guarantee the optimal activity [24]. All materials utilized are thus in contact with the
buffer, including the ionomer membrane that has to be hydrolytically stable and maintain
a sufficient ionic conductivity in this medium.

We already demonstrated [25] that the hydrolytic stability and conductivity of proton
and anion conducting membranes strongly depends on the type, concentration and pH
of the buffer: ionic crosslinks by ions contained in the solution can significantly affect
the conductivity. Some previous works [26-30] demonstrate that commercially available
Nafion™ membranes can undergo a dramatic proton conductivity reduction in BioFCs
related to cation exchange. After a few hours of EFC operation, the membrane completely
exchanged cations and required an intensive wash with sulfuric acid or a replacement,
increasing the overall maintenance cost of the device. It is thus of crucial importance
to study the behavior of ionomers in typical EFC conditions and in particular how the
hydrolytic stability, as well as the conductivity, can be optimized by different methods
(such as blend formation between polymers, change of the casting procedure and solvent,
crosslinking reactions) to boost the overall performances of the device.

In this work, we investigate the casting of two main sulfonated aromatic polymers
(SAP), sulfonated poly(ether ether ketone) (SPEEK) and sulfonated poly(phenyl sulfone)
(SPPSU), as shown in Scheme 1a, and their blends in different solvents to obtain an
optimized membrane for the EFC phosphate buffer solution. In particular, the casting
of highly functionalized SPEEK from dimethylsulfoxide (DMSO), DMSO-water, ethanol
and ethanol-water, and the blending of SPEEK and SPPSU, are investigated to optimize
the conductivity of the membranes while maintaining a good hydrolytic and mechanical
stability. The properties of membranes are reported after immersion in a 0.05 M phosphate
buffer solution, including conductivity, hydrolytic stability (gravimetric and volumetric
solution uptake), dry density and Young’s modulus. These properties are finally compared
to commercial Nafion™ 212 that is used as a benchmark.

SPEEK SPPSU
SO4H
Crosslinking /,/‘
- — i '\\.___‘

ipso substitution H substitution

‘@ @ R
Noa Jiiwﬁ;r@

SOzH

Scheme 1. (a) Structures of sulfonated poly(ether ether ketone) (SPEEK) and sulfonated poly(phenyl
sulfone) (SPPSU). (b) Various possible pathways for the reticulation of SPEEK.

2. Materials and Methods

The Nafion™ 212 membrane was purchased from Fuel Cell Store (College Station,
TX, USA) in the form of a film of 30 x 30 cm? dimension.

Sulfonated poly(ether ether ketone) (SPEEK) and sulfonated poly(phenyl sulfone)
(SPPSU) were prepared by reaction of poly(ether ether ketone) (Victrex, Thornton-Cleveleys,
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UK, MW = 38,300 g/mol) or poly(phenyl sulfone) (Solvay, Brussels, Belgium,
MW = 46,173 g/mol) with concentrated sulfuric acid (H,SO,; Aldrich, St. Louis, MO,
USA, 95-97%) under nitrogen atmosphere [31].

The degree of sulfonation (DS) and the ion exchange capacity (IEC) of each polymer
was determined by NMR spectroscopy and acid-base titration [32,33]. The obtained values
were, for SPEEK: DS = 92% and IEC = 2.50 meq/g, and for SPPSU: DS = 152% and
IEC =2.92 meq/g.

Membranes were cast from DMSO, DMSO-water, ethanol or ethanol-water in a flat
Petri dish (Figure 1). Generally, 0.5 g of polymer (or a mixture of two polymers) was
dissolved in 10 g of solvent (or a mixture of two solvents). In the case of DMSO or DMSO-
water, after evaporation to around one third of the original volume, the solution was
poured in a Petri dish and evaporated in an oven at 80 °C for 18 h.

Figure 1. A typical membrane cast in a flat Petri dish.

For ethanol and ethanol-water, the solution was directly poured into a Petri dish and
evaporated in an oven at 80 °C for 15 min or 18 h, respectively.

A crosslinking treatment at 180 °C for 3 h, as described in References [11,34,35],
was applied to as-cast membranes that showed poor hydrolytic stability (in particular,
SPPSU-based membranes).

2.1. Hydrolytic Stability

The hydrolytic stability was investigated in a 0.05 M phosphate (H,PO;~ /HPO,42")
buffer at pH = 6.5 & 0.2. The pH was determined with a calibrated pH-meter (Mettler
Toledo). This buffer was chosen because it is among the best buffer solutions that stabilize
most of the enzymes in EFCs, in particular bilirubin oxidase [12,36].

Mass uptake (MU) was measured twice at 25 °C and calculated according to
the equation:

MU (%) = 222t ™ 100 (1)
Mgry

The mass of wet samples (171,,.:) was determined after immersion in the buffer solution
during 24 h at 25 °C in a thermoregulated oven without any additional washing in water.
Before the measurement, the membrane was wiped carefully with absorbing paper to
remove the excess of buffer solution on the surface. The mass of the dry samples (171,
was measured in a closed vessel after drying over P,Os for 24 h.

The dry density of the ionomer was measured using the mass and dimensions of the
membranes after drying over P,Os for 24 h.

2.2. Ionic Conductivity

The through-plane ionic conductivity was measured by impedance spectrometry
between 1 Hz and 6 MHz using an impedance spectrometer, Biologic VSP300 (Biologic,
Seyssinet-Pariset, France). The amplitude of the oscillating voltage was 20 mV. After
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immersion in the buffer during 24 h at 25 °C in a thermoregulated oven and after removing
the buffer excess on the surface, the samples were measured at 25 °C in humidified
conditions inside a Swagelok cell with two stainless-steel electrodes. The sample resistance,
R, was obtained from typical impedance spectra (Figure 2) using the intercept with the real
axis. The ionic conductivity, o, was calculated using the equation:

thwet
o= — 2
R a- Awet @

where thyer and Ay, are respectively the thickness of the membrane in the wet state after
the measurement (measured with a micrometer, Mitutoyo 293-230) and the electrode area.
30
25

20

15

-1Im(Z)/Ohm

10

0 5 10 15 20 25 30
Re(Z)/Ohm

——K-D Nafion

Figure 2. Typical complex impedance diagrams of a SPEEK membrane cast in DMSO (K-D) and a
Nafion™ membrane after immersion in buffer.

2.3. Tensile Stress-Strain Tests

The mechanical measurements were performed with an Adamel Lhomargy TESTO-
METRIC M250-2.5CT testing machine (Testometric, Rochdale, UK). The specimens (two
for each test) were cut in rectangular shape (25 mm length and 5 mm width) by paying
particular attention to having smooth and perfectly sharp edges to avoid points of stress
concentration that eventually lead to premature breaking. The samples were placed be-
tween two clamps and the test was performed at a constant elongation rate of 5 mm/min
at ambient temperature (25 + 1 °C) and relative humidity (RH 40% =+ 10%), or after
immersion at 25 °C in the phosphate buffer solution.

3. Results
3.1. Cast Membranes

The casting conditions of the realized membranes are reported in Table 1.
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Table 1. Casting conditions of membranes. K stands for SPEEK, U for SPPSU, D for DMSO, W for
water, and E for ethanol. XL (crosslink) indicates membranes thermally treated 3 h at 180 °C. sh
specifies a short (15 min) heat treatment during casting. The casting temperature in all cases is 80 °C.

Name Polymer (wt %) Casting Solvent (wt %) Casting Time
SPPSU SPEEK DMSO Water Ethanol
K-D - 100 100 - - 18 h
K-E-sh - 100 - - 100 15 min
K-E - 100 - - 100 18h
K-EW-sh - 100 - 50 50 15 min
K-EW - 100 - 50 50 18 h
U-D 100 - 100 - - 18h
KU50-D 50 50 100 - - 18 h
KU30-D 30 70 100 - - 18h
U-DW 100 - 10 90 - 18h
KU50-DW
(XL) 50 50 10 90 - 18h
KU30-DW
(XL) 30 70 10 90 - 18 h
U-E-sh 100 - - - 100 15 min
U-E 100 - - - 100 18h

The various polymer membranes were realized to study how the casting procedure
affected the membrane behavior in the buffer solution. In particular, the utilization of
solvents different from DMSO was explored to cast membranes free of harmful solvent
for enzymes. The casting temperature of 80 °C was chosen following our previous expe-
rience with membranes as energy devices [33,37,38]: it is compatible both with DMSO
and ethanol and in the case of ethanol, avoids a too fast evaporation resulting in an
inhomogeneous membrane.

SPEEK/SPPSU blends were explored to simultaneously enhance the conductivity
and hydrolytic stability of the membrane: SPEEK contributed to the hydrolytic stability
and SPPSU contributed to increase the ionic conductivity. Following the results of the
characterization of SPEEK/SPPSU blends, we moved from the initial 50/50 wt % to a
70/30 wt % composition, because of the poor stability in the buffer of the first blend (cf.
Discussion, Section 4).

The crosslinked membranes (indicated with XL) were realized with the aim of hy-
drolytic stabilization even with a small loss of ionic conductivity because of the decrease
of the ion exchange capacity (IEC) due to the reticulation reaction [35,39]. As described
in Scheme 1b, the crosslinking treatment consumes some sulfonic acid groups for the
creation of sulfone bridges between chains: following XL, the polymer absorbs less water,
because of the loss of some hydrophilic sulfonic acid groups resulting in an increase of the
hydrolytic stability. A better compromise between stability and good ionic conductivity is
thus possible to reach by reticulation.

The hydrolytic stability and conductivity in phosphate buffer solution, as well as the
dry density and Young’'s modulus of membranes, are reported in Table 2.

The dry density of membranes depends strongly on the casting solvent. The dry
density of SPEEK and SPPSU has the highest value of around 1.4 g/cm® when cast from
DMSO, in good agreement with literature values [9,40]. This result indicates a high
packing density of the macromolecules, also increasing the stiffness of the membranes by
Van der Waals interactions (see below). SPEEK membranes cast from ethanol present a
lower density, around 1 g/cm?, indicating that in this solvent, the macromolecular chains
are much less densely packed with no nanophase separation (cf. Discussion, Section 4).
Intermediate values, more similar to DMSOQO, are observed in ethanol /water mixtures. In
the case of SPPSU and SPPSU/SPEEK blends, the dry density is around 1.2 g/cm?® and
increases as expected after a cross-linking treatment.

21



Polymers 2021, 13, 475

Table 2. Mass (MU) and volume (VU) uptake, conductivity (o), dry density (d) and Young’s modulus
(E) in humid air of various ionomer membranes. K stands for SPEEK, U for SPPSU, D for DMSO, W
for water, and E for ethanol. XL (crosslink) indicates membranes thermally treated for 3 h at 180 °C.
sh specifies a short (15 min) heat treatment during casting.

Samples MU (%) VU (%) o (mS/cm) d (g/em?) E (MPa)
K-D 74.3 115.9 15.8 1.44 1400 + 150
K-E-sh 60.7 98.8 9.0 1.09 900 + 160
K-E 67.0 110.9 12.7 0.99 580 + 10
K-EW-sh 279.1 419.7 22.2 1.31 1370 + 10
K-EW 256.1 382.8 229 1.39 1090 + 5
U-D Diss * Diss * Diss * 1.32 700 £+ 50
KU50-D partial diss ~ not measured 259 1.19 370 £ 80
KU30-D 91 176.4 25.8 1.06 640 + 10
U-DW Diss * Diss * Diss * 1.15 590 + 280
KU50-DW Diss * Diss * Diss * 1.13 1220 + 10
KU30-DW 174 214.4 28.8 1.15 830 + 120
KU50-DW XL 79.7 192.0 10.4 1.61 not measured
KU30-DW XL 74.4 80.8 10.3 1.27 not measured
U-E-sh Diss * Diss * Diss * 1.23 830 + 120
U-E Diss * Diss * Diss * 1.20 500 + 40

* Dissolution.

3.2. MU, Dry Density, Conductivity, Mechanical Properties
Figure 2 shows typical impedance spectra of SPEEK (K-D) and Nafion™ membranes.

3.3. Comparison of SPEEK vs. Nafion™

The MU, conductivity and mechanical properties were compared for a typical DMSO-
cast SPEEK membrane (K-D) and a Nafion™ 212 membrane before and after immersion in
buffer solution.

Figure 3 presents typical stress-strain curves for SPEEK and Nafion™. The mechanical
properties are reported in Table 3. The curves and properties in ambient humidity are
consistent with previously reported data [40,41]. After immersion in buffer solutions, the
curves change dramatically. Whereas the decrease of Young’s modulus and tensile strength
of SPEEK are attributable to the plasticizing effect of liquid water due to its high dielectric
constant, the behavior of Nafion™ in the buffer is more surprising. One notices a very
strong reduction of the elongation at break and a significant increase of Young’s modulus.
The enhanced stiffness (and reduced ductility) of Nafion™ is corroborated by the handling
experience after buffer immersion.

Analyzing the mechanical test results (Table 3 and Figure 3), the behavior of SPEEK
moves from a rigid polymer to a plastic one: The Young’s modulus decreased and the
elongation at break increased remarkably. This is certainly due to the plasticizing effect of
the water inside the membrane, weakening the interactions between the macromolecular
chains and/or functionalized groups [40,42]. In the case of Nafion™ the membrane
evolves from a plastic to a rigid behavior after immersion inside the buffer solution. As
already demonstrated [41], Nafion™ exchanged with different cations shows a distinct shift
to higher temperature of the glass transition, indicating an enhancement of the stiffness.
Similar findings were reported in the literature: ion exchange in hydrated Nafion™
samples increases the Young’s modulus of the membranes in increasing order of ionic
radius [43]. An increase in Young’s modulus means that the material becomes stiffer and a
larger force is necessary to cause elastic deformation.
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Figure 3. Typical stress-strain curves at relative humidity (RH) = 40% =+ 10% and after immersion in buffer solution of

(a) K-D and (b) Nafion 212 membrane.

Table 3. Mass uptake (MU), ionic conductivity, o, and mechanical properties after conditioning in humid air or buffer

solution at room temperature (RT). * in fully hydrated conditions.

Membrane Conditions MU (o) Young's Yield Stress Ultimate Elongation
(%) (mS/cm) Modulus (MPa) (MPa) Strength (MPa)  at Break (%)
Nafion™ RH =40% =+ 10% 19.0 154* 203 £ 26 5+£1 21+6 245 + 105
212 Buffer 9.0 1.9 352 + 88 542 2+4 38+4
K-D RH =40% =+ 10% diss diss 1423 £ 209 25£8 44 £ 4 9+6
Buffer 74.3 15.8 295 £ 55 3£2 10+£8 45+ 30

4. Discussion

The difference in mechanical and solubility properties of cast and thermally treated
(annealed and commercial) Nafion™ films is usually ascribed to the thermal reorganization
of the cold cast micellar structure with sulfonate groups on the outside of the micelle to an
inverted micellar structure with the sulfonate groups on the inside [44].

If we compare membranes cast from 100% SPEEK in different solvents and with
different thermal treatment times (Figure 4), we can observe that the thermal treatment
time (18 h or 15 min) does not affect the MU and conductivity and that membranes cast
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from DMSO and ethanol solutions have comparable properties. However, a very large
enhancement of solution uptake and conductivity is observed for ethanol-water mixtures.
This can be due to the different nanostructure in the membranes related to the high dielectric
constant of water: the presence of water allows the formation of ionic clusters between
sulfonic acid groups that are responsible for the swelling and the ionic conductivity [45].
The higher conductivity can also be explained by the large ionic mobility in the presence of
a large amount of water (see discussion below).
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Figure 4. Comparison of SPEEK membranes realized with different solvents and casting procedures.

The thermal treatment of 18 h has a clear influence on the elastic modulus, which is
much lower in comparison with the samples heated for 15 min only. The initially very stiff
membranes deform easier. One can also observe that samples made from pure DMSO show
the highest Young’s modulus, and this high stiffness was reported before [11,37,46]. The
presence of water in the casting solvent generally further enhances the Young’s modulus.
Membranes cast from pure ethanol instead show a quite low stiffness and, in the case of
SPEEK, a low density. This indicates a low packing density of the macromolecular chains
and low nanophase separation in accordance with the low conductivity.

Comparing membranes realized in 100% DMSO in Table 2, we can observe that the
100% SPPSU membrane dissolves in the buffer solution. The addition of 50% of SPEEK
stabilizes the membrane but the apparent solution uptake reveals a partial dissolution
phenomenon, attributable to some SPPSU loss in the buffer solution. The two membranes
can be further stabilized by a crosslinking treatment. By adding 70% of SPEEK, the
membrane does not dissolve, and the conductivity is high due to the effect of a large
solution uptake.

Figure 5 shows membranes realized in 10% DMSO and 90% water composed of SPPSU
or blended with SPEEK. We can observe, as already mentioned for the SPEEK membranes,
that the addition of water to the casting solvent negatively affects the hydrolytic stability of
the membranes. The 30/70 membrane (KU30-DW) has a higher MU than a membrane cast
in pure DMSO and can be stabilized only with a crosslinking treatment. XL membranes
present a good ionic conductivity, and their properties are similar to the reference SPEEK
membrane cast from DMSO (K-D).
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Figure 5. Comparison of SPEEK/SPPSU blend membranes cast from 10% DMSO and 90% water and crosslinked.

Membranes with 100% SPPSU cast from ethanol with two different thermal treatment
times (U-E-sh and U-E in Table 2) are not stable, and the solvent and the treatment time do
not modify the stability. These membranes need to be further crosslinked to achieve the
right properties.

Figure 6 shows the ionic conductivity as a function of the mass uptake (MU). The ap-
parent maximum at intermediate values of MU was reported before in other ionomers [47].
It is related to antagonistic effects of a cation concentration increase that simultaneously

reduces the cation mobility so that an optimal value is obtained for an intermediate value
of concentration.

35
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0
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Figure 6. K* ion conductivity as a function of the mass uptake. The dotted line is a guide for the
eye only.

We can further utilize all the data from the mass uptake and conductivity measurement
to calculate an effective cation mobility (K*), assuming that the ion exchange groups have
been fully substituted by potassium. Furthermore, we assume that no supplementary
adsorbed ions are present, because the exchange was made in a 0.05 M buffer so that the
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driving force for excess ion adsorption is low. The cation concentration expressed in mol/L
in the membrane is then defined by the IEC and the MU. The density, p, of the electrolytic
solution is taken as 1 g/ cm? [48,49].

IEC xp

c(KT) = Vi

3)

The effective mobility u(K*) (in cm? V1 s71) is defined according to Equation (4) by
the measured ionic conductivity o(K*) (expressed in mS/cm, Table 2) and the calculated
ion concentration ¢(K*) (in mol/L):

o(K)

") = Faer)

)

The calculated cation mobility data are reported in Figure 7.
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Figure 7. K* ion mobility in various proton exchange membranes based on SPEEK and SPPSU/SPEEK blends.

The exponential dependence of the cation mobility as a function of the square root of
cation concentration has been previously related to the conditions of ionic motion in nano-
metric ion conduction channels, where the mobile ions migrate with immobile counterions
grafted on the channel walls [50-52]. The extrapolation to c(i) = 0 gives the cation mobility
at infinite dilution (u(K*) =7 x 10~* cm? V—1 s71) that can be compared with literature
data of K* mobility in aqueous solution (u(K*) = 7.6 x 107 cm? V—1 s71) [53,54].

5. Conclusions

This work explored the possibility to adapt the hydrolytic behavior, the conductivity
and the mechanical properties of ion-conducting membranes based on sulfonated aromatic
polymers such as SPEEK and SPPSU by changing the casting solvent and procedure,
by blending two different polymers and by a crosslinking treatment. The results of the
different characterizations were discussed to find out the optimal compromise for the
utilization of these polymers as membranes in EFC containing a buffer solution. The
solvent and the casting procedure influenced the properties of the membranes: the use of
ethanol reduced the swelling, but at the same time also the Young’s modulus. A shorter
casting time resulted in stiffer membranes but had no effect on MU and conductivity. The
crosslinking stabilized the membranes that showed a better hydrolytic stability, even if with
a little decrease of conductivity. The addition of SPPSU to SPEEK membranes improved
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the ionic conductivity; however, the ratio between the two polymers has to be carefully
tuned in order to keep the hydrolytic stability.

The comparison between a DMSO-cast SPEEK membrane and Nafion™ shows how
the behavior of the two polymers before and after the immersion in the buffer solution is
different. The SPEEK membrane exhibited a higher MU and conductivity in comparison
to Nafion™, and this difference can be ascribed to the solution uptake and the quite
high cation mobility in this SAP. The mechanical properties change differently in the two
polymers: SPEEK moves from a rigid to a plastic behavior while Nafion™ does exactly
the contrary.

The analysis of all data demonstrated that an optimal value of conductivity can be ob-
tained at intermediate values of mass uptake and that the extrapolation to infinite dilution
of the mobility of conducting potassium ions is in good agreement with literature data.

This study opens interesting perspectives for the utilization of SAP polymers as
membranes in enzymatic and Bio-FC, exploring the possibility of less hazardous casting
solvents, while maintaining appropriate conductivity and hydrolytic stability of mem-
branes in buffer solutions.
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Abstract: A series of novel blended anion exchange membranes (AEMs) were prepared with
hyperbranched brominated poly(arylene ether sulfone) (Br-HB-PAES) and linear chloromethylated
poly(phenylene oxide) (CM-PPO). The as-prepared blended membranes were fabricated with different
weight ratios of Br-HB-PAES to CM-PPO, and the quaternization reaction for introducing the ionic
functional group was performed by triethylamine. The Q-PAES/PPO-XY (quaternized-PAES/PPO-XY)
blended membranes promoted the ion channel formation as the strong hydrogen bonds interconnecting
the two polymers were maintained, and showed an improved hydroxide conductivity with excellent
thermal behavior. In particular, the Q-PAES/PPO-55 membrane showed a very high hydroxide ion
conductivity (90.9 mS cm~!) compared to the pristine Q-HB-PAES membrane (32.8 mS cm™), a result
supported by the morphology of the membrane as determined by the AFM analysis. In addition,
the rigid hyperbranched structure showed a suppressed swelling ratio of 17.9-24.9% despite an
excessive water uptake of 33.2-50.3% at 90 °C, and demonstrated a remarkable alkaline stability
under 2.0 M KOH conditions over 1000 h.

Keywords: anion exchange membrane; hyperbranched polymer; alkaline fuel cell; blended
membranes; anion conductivity; dimensional stability

1. Introduction

Fuel cells (FCs) are a promising energy conversion device, that can directly convert chemical energy
into electrical energy [1-3]. Among the various existing FCs, cation exchange membrane fuel cells
(CEMEFCs) have received particular attention due to their many advantages, such as high power density
and superior efficiency [4,5]. Despite these advantages, the commercialization of the CEMFC has been
difficult due to the high system costs associated with the use of precious metal platinum catalysts
and fluorinated membranes [6]. On the other hand, anion exchange membrane fuel cells (AEMFCs)
are capable of reducing system costs by using less valuable metal catalysts (Co and Ni) [7] and have
been studied recently due to their advantages, including fast oxygen reduction reactions (ORR) at the
cathode, low fuel crossover, and easy water management. To advance AEMFCs, the development of
an anion exchange membrane (AEM) with high ionic conductivity and physicochemical stability is
essential [8]. However, the AEMs that have been studied thus far yield an insufficient electrochemical
performance due to the inherently lower mobility of OH™ ions compared to H* ions and unstable
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dimensional stability due to the excessive swelling of the AEM [9-12]. Therefore, many researchers
have studied AEM with high ion exchange capacity (IEC) value as a method of improving ionic
conductivity. However, a high IEC value causes excessive dimensional change in the membrane along
with a high water uptake, which leads to separation of the membrane electrode assembly (MEA)
during the manufacture and deterioration of fuel cell durability from the wet-dry repetition [13,14].
As mentioned above, various studies have achieved excellent dimensional stability along with high
IEC values such as blended membranes [15-18]; inorganic/organic composite membranes [6,19,20];
and the backbone design of comb-shaped [21-23], branching [24-26], and cross-linking [27,28].

Novel hyperbranched anion exchange membranes (HBAEMs) are promising backbone structures
for AEMs that have been reported to possess improved dimensional stability, alkaline stability,
and clear micro-phase separation of hydrophilic/hydrophobic domains, which result in excellent ionic
conductivity and high solubility enabling facile membrane fabrication and reprocessing compared
to other polymers [29-32]. Ge et al. [33] reported hyperbranched poly-4-(chloromethyl) styrene
(HB-PVBC) AEMs with superior dimensional stability and an ionic conductivity of 123.01 mS cm™!
at 80 °C, which results from the well-separated hydrophilic/hydrophobic microphases and the low
swelling ratio of HB-PVBC due to its hyperbranched structure.

In addition, a promising strategy for the development of AEMs with excellent ionic conductivity,
mechanical properties, and thermal stability is to blend polymers to achieve a balance of physicochemical
stability and electrochemical performance [34]. For example, Kim et al. [35,36] reported that
miscible blended membranes comprised of sulfonated-fluorinated, hydrophilic-hydrophobic copolymer
and sulfonated poly(ether ketone) demonstrated good phase-separated morphology and superior
ionic conductivity.

Recently, the aromatic polymer, poly(phenylene oxide) (PPO) has been used in many applications
due to its good thermal stability, excellent mechanical strength, improved conductivity via the
introduction of functional groups, and facile synthesis [37]. Xu et al. [38] reported that the development
of a series of PPO-based AEMs with ethylene oxide spacers demonstrated a very good peak power
density (437 mW cm™2).

In accordance with these studies, we designed a blended membrane of hyperbranched poly(arylene
ether sulfone) (HB-PAES) and the linear polymer poly(phenylene oxide) (PPO) as a novel strategy.
This strategy aims to compensate for each polymer’s drawbacks [39]. In this study, bromination and
chloromethylation reactions were performed to introduce quaternary functional groups into HBPAES
based on the hyperbranched structure and PPO polymer, respectively, and the structure of the prepared
polymers was confirmed through 'H NMR, FT-IR, and GPC analyses. Subsequently, a series of blended
polymers were fabricated by adjusting the mixing ratio of HBPAES to PPO (3:7, 4:6, 5:5, 6:4, and 7:3) to
investigate, the physicochemical stability and electrochemical properties affected by the mixing ratio.

2. Materials and Methods

2.1. Materials

1,1,1-Tris(4-hydroxyphenyl)ethane (THPE) and 2,2-bis(4-hydroxy-3-methylphenyl)propane
(BHMP) were purchased from Tokyo Chemical Industries (Tokyo, Japan). Bis-(4-chlorophentyl)sulfone
(BPS), N-bromosuccinimide (NBS), anhydrous toluene, anhydrous N,N-dimethylacetamide
(DMAC), poly(2,6-dimethyl-1,4-phenylene oxide) (PPO), and triethylamine (TEA) were obtained
from Sigma-Aldrich (Seoul, Korea). Potassium carbonate (K,COs;), benzoyl peroxide (BPO),
1,1,2,2-tetrachloroethane (TCE), ethanol, methanol, and acetone were purchased from Daejung
Chemicals and Metals company (Seoul, Korea).

2.2. Synthesis of the Hyperbranched Hydrophobic Oligomer

The hyperbranched Cl-terminated poly(arylene ether sulfone) hydrophobic oligomer (HB-PAES-CI)
was synthesized via the aromatic nucleophilic substitution reaction (Scheme 1a). The polymerization
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of HB-PAES-Cl was carried out in THPE (1.25 g, 4.08 mmol), BPS (2.58 g, 8.98 mmol), K,CO3 (1.69 g,
12.24 mmol), DMAc (30.0 mL), and toluene (15.0 mL) in a round-bottomed flask equipped with a
Dean-Stark trap and a reflux condenser under nitrogen gas. The mixture was heated to 150 °C under
stirring, and its temperature was maintained at 150 °C for 5 h to remove azeotropes (toluene and
water). Subsequently, polymerization was carried out at 180 °C for 24 h. Afterward, the mixture was
cooled at room temperature, and the viscous solution was poured into a mixture of methanol, acetone,
and distilled water (DI water) (v/v/v, 7/1/1). The precipitated powder was collected by filtration, and the
white fiber product was dried in a vacuum oven at 70 °C for 24 h (yield: 92%). The chemical structure
of the as-synthesized HB-PAES-Cl was characterized using 'H NMR, as shown in Figure Sla (600 MHz,
DMSO-dg: 2.17-2.00 ppm (Hy), 7.16-6.84 ppm (Hy, Hy, Hy, Hm), 7.69-7.54 ppm (Hy), 7.97-7.75 ppm
(Hy, Hj, Hy), and GPC (M, = 7 kDa, M, = 22 kDa).

(a) (b)
Q 0
HO: OH Cl S Cl &
& ) )-OH + _Q_@_O_ HO—H & )-oH + a—@—(sj—@—m
O BPS BHMP BPS
OH
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Scheme 1. Synthesis of (a) HB-PAES-C], (b) PAES-OH, (c) HB-PAES, and (d) Br-HB-PAES.

2.3. Synthesis of the Hydrophilic Oligomer

The OH-terminated poly(arylene ether sulfone) hydrophilic oligomer (PAES-OH) was synthesized
via the aromatic nucleophilic substitution reaction, in a process similar to that used for HB-PAES-CI [40].
As shown in Scheme 1b, the polymerization of PAES-OH was performed with BHMP (1.96 g, 7.66 mmol),
BPS (2.00 g, 6.96 mmol), K,COj5 (2.12 g, 15.32 mmol), DMAc (20.0 mL), and toluene (15.0 mL) in a
round-bottomed flask equipped with a Dean-Stark trap and a reflux condenser under nitrogen gas.
The reaction mixture was heated to 135 °C under stirring, and its temperature was maintained at
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150 °C for 2 h to remove azeotropes (toluene and water). Afterward, polymerization was carried out at
160 °C for 20 h. Subsequently, the mixture was cooled at room temperature, and the viscous solution
was poured into a mixture of methanol, acetone, and DI water (v/v/v, 7/1/1). Finally, the precipitated
powder was collected by filtration, and the light brown product was dried in a vacuum oven at 70 °C
for 15 h (yield: 94%). The chemical structure of the as-synthesized HTHP-OH was characterized
using 'H NMR, as shown in Figure S1b (600 MHz, DMSO-d¢: 1.66-1.39 ppm (Hg), 2.07-1.81 ppm
(Hf), 7.07-6.63 ppm (Ha, Hy, Hy), 7.26-7.12 ppm (H,), 7.87-7.69 ppm (H,), and GPC (M, = 10 kDa,
My, =22 kDa).

2.4. Synthesis of Hyperbranched Poly(Arylene Ether Sulfone) Block Copolymer

The hyperbranched poly(arylene ether sulfone) (HB-PAES) was prepared via the aromatic
nucleophilic substitution reaction (Scheme 1c). The polymerization of HB-PAES was conducted with
HB-PAES-CI (2.00 g, 0.19 mmol), PAES-OH (2.14 g, 0.19 mmol), K,COj3 (0.05 g, 0.38 mmol), DMAc
(25.0 mL), and toluene (12.0 mL) in a round-bottomed flask equipped with a Dean-Stark trap and
reflux condenser under nitrogen flow. The reaction mixture was heated at 120 °C under stirring,
and the mixture temperature was maintained at 150 °C for 3 h to remove azeotrope (toluene and
water). Afterward, the polymerization was carried out at 165 °C for 30 h. Subsequently, the mixture
was cooled to room temperature, and the viscous solution was poured into a mixture of methanol,
acetone, and DI water (v/v/v, 7/1/1). Finally, the precipitated powder was collected by filtration, and the
light brown product was dried in a vacuum oven at 70 °C for 15 h (yield: 90%). The chemical structure
of the as-synthesized HB-PAES was characterized using 'H NMR, as shown in Figure Slc (600 MHz,
DMSO-dg: 1.65-1.46 ppm (Hyg), 2.15-1.80 ppm (Hy, Hn), 7.23-6.70 ppm (Ha, Hy,, Hg, Hp, Hy, Hi, Hi),
7.26-7.25 ppm (Hc), 7.55-7.54 ppm (Hy), 7.95-7.55 ppm (He, H;, Hy, H;), and GPC (M, = 97 kDa,
My =153 kDa).

2.5. Synthesis of Brominated HB-PAES (Br-HB-PAES)

The brominated hyperbranched poly(arylene ether sulfone) (Br-HB-PAES) was synthesized via the
Friedel-Crafts alkylation (Scheme 1d) [41-43]. The bromination reaction of Br-HB-PAES was performed
with HB-PAES (3.00 g, 0.14 mmol), TCE (30.0 mL), and NBS (4.49 g, 6.30 mmol) as the bromination
reagent, with BPO (0.61 g, 0.63 mmol) as the initiator in a two-neck round bottom flask equipped with
a reflux condenser under nitrogen flow. The reaction solution was heated at 40 °C under stirring, and
the bromination reaction was carried out at 75 °C for 10 h. Afterward, the mixture was cooled at room
temperature, and the yellow product was poured into methanol (700 mL). Finally, the precipitated
powder was collected by filtration, and the yellowish product was dried in a vacuum oven at 70 °C
for 15 h (yield: 95%). The chemical structure of the as-synthesized Br-HB-PAES was characterized
using 'H NMR (600 MHz, DMSO-d¢: 1.65-1.46 ppm, 2.15-1.80 ppm, 4.60-4.49 ppm, 7.23-6.70 ppm,
7.26-7.25 ppm, 7.55-7.54 ppm, 7.95-7.55 ppm).

2.6. Synthesis of Chloromethylated PPO (CM-PPO)

As shown in Scheme S1, for chloromethylation, the CM-PPO copolymer was synthesized via
the Friedel-Crafts alkylation [6,41]. The PPO polymer (3.00 g, 0.10 mmol) was dissolved in TCE
(15.0 mL) at 30 °C in a two-neck round-bottomed flask equipped with a reflux condenser under
nitrogen. Then, chloromethyl ethyl ether (CMME) (7.0 mL) and ZnCl, (0.20 g) as a catalyst dispersed
in tetrahydrofuran (THF) (2.0 mL) were added drop-wise to the reaction mixture. Subsequently,
the mixture was reacted at 50 °C for 7 days. After cooling, the reaction mixture of chloromethylated
PPO (CM-PPO) was precipitated in methanol. Finally, the precipitated powder was collected by
filtration, and the white powder was dried in an oven at 60 °C for 24 h. The degree of chloromethylation
(DC) was confirmed by 'H NMR (600 MHz, DMSO-dg: 2.27-1.89 ppm, 4.99-4.61 ppm, 6.14-5.99 ppm,
6.55-6.44 ppm).
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2.7. Fabrication of the BC-PAES/PPO-XY Blended Membranes

The BC-PAES/PPO-XY (where X and Y represent the weight ratios of Br-HB-PAES and CM-PPO,
respectively) blended membranes were prepared by the direct solution casting using different weight
ratios of Br-HB-PAES to CM-PPO, as shown in Table 1. For example, the BC-PAES/PPO-55 blended
membrane was fabricated with Br-HB-PAES (0.25 g), CM-PPO (0.25 g), and TCE (12.0 mL), and the
solution was stirred at 50 °C for 10 h. The solution was cast onto a clean flat glass plate, and dried in a
vacuum oven at 70 °C for 13 h. The BC-PAES/PPO-55 blended membrane was peeled off the glass plate
using DI water. The fabricated blended membranes were flexible, transparent, and had an average
thickness of 30-50 um.

Table 1. Different weight ratios of BC-PAES/PPO-XY blended membranes.

Samples Br-HB-PAES (%) CM-PPO (%)
BC-PAES/PPO-37 30 70
BC-PAES/PPO-46 40 60
BC-PAES/PPO-55 50 50
BC-PAES/PPO-64 60 40
BC-PAES/PPO-73 70 30

2.8. Quaternization of BC-PAES/PPO-XY Membranes

Quaternized BC-PAES/PPO-XY (Q-PAES/PPO-XY) blended membranes were prepared using
triethylamine (TEA) as a tertiary amine for the quaternization reaction. Briefly, the as-prepared
membranes were immersed in a 25 wt% triethylamine solution at 50 °C for 12 h to exchange Cl or Br
groups for quaternary ammonium groups. Afterward, the quaternized samples were soaked ina 1.0 M
KOH solution for 48 h to convert Br~ or C1™ forms to OH™ forms, and the quaternized membranes
were kept in DI water.

3. Characterizations

The proton nuclear magnetic resonance (\H NMR) spectroscopy was utilized to analyze the
chemical structure of the polymers using the JNM-ECA 600 instruments (Bruker installed at the
Center for University Wide Research Facilities (CURF) in Jeonbuk National University (JBNU), Jeonju,
Korea. The number average molecular weight, weight average molecular weight, and polydispersity
index (PDI) of the as-prepared polymers were estimated by gel permeation chromatography (GPC,
Tosoh Corporation, HPLC-8320 GPC, Jeonju, Korea) equipped with an RI detector. The Fourier
transform infrared (FT-IR) analysis was performed to confirm the introduction of functional groups
through bromination, chloromethylation, blending, and quaternization reactions. The morphology of
the hydrated membranes (Br~, C1~ forms) were characterized with the tapping mode using an atomic
force microscope (AFM: nanoscope V multimode 8 AFM)), installed at the Jeonju Center, Korea Basic
Science Research Institute (KBSI), Jeonju, Korea. The thermal behavior of the blended membranes was
evaluated using a thermal gravimetric analyzer (TGA, Q 50).

The hydroxide conductivity (o) was measured using a four-electrode conductivity test bench
(SciTech Korea, Jeonju, Korea) linked with a PGZ 301 dynamic EIS voltammeter. The ionic conductivity
was calculated from the following formula:

o=L/RA ()

where L (cm) denotes the distance between the electrode, R ((Q) denotes the resistance of the membrane,
and A (cm?) denotes the area of the membrane.
The activation energy (E;) of a membrane was calculated using the following equation:

In = Inog — (E/R x T) )
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where R is the gas constant and T denotes the Kelvin temperature.

The water uptake of membranes was evaluated as follows. The sample was completely dried in
an oven at 80 °C for 48 h, and the weight of the dried membrane (Wy;,) was measured. Afterward,
the membrane was immersed in DI water at 30, 50, 70, and 90 °C for 24 h, and then the weight of
the hydrated membrane (Wy,:) was evaluated immediately. The water uptake of the membrane was
calculated using the following equation:

Water uptake (%) = (Wwet — Wiry)/Wary) X 100% 3)

The swelling ratio of the membranes was determined by measuring the in-plane (Ai) and
through-plane (At) direction before and after immersing the membrane into DI water at 30, 50,
70, and 90 °C for 24 h, respectively. The swelling ratio of the membrane was calculated by the
following equation:

Swelling ratio (%) = ((Lwet — Lary)/Ldry) X 100% 4)

where Lyer and Ly, were the lengths (in-plane and through-plane directions) of fully hydrated and
dried membranes, respectively.

The ion exchange capacity (IEC) of the Q-PAES/PPO-XY blended membranes were determined
using the reverse titration method. The OH™ form membrane (10 X 50 mm) was completely dried
under in a vacuum oven, and the weight of the dried membrane (Mg,y) was measured. Afterward,
the membrane was immersed into 50 mL of a 0.05 M HCl solution at room temperature for 48 h.
Therefore, the OH™ form was sufficiently replaced by the CI~ form, then the membrane was removed
from the HCI solution. Subsequently, the phenolphthalein indicator was added 3~4 drops to the HCI
solution excluding the membrane, and was titrated with a 0.01 M NaOH solution until the solution
color changed [44]. The IEC values of the Q-PAES/PPO-XY membranes were calculated using the
following equation:

IEC (mmol g™!) = (Crar X Vial — CNaoH X VNaoH)/Mary ®)

where Cyyc) and Cn,0n denote the molar concentrations of HCl and NaOH solutions, respectively,
and Vyycp and Vaop refer to the volumes of HCl and NaOH solution reaching the equivalent point.
The alkaline stability of Q-PAES/PPO-XY blended membranes was monitored by soaking them in a
2.0 M KOH solution at 50 °C for 1000 h. The blended membranes were removed from the alkaline
solution, and washed repeatedly with DI water [6]. The FT-IR spectra, IEC, and TGA of the samples
were observed at 200 h intervals throughout the alkaline stability test.

4. Discussion

4.1. Characterization of Br-HB-PAES and CM-PPO Polymers

The Br-HB-PAES block copolymer containing a hyperbranched structure was synthesized through
three synthetic steps, as shown in Scheme 1. The HB-PAES block copolymer was prepared via direct
copolymerization with HB-PAES-Cl and PAES-OH. To introduce the hyperbranched structure in the
polymer main chain, the hyperbranched hydrophobic HB-PAES-CI components were synthesized by
copolymerization at a molar ratio of THPE/BPS (1.0:2.2) in the presence of K;COj as a basic catalyst in
an anhydrous system. To optimize the conditions to form the hyperbranched structure of HB-PAES,
the polymerization of HB-PAES was conducted under high temperature for a short reaction time to
avoid the formation of an undesirable complex network of linear chains, as referred to in a previous
report [43].

Subsequently, the HB-PAES block copolymers were brominated using NBS as a bromination
agent with BPO as a catalyst. The chemical structure of the as-prepared polymers was characterized
by 'H NMR. As shown in Figure 1, the peaks corresponding to the main backbone were detected
at 7.95-6.70 ppm and 2.15-1.46 ppm. After bromination, new proton peaks appeared at 4.47 ppm,
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which correspond to bromide methyl groups (-CH;Br). These results indicate that the brominated
HB-PAES was successfully synthesized. The degree of bromination (DB) was calculated from the
relative integration ratio of the bromo methyl proton groups and the unreacted benzyl methyl proton
groups in the main backbone (DB: 42%) [44,45].
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Chemical shift (ppm)

Figure 1. "H NMR spectra of the HB-PAES and Br-HB-PAES (The circle indicate the new proton peak
in Br-HB-PAES).

The chloromethylated PPO (CM-PPO) was prepared via the Friedel-Crafts alkylation according to
a previously reported paper [8,46,47]. As shown in Scheme S1, the chloromethylation reaction of the
PPO was carefully conducted to avoid the unexpected side-reactions (gelation, crosslinking, etc.) [46].
To confirm the structure and degree of chloromethylation (DC) of the as-prepared CM-PPO, 'H NMR
was performed (Figure 2). New proton peaks appeared around 4.99-4.67 ppm, which correspond to
the chloride methyl groups (-CH;Cl). The DC was calculated from the relative integration ratio of the
chloride methyl proton peaks and unreacted benzyl proton peaks in the main backbone (DC: 51%).
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Figure 2. 'H NMR spectra of the poly(phenylene oxide) (PPO) and chloromethylated poly(phenylene
oxide) (CM-PPO) (The circle indicate the new proton peak in CM-PPO).

4.2. Fabrication and Charaterization of Blended Membranes

Aslisted in Table 1, a series of BC-PAES/PPO-XY blended membranes were prepared by controlling
the mixing weight ratio of Br-HB-PAES to CI-PPO. The fabricated membranes were macroscopically
homogeneous and were uniformly mixed to form transparent membranes. The chemical structures of
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Br-HB-PAES, CM-PPO, BC-PAES/PPO-55, and Q-PAES/PPO-55 were confirmed by FI-IR, as illustrated
in Figure 3. The IR bands of the BC-PAES/PPO-55 blended membrane showed two major peaks
at 605 and 1190 cm™!, which are assigned to C-Br and C-Cl stretching vibrations, respectively.
In addition, a vibration corresponding to sulfone (S=0) appeared at 1243 cm~!. The absorption peak
at 1585 cm™! is ascribed to the stretching vibration of C=C in aromatic benzene rings, indicating
that the BC-PAES/PPO-55 blended membrane was successfully blended. The IR spectrum of the
Q-PAES/PPO-55 blended membrane includes a peak at 3393 cm™! from the stretching vibration of O-H
groups and a peak around 1048 cm™~! from the stretching vibration of C-N bands [48,49]. The results
show that the blended membranes were successfully fabricated and the quaternization reaction was
carried out well.

Br-HB-PAES S=0, 1243)cm™"
|

\C-Br, 605 cm™
[}

CM-PPO

T

|
1
BC-PAES/PPO-55 C-Cl, 1195 em_

Q-PAES/PPO-55

1
!

O-H, 3393/cm” C=C, 1585 cm™" ! N. 1048 cin™
: : . —

T T T T T T T t T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FT-IR spectra of Br-HB-PAES, CM-PPO, BC-PAES/PPO-55 blended membrane, and Q-PAES/
PPO-55 blended membrane.

The solubility of the obtained BC-PAES/PPO-XY blended membranes was measured in various organic
solvents at 40 °C. As listed in Table 2, the BC-PAES/PPO-XY blended membranes dissolved easily in polar
aprotic solvents such as dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), tetrahydrofuran
(THE), trichloroethylene (TCE), N-methyl-2-pyrrolidone (NMP), and dichloromethane (MC).

Table 2. The solubility of BC-PAES/PPO-XY blending membranes.

Membrane DMSO DMF THF TCE NMP MC Chloroform Acetone Methanol
BC-PAES/PPO-37 ++ ++ ++ ++ ++ ++ ++ - —
BC-PAES/PPO-46 ++ ++ ++ ++ ++ ++ ++ - _
BC-PAES/PPO-55 ++ ++ ++ ++ ++ ++ ++ - -
BC-PAES/PPO-64 ++ + ++ ++ ++ ++ + - —
BC-PAES/PPO-73 ++ ++ ++ ++ ++ ++ + - -

++: Highly soluble; +: Soluble; -: Partially soluble; —: Insoluble.

4.3. Morphology of Q-PAES/PPO-XY Blended Membranes

The micro phase-separation in morphology helps improve the dimensional stability and anion
conductivity of AEMs. Therefore, the morphology of AEMs with different blending ratios of
Q-HB-PAES and Q-PPO was investigated by the AFM analysis and the results are illustrated in
Figure 4. As shown, the dark regions corresponding to hydrophilic areas and the bright regions
corresponding to hydrophobic areas were observed, demonstrating that the morphology of all AEMs
have the distinct micro phase-separation [10]. It proved that the Q-PAES/PPO-XY blended membranes
formed a well-interconnected ion cluster with increasing the Q-PPO block ratio in the blending
membrane due to the aggregation of hydrophilic regions resulting from the electrostatic interaction
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(N*/OH™) and H-bonding interaction (OH™/H,0) between Q-HB-PAES and Q-PPO [50-52]. Therefore,
the introduction of the hyperbranching network structure in the polymer matrix would promote the
enhanced ion network between the ionic groups, which provides a well-connected ion transportation.

Phase X Phase

Figure 4. Atomic force microscope (AFM) phase images and three-dimensional (3D) images of
(a) the pristine Q-HB-PAES membrane, (b) Q-PAES/PPO-73, (c) Q-PAES/PPO-64, (d) Q-PAES/PPO-55,
(e) Q-PAES/PPO-46, and (f) Q-PAES/PPO-37 blended membranes.

4.4. Ionic Exchange Capacity, Water Uptake, and Swelling Ratio

The water uptake and swelling ratio are affected by the IEC values. In general, an increase in the
water uptake leads to the increasing capacity to transport OH™ ions in the membrane, improving the
IEC values [6,36]. However, the excessive water uptake by the membrane attenuates a dimensional
stability [53,54]. The IEC, water uptake, and swelling ratio of the as-prepared membranes were measured
at 30, 50, 70, and 90 °C, as presented in Figure 5 and Table 3. The IEC values of the pristine Q-HB-PAES
membrane and the Q-PAES/PPO-XY blended membranes were 1.27 and 1.32-1.96 mmol g_l, respectively.
In addition, the water uptake and swelling ratio of the Q-PAES/PPO-XY blended membranes exhibited
34.6-50.3% and 20.9-25.0% at 90 °C, respectively. The Q-PAES/PPO-XY blended membranes showed a
suitable water uptake, low swelling ratio, and IEC value due to the bulky hyperbranched structure
and the relatively strong electrostatic interactions and H-bonding between the blending materials.
These membranes can hold more water within the polymer matrix [39,51,52,55,56], compared to the
Q-HB-PAES membrane. Furthermore, the IEC value of the Q-PAES/PPO-55 blended membranes,
with the most miscible blending weight ratio, was 1.84 mmol g~_.

Table 3. Ionic exchange capacity, water uptake, and swelling ratio of the pristine Q-HB-PAES membrane
and the Q-PAES/PPO-XY blended membranes.

Swelling Ratio (%)
Water Uptake (%)

Membranes Ai At IEC (mmol g~1)
30°C  50°C 70°C 90°C 30°C 90°C 30°C 90°C

Q-HB-PAES 15.5 22.7 32.0 33.2 6.5 179 7.1 18.2 1.24 + 0.03
Q-PAES/PPO-37 24.3 37.1 46.1 50.3 10.2 25.0 12.1 27.1 1.97 + 0.04
Q-PAES/PPO-46 23.0 35.5 45.0 49.2 9.1 249 11.0 28.0 1.90 + 0.03
Q-PAES/PPO-55 21.3 329 414 454 9.0 22.7 10.7 25.7 1.79 £ 0.05
Q-PAES/PPO-64 21.2 31.3 39.1 423 8.7 21.5 9.2 229 1.32 + 0.04
Q-PAES/PPO-73 16.7 23.5 32.5 34.7 7.1 20.9 8.6 214 1.27 + 0.05
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Figure 5. (a) Water uptake and (b) swelling ratio of the pristine Q-HB-PAES membrane and the
Q-PAES/PPO-XY blended membranes.

4.5. Hydroxide Conductivity and Arrhenius Plots of the Q-PAES/PPO-XY Blended Membranes

As listed in Table 4, the hydroxide conductivity of the AEMs, an important parameter, that plays
a significant role in fuel cell performance, steadily increased with the temperature due to the
enhanced water mobility [28], and was influenced by IEC. High IEC values facilitate the ion
transport, which improves the water uptake [29]. The ionic conductivity of the membrane must
exceed 10 mS cm™! at RT for the AEM to be applied to fuel cells [28,38]. Figure 6a shows the
four-probe hydroxide conductivities of the pristine Q-HB-PAES membrane, and the Q-PAES/PPO-XY
blended membranes. The results indicate an increased miscibility between Q-HB-PAES and Q-PPO
mediated by the electrostatic interaction and H-bonding interaction, as well as an increased hydroxide
conductivity from 25.1-53.9 mS em™! at 30 °C and from 55.3-90.9 mS cm™! at 90 °C. In particular,
the Q-PAES/PPO-55 blended membranes exhibited the highest ionic conductivity value. Due to fact that
the balance of two polymers in the blended membranes via electrostatic interactions and H-bonding
interactions are increased, it is believed that the Q-PAES/PPO-55 membrane has a more well-defined
hydrophilic/hydrophobic microphase separation to form wide ion conducting channels than the other
Q-PAES/PPO-XY membranes (37, 46, 64, and 73) [35,51]. As shown in the Arrhenius plots (Figure 6b),
the achieved activation energy (E,) of the as-prepared pristine membrane and blending membranes
ranged from 8.03 to 12.80 k] mol g™}, indicating that the ion transportation mechanism followed the
vehicle mechanism [30]. Moreover, the hydroxide conductivity comparison graph with similar IEC
values of the recently reported AEMs is shown in Figure 7 [7,8,12,14,19,30,46,55-57].

Table 4. The hydroxide conductivity of the Q-PAES/PPO-XY blended membranes according to the
blending weight ratio by temperature.

Hydroxide Conductivity (mS cm~1)

Membranes
30°C 50 °C 70 °C 90 °C

Q-HB-PAES 5.1 15.3 26.4 32.8
Q-PAES/PPO-37 28.4 415 53.7 62.9
Q-PAES/PPO-46 37.9 53.7 70.5 80.2
Q-PAES/PPO-55 53.9 67.9 80.9 90.9
Q-PAES/PPO-64 32.9 489 65.5 75.2
Q-PAES/PPO-73 25.1 36.4 474 55.3
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Figure 6. Temperature dependence (30, 50, 70, and 90 °C, 100% RH) of (a) hydroxide conductivity and
(b) Arrhenius plots of the pristine Q-HB-PAES membrane and the Q-PAES/PPO-XY blended membranes.
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Figure 7. Comparison of hydroxide conductivity and ion exchange capacity (IEC) values of the recently
reported anion exchange membranes (AEMs).

4.6. Thermal Properties

The thermal properties of AEMs are important for the practical application of AEMFCs, which are
operated between 80-100 °C. As shown in Figure 8, the thermal degradation of the Q-PAES/PPO-XY
blended membranes was investigated by TGA at a temperature rising rate of 10 °C min~! in nitrogen
atmosphere, which showed three weight loss stages. The initial stage around 135-180 °C is attributed
to the volatilization of water absorbed in the membranes. The second stage of weight loss in the range
of 180400 °C corresponds to the decomposition of quaternary ammonium groups. The third stage of
weight loss (above 400 °C) is assigned to the decomposition of the polymer main chains [42,58].

—— Q-HB-PAES
—— Q-PAES/PPO-37
—— Q-PAES/PPO-46
—— Q-PAES/PPO-55
—— Q-PAES/PPO-64
Q-PAES/PPO-73

Weight loss (%)
3

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 8. TGA curves of the Q-PAES/PPO-XY blended membranes (temperature range: 30-800 °C,
heating ramp rate: 10 °C min™1).
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4.7. Alkaline Stability

The alkaline stability of AEMs is a critical parameter, AEMs must operate in high pH environments
in FC applications [59-62]. In general, the quaternary ammonium groups of the AEMs disintegrate in a
harsh alkaline condition as the result of the OH™ attack via Hofmann elimination and direct nucleophilic
substitution [47,63]. In the present work, the Q-PAES/PPO-55 blended membranes achieved the highest
electrochemical performance and dimensional stability. Its chemical stability was tested by immersion
in a 2.0 M KOH aqueous solution at 50 °C for 1000 h, followed by the evaluation of its FT-IR spectra
and IEC. As shown in Figure 9, the transition of the chemical structure of the AEMs resulting from
the alkaline stability test was characterized via the FT-IR spectra. A small change around 3393 cm™!
was observed, corresponding to the O-H stretching vibration, and there was a slight change of the
peak at 1048 cm™! corresponding to the C-N stretching vibration. However, there was no significant
visible change in the overall spectrum. Moreover, at 200 h intervals during the prolonged alkaline
treatment, the Q-PAES/PPO-55 blended membranes were tested by the IEC titration method. It turns
out that the IEC values remain at 85.3% during immersion in a high pH environment for the alkaline
stability test, as shown in Figure 10. The assembly of the bulky hyperbranched structure and the linear
structure protects the backbone and quaternary ammonium groups from the OH™ attack through the
steric hindrance effect. The result showed that chemically stable Q-PAES/PPO-XY blended membranes
were obtained [31,33,55].

Oh

Q-PAES/PPO-55 .
4000 3500 3000 2500 2000 1500 1000 500
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1

Figure 9. FT-IR spectra of Q-PAES/PPO-55 blended membranes before and after the alkaline stability
test (immersed in a 2.0 M KOH aqueous solution at 50 °C for 1000 h).
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Figure 10. IEC of Q-PAES/PPO-55 blended membranes before and after the alkaline stability test
(immersed in a 2.0 M KOH aqueous solution at 50 °C for 1000 h).
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5. Conclusions

In summary, a series of Q-PAES/PPO-XY blended membranes were prepared by simply blending
hyperbranched brominated PAES and linear chloromethylated PPO different weight ratios (30, 40,
50, 60, and 70 wt%) to improve the hydroxide conductivity and dimensional stability of AEMs.
The Q-PAES/PPO-XY membranes form electrostatic interaction and hydrogen bonding networks
between the quaternized functional groups introduced in the HB-PAES and PPO, and the blended
membranes showed excellent dimensional/chemical properties, depending on the mixing ratio of the
polymers, compared to the pristine Q-HB-PAES membrane. The dense and concentrated ammonium
groups promoted the nanophase separation of the AEM and showed excellent electrochemical properties
despite the low IEC. Among the blended membranes, the Q-PAES/PPO-55 membrane achieved the
highest hydroxide ion conductivity (90.9 mS cm~! at 90 °C) and showed a reasonable alkaline stability
under high pH conditions. Therefore, the developed blended membranes are a promising candidate
for AEM fuel cell applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/12/3011/s1,
Figure S1: TH NMR spectra (a) hydrophobic oligomer (HB-PAES-ClI), (b) hydrophilic precursor (PAES-OH), and (c)
block copolymer (HB-PAES), Scheme S1: Synthesis process of chloromethylated poly(phenylene oxide) (CM-PPO),
Figure S2: In-plane swelling ratios and through-plane swelling ratios of (1) Q-HB-PAES pristine membrane,
(2) Q-PAES/PPO-37, (3) Q-PAES/PPO-46, (4) Q-PAES/PPO-55, (5) Q-PAES/PPO-64, and (6) Q-PAES/PPO-73
blended membranes.

Author Contributions: Investigation, visualization, writing—original draft preparation, S.H.K.; writing—original
draft preparation, writing—review and editing, supervision, validation, K.H.L. and ].Y.C.; supervision,
data curation, validation, A.R.K.; resources, project administration, funding acquisition, supervision, D.J.Y.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the research funds of the Jeonbuk National University, Republic of Korea
in 2020. This work was supported by the Korea Institute of Energy Technology Evaluation and Planning (KETEP)
and the Ministry of Trade, Industry & Energy (MOTIE) of the Republic of Korea (no. 20184030202210). This work
was supported by grants from the Medical Research Center Program (NRF-2017R1A5A2015061) through the
National Research Foundation (NRF), which is funded by the Korean government (MSIP).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Vijayakumar, V.; Nam, S.Y. Recent advancements in applications of alkaline anion exchange membranes for
polymer electrolyte fuel cells. J. Ind. Eng. Chem. 2019, 70, 70-86. [CrossRef]

2. Li, N.; Guiver, M.D. Ion transport by nanochannels in ion-containing aromatic copolymers. Macromolecules
2014, 47, 2175-2198. [CrossRef]

3. Ramanavicius, S.; Ramanavicius, A. Progress and insights in the application of MXenes as new 2D
nano-materials suitable for biosensors and biofuel cell design. Int. . Mol. Sci. 2020, 21, 9224. [CrossRef]
[PubMed]

4.  Lee,K.H,;Chu,].Y,;Kim, A.R; Yoo, D.J. Effect of functionalized SiO, toward proton conductivity of composite
membranes for PEMFC application. Int. |. Energy Res. 2019, 43, 5333-5345. [CrossRef]

5. Yoo, DJ,;Hyun, S.H,; Kim, A.R,; Kumar, G.G.; Nahm, K.S. Novel sulfonated poly(arylene biphenylsulfone
ether) copolymers containing bisphenylsulfonyl biphenyl moiety: Structural, thermal, electrochemical and
morphological characteristics. Polym. Int. 2011, 60, 85-92. [CrossRef]

6. Chu, J.Y,; Lee, KH,; Kim, A.R;; Yoo, D.J. Improved electrochemical performance of composite anion exchange
membranes for fuel cells through cross linking of the polymer chain with functionalized graphene oxide.
J. Membr. Sci. 2020, 611, 118385. [CrossRef]

7. Llai, AN,; Zhuo, Y.Z; Lin, C.X,; Zhang, Q.G.; Zhu, AM.; Ye, M.L.; Liu, Q.L. Side-chain-type phenolphthalein-
based poly(arylene ether sulfone nitrile)s anion exchange membrane for fuel cells. J. Membr. Sci. 2016, 502,
94-105. [CrossRef]

8. Li, Z.; Jiang, Z.; Tian, H.; Wang, S.; Zhang, B.; Cao, Y.; He, G; Li, Z.; Wu, H. Preparing alkaline anion exchange
membrane with enhanced hydroxide conductivity via blending imidazolium-functionalized and sulfonated
poly(ether ether ketone). J. Power Sources 2015, 288, 384-392. [CrossRef]

43



Polymers 2020, 12, 3011

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Sun, Z.; Lin, B.; Yan, F. Anion-exchange membranes for alkaline fuel-cell applications: The effects of cations.
ChemSusChem 2018, 11, 58-70. [CrossRef] [PubMed]

Zhang, S.; Zhu, X,; Jin, C. Development of a high-performance anion exchange membrane using poly(isatin
biphenylene) with flexible heterocyclic quaternary ammonium cations for alkaline fuel cells. J. Mater. Chem. A
2019, 7, 6883-6893. [CrossRef]

He, S; Liu, L.; Wang, X.; Zhang, S.; Guiver, M.D.; Li, N. Azide-assisted self-crosslinking of highly ion
conductive anion exchange membranes. . Membr. Sci. 2016, 509, 48-56. [CrossRef]

Wei, H.; Tong, L.; Yu, S.; Zhang, J.; Dong, Y.; Li, X,; Ding, Y. Non-covalently crosslinked anion exchange
membranes: Effect of urea hydrogen-bonding group position. Polymer 2019, 179, 121654. [CrossRef]
Qaisrani, N.A.; Ma, L.; Hussain, M.; Liu, ].; Li, L.; Zhou, R;; Jia, Y.; Zhang, F.; He, G. Hydrophilic flexible ether
containing, cross-linked anion-exchange membrane quaternized with DABCO. ACS Appl. Mater. Interfaces
2020, 12, 3510-3521. [CrossRef]

Pan, J.; Zhu, L.; Han, J.; Hickner, M.A. Mechanically tough and chemically stable anion exchange membranes
from rigid-flexible semi-interpenetrating networks. Chem. Mater. 2015, 27, 6689-6698. [CrossRef]

Kim, A.R,; Vinothkannan, M.; Yoo, D.J. Fabrication of binary sulfonated poly ether sulfone and sulfonated
polyvinylidene fluoride-co-hexafluoro propylene blend membrane as efficient electrolyte for proton exchange
membrane fuel cells. Bull. Korean Chem. Soc. 2018, 39, 913-919. [CrossRef]

Msomi, P; Nonjola, P.; Ndungu, P.; Ramontja, ]J. Quaternized poly(2,6 dimethyl-1,4 phenylene
oxide)/polysulfone blended anion exchange membrane for alkaline fuel cells application. Mater. Today Proc.
2018, 5, 10496-10504. [CrossRef]

Morandi, C.G.; Peach, R.; Krieg, HM.; Kerres, ]J. Novel morpholinium-functionalized anion-exchange
PBI-polymer blends. J. Mater. Chem. A 2015, 3, 1110-1120. [CrossRef]

Msomi, P.E; Nonjola, P.T.; Ndungu, P.G.; Ramontja, J. Poly(2, 6-dimethyl-1, 4-phenylene)/polysulfone anion
exchange membrane blended with TiO, with improved water uptake for alkaline fuel cell application. Int. J.
Hydrogen Energy 2020, 45, 29465-29476. [CrossRef]

Kim, AR, Vinothkannan, M.; Song, M.H.; Lee, J.-Y.; Lee, H.-K; Yoo, D.J. Amine functionalized carbon
nanotube (ACNT) filled in sulfonated poly(ether ether ketone) membrane: Effects of ACNT in improving
polymer electrolyte fuel cell performance under reduced relative humidity. Compos. Part B Eng. 2020, 188,
107890. [CrossRef]

Nhung, L.T.; Kim, LY,; Yoon, Y.S. Quaternized chitosan-based anion exchange membrane composited with
quaternized poly(vinylbenzyl chloride)/polysulfone blend. Polymers 2020, 12, 2714. [CrossRef]

Li, N,; Yan, T,; Li, Z,; Thurn-Albrecht, T.; Binder, WH. Comb-shaped polymers to enhance hydroxide
transport in anion exchange membranes. Energy Environ. Sci. 2012, 5, 7888-7892. [CrossRef]

Li, N.; Wang, L.; Hickner, M. Cross-linked comb-shaped anion exchange membranes with high base stability.
Chem. Commun. 2014, 50, 4092-4095. [CrossRef] [PubMed]

Zhang, S.; Wang, Y.; Gao, X; Liu, P; Wang, X.; Zhu, X. Enhanced conductivity and stability via comb-shaped
polymer anion exchange membrane incorporated with porous polymeric nanospheres. J. Membr. Sci. 2020,
597,117750. [CrossRef]

Matsumura, S.; Hlil, A.R.; Du, N.; Lepiller, C.; Gaudet, J.; Guay, D.; Shi, Z.; Holdcroft, S.; Hay, A.S. Ionomers
for proton exchange membrane fuel cells with sulfonic acid groups on the end-groups: Novel branched
poly(ether-ketone)s with 3,6-ditrityl-9H-carbazole end-groups. |. Polym. Sci. Part A Polym. Chem. 2008, 46,
3860-3868. [CrossRef]

Gao, X.L,; Yang, Q.; Wu, H.Y,; Sun, Q.H.; Zhu, Z.Y.; Zhang, Q.G.; Zhu, A.M.; Liu, Q.L. Orderly branched
anion exchange membranes bearing long flexible multi-cation side chain for alkaline fuel cells. J. Membr. Sci.
2019, 589, 117247. [CrossRef]

Wang, K.; Wu, Q.; Yan, X,; Liu, J.; Gao, L.; Hu, L.; Zhang, N.; Pan, Y.; Zheng, W.; He, G. Branched poly(ether
ether ketone) based anion exchange membrane for H,/O, fuel cell. Int. ]. Hydrogen Energy 2019, 44,
23750-23761. [CrossRef]

Pan, ]; Li, Y.; Zhuang, L.; Lu, J. Self-crosslinked alkaline polymer electrolyte exceptionally stable at 90 °C.
Chem. Commun. 2010, 46, 8597-8599. [CrossRef]

Robertson, N.J.; Kostalik, H.A.; Clark, T.].; Mutolo, P.E.; Abrufia, H.D.; Coates, G.W. Tunable high performance
cross-linked alkaline anion exchange membranes for fuel cell applications. J. Am. Chem. Soc. 2010, 132,
3400-3404. [CrossRef]

44



Polymers 2020, 12, 3011

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ge, Q.; Liu, Y,; Yang, Z.; Wu, B.; Hu, M.; Liu, X.; Hou, J.; Xu, T. Hyper-branched anion exchange membranes
with high conductivity and chemical stability. Chem. Commun. 2016, 52, 10141-10143. [CrossRef]

Lee, KH.; Cho, D.H.; Kim, YM.; Moon, S.J.; Seong, ].G.; Shin, D.W.; Sohn, J.-Y.; Kim, J.F; Lee, YM.
Highly conductive and durable poly(arylene ether sulfone) anion exchange membrane with end-group
cross-linking. Energy Environ. Sci. 2017, 10, 275-285. [CrossRef]

Ghanem, A F; El-Gendi, A.; Rehim, M.H.A ; El-Khatib, K.M. Hyperbranched polyester and its sodium
titanate nanocomposites as proton exchange membranes for fuel cells. RSC Adv. 2016, 6, 32245-32257.
[CrossRef]

Chu, PP; Wu, C.-S,; Liu, P-C.; Wang, T.-H.; Pan, ].-P. Proton exchange membrane bearing entangled structure:
Sulfonated poly(ether ether ketone)/bismaleimide hyperbranch. Polymer 2010, 51, 1386—1394. [CrossRef]
Georgi, U.; Erber, M.,; Stadermann, J.; Abulikemu, M.; Komber, H.; Lederer, A.; Voit, B. New approaches
to hyperbranched poly(4-chloromethylstyrene) and introduction of various functional end groups by
polymer-analogous reactions. J. Polym. Sci. Part A Polym. Chem. 2010, 48, 2224-2235. [CrossRef]

Gong, S.; Li, L.; Ma, L.; Qaisrani, N.A ; Liu, J.; He, G.; Zhang, F. Blend anion exchange membranes containing
polymer of intrinsic microporosity for fuel cell application. J. Membr. Sci. 2020, 595, 117541. [CrossRef]
Kim, A.R;; Vinothkannan, M.; Yoo, D.J. Sulfonated-fluorinated copolymer blending membranes containing
SPEEK for use as the electrolyte in polymer electrolyte fuel cells (PEFC). Int. |. Hydrogen Energy 2017, 42,
4349-4365. [CrossRef]

Kim, A.R;; Park, C.J.; Vinothkannan, M.; Yoo, D.J. Sulfonated poly ether sulfone/heteropoly acid composite
membranes as electrolytes for the improved power generation of proton exchange membrane fuel cells.
Compos. Part B Eng. 2018, 155, 272-281. [CrossRef]

Ran, J.; Wu, L; Ru, Y; Hu, M,; Din, L; Xu, T. Anion exchange membranes (AEMs) based on
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) and its derivatives. Polym. Chem. 2015, 6, 5809-5826.
[CrossRef]

Zhu, Y.; Ding, L.; Liang, X.; Shehzad, M.A.; Wang, L.; Ge, X,; He, Y.; Wu, L.; Varcoe, ].R.; Xu, T. Beneficial use
of rotatable-spacer side-chains in alkaline anion exchange membranes for fuel cells. Energy Environ. Sci.
2018, 11, 3472-3479. [CrossRef]

Martin-Zarco, M.; Titvinidze, G.; Garcia-Martinez, J.C.; Rodriguez-Lépez, ]J. Sulfonated dendrimer- and
hyperbranched polyglycerol-PBIOO® blend membranes for fuel cells. J. Polym. Sci. Part A Polym. Chem.
2016, 54, 69-80. [CrossRef]

Gong, S.; Bai, L.; Li, L.; Qaisrani, N.A.; Ma, L.; He, G.; Zhang, F. Block copolymer anion exchange membrane
containing polymer of intrinsic microporosity for fuel cell application. Int. J. Hydrogen Energy 2020, in press.
[CrossRef]

Chu, J.Y,; Lee, K.H.; Kim, A.R.; Yoo, D.J. Study on the chemical stabilities of poly(arylene ether) random
copolymers for alkaline fuel cells: Effect of main chain structures with different monomer units. ACS Sustain.
Chem. Eng. 2019, 7, 20077-20087. [CrossRef]

Ma, L.; Qaisrani, N.A.; Hussain, M,; Li, L.; Jia, Y.; Ma, S.; Zhou, R.; Bai, L.; He, G.; Zhang, F. Cyclodextrin
modified, multication cross-linked high performance anion exchange membranes for fuel cell application.
J. Membr. Sci. 2020, 607, 118190. [CrossRef]

Kim, ]J.H.; Vinothkannan, M.; Kim, A.R.; Yoo, D.J. Anion exchange membranes obtained from poly(arylene
ether sulfone) block copolymers comprising hydrophilic and hydrophobic segments. Polymers 2020, 12, 325.
[CrossRef]

Zhang, M; Liu, J.; Wang, Y.; An, L.; Guiver, M.D.; Li, N. Highly stable anion exchange membranes based on
quaternized polypropylene. J. Mater. Chem. A 2015, 3, 12284-12296. [CrossRef]

Yan, J.; Zhu, L; Chaloux, B.L; Hickner, M.A. Anion exchange membranes by bromination of
tetramethylbiphenol-based poly(sulfone)s. Polym. Chem. 2017, 8, 2442-2449. [CrossRef]
Becerra-Arciniegas, R.A.; Narducci, R.; Ercolani, G.; Antonaroli, S.; Sgreccia, E.; Pasquini, L.; Knauth, P.; Di
Vona, M.L. Alkaline stability of model anion exchange membranes based on poly(phenylene oxide) (PPO)
with grafted quaternary ammonium groups: Influence of the functionalization route. Polymer 2019, 185,
121931. [CrossRef]

Lin, B.; Xu, E; Chu, F; Ren, Y,; Ding, J.; Yan, F. Bis-imidazolium based poly(phenylene oxide) anion exchange
membranes for fuel cells: The effect of cross-linking. J. Mater. Chem. A 2019, 7, 13275-13283. [CrossRef]

45



Polymers 2020, 12, 3011

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Alam, M.M.; Wang, Y,; Jiang, C.; Xu, T.; Liu, Y.; Xu, T. A novel anion exchange membrane for bisulfite anion
separation by grafting a quaternized moiety through BPPO via thermal-induced phase separation. Int. J.
Mol. Sci. 2020, 21, 5782. [CrossRef]

Fang, ].; Shen, PK. Quaternized poly(phthalazinon ether sulfone ketone) membrane for anion exchange
membrane fuel cells. . Membr. Sci. 2006, 285, 317-322. [CrossRef]

McNair, R.; Cseri, L.; Szekely, G.; Dryfe, R. Asymmetric membrane capacitive deionization using
anion-exchange membranes based on quaternized polymer blends. Acs Appl. Polym. Mater. 2020, 2,
2946-2956. [CrossRef] [PubMed]

Chen, W,; Hu, M.; Wang, H.; Wu, X,; Gong, X.; Yan, X.;; Zhen, D.; He, G. Dimensionally stable
hexamethylenetetramine functionalized polysulfone anion exchange membranes. ]. Mater. Chem. A
2017, 5, 15038-15047. [CrossRef]

Chen, C.; Tse, Y.-L.S.; Lindberg, G.E.; Knight, C.; Voth, G.A. Hydroxide solvation and transport in anion
exchange membranes. J. Am. Chem. Soc. 2016, 138, 991-1000. [CrossRef]

Zhao, Y.; Yoshimura, K.; Shishitani, H.; Yamaguchi, S.; Tanaka, H.; Koizumi, S.; Szekely, N.; Radulescu, A.;
Richter, D.; Maekawa, Y. Imidazolium-based anion exchange membranes for alkaline anion fuel cells:
Elucidation of the morphology and the interplay between the morphology and properties. Soft Matter 2016,
12, 1567-1578. [CrossRef]

Abouzari-lotf, E.; Ghassemi, H.; Nasef, M.M.; Ahmad, A.; Zakeri, M.; Ting, TM.; Abbasi, A,;
Mehdipour-Ataei, S. Phase separated nanofibrous anion exchange membranes with polycationic side
chains. J. Mater. Chem. A 2017, 5, 15326-15341. [CrossRef]

Ge, Q. Liang, X.; Ding, L.; Hou, J.; Miao, J.; Wu, B.; Yang, Z.; Xu, T. Guiding the self-assembly of hyperbranched
anion exchange membranes utilized in alkaline fuel cells. . Membr. Sci. 2019, 573, 595-601. [CrossRef]
Niu, M.; Zhang, C.; He, G.; Zhang, F; Wu, X. Pendent piperidinium-functionalized blend anion exchange
membrane for fuel cell application. Int. . Hydrogen Energy 2019, 44, 15482-15493. [CrossRef]

Zhu, Y; He, Y; Ge, X, Liang, X, Shehzad, M.A;, Hu, M, Liu, Y; Wu, L; Xu T
A benzyltetramethylimidazolium-based membrane with exceptional alkaline stability in fuel cells: Role of
its structure in alkaline stability. J. Mater. Chem. A 2018, 6, 527-534. [CrossRef]

Kang, D.H.; Das, G.; Yoon, H.H.; Kim, I.T. A composite anion conducting membrane based on quaternized
cellulose and poly(phenylene oxide) for alkaline fuel cell applications. Polymers 2020, 12, 2676. [CrossRef]
[PubMed]

Chen, J.; Li, C.; Wang, J.; Li, L.; Wei, Z. A general strategy to enhance the alkaline stability of anion exchange
membranes. |. Mater. Chem. A 2017, 5, 6318-6327. [CrossRef]

Jung, M.-s]; Arges, C.G,; Ramani, V. A perfluorinated anion exchange membrane with a
1,4-dimethylpiperazinium cation. J. Mater. Chem. 2011, 21, 6158-6160. [CrossRef]

Arges, C.G,; Parrondo, J.; Johnson, G.; Nadhan, A.; Ramani, V. Assessing the influence of different cation
chemistries on ionic conductivity and alkaline stability of anion exchange membranes. J. Mater. Chem. 2012,
22,3733-3744. [CrossRef]

Son, T.Y.; Kim, T.-H.; Nam, S.Y. Crosslinked pore-filling anion exchange membrane using the cylindrical
centrifugal force for anion exchange membrane fuel cell system. Polymers 2020, 12, 2758. [CrossRef] [PubMed]
Qiu, X.; Ueda, M.; Fang, Y.; Chen, S.; Hu, Z.; Zhang, X.; Wang, L. Alkaline stable anion exchange membranes
based on poly(phenylene-co-arylene ether ketone) backbones. Polym. Chem. 2016, 7, 5988-5995. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

46



% polymers m\py

Article

Modifying the Catalyst Layer Using Polyvinyl
Alcohol for the Performance Improvement of Proton
Exchange Membrane Fuel Cells under Low
Humidity Operations

Prathak Jienkulsawad !, Yong-Song Chen 2* and Amornchai Arpornwichanop !

1 Center of Excellence in Process and Energy Systems Engineering, Department of Chemical Engineering,

Faculty of Engineering, Chulalongkorn University, Bangkok 10330, Thailand; prathak.j@gmail.com (P].);
amornchai.a@chula.ac.th (A.A.)

Department of Mechanical Engineering and Advanced Institute of Manufacturing with High-tech
Innovations, National Chung Cheng University, Chiayi County 62102, Taiwan

Correspondence: imeysc@ccu.edu.tw

check for

Received: 30 July 2020; Accepted: 16 August 2020; Published: 19 August 2020 updates

Abstract: A proton exchange membrane fuel cell (PEMFC) system for the application of unmanned
aerial vehicles is equipped without humidifiers and the cathode channels of the stack are open to the
environment due to limited weight available for power sources. As a result, the PEMFC is operated
under low humidity conditions, causing membrane dehydration, low performance, and degradation.
To keep the generated water within the fuel cell to humidify the membrane, in this study, polyvinyl
alcohol (PVA) is employed in the fabrication of membrane electrode assemblies (MEAs). The effect
of PVA content, either sprayed on the gas diffusion layer (GDL) or mixed in the catalyst layer (CL),
on the MEA performance is compared under various humidity conditions. The results show that
MEA performance is increased with the addition of PVA either on the GDL or in the CL, especially
for non-humidified anode conditions. The result suggested that 0.03% PVA in the anode CL and 0.1%
PVA on the GDL can improve the MEA performance by approximately 30%, under conditions of a
non-humidified anode and a room-temperature-humidified cathode. However, MEAs with PVA in
the anode CL show better durability than those with PVA on the GDL according to measurement
with electrochemical impedance spectroscopy.

Keywords: proton exchange membrane fuel cell; humidifier; membrane electrode assembly;
polyvinyl alcohol

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have gained much attention for transportation
applications, especially in unmanned aerial vehicles (UAVs) [1], due to their low operating temperature
(<100 °C), high power density, and high energy density. Presently, as the commercial PEMFC uses a
Nafion membrane which needs to be hydrated for facilitating proton transfer, a humidification for
the supplied air is recommended to avoid membrane drying [2]. However, carrying a humidifier is
a challenge for small UAVs (e.g., multirotors), which have space and weight limits. In this case, the
membrane might have to be hydrated by moisture in the air, which is relatively low at the temperature
of the PEMFC, or by the water generated during the electrochemical reaction. Many researchers
have attempted to modify the membrane electrode assembly (MEA) of the PEMFC and enhance its
performance under a low humidity condition or self-humidification [3].
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A way to improve MEAs for low humidity operation involves adding some additives into either the
membrane or the catalyst layer (CL). The additives should have the ability to hold water, which could
be hydrophilic materials, such as SiO; [4], TiO; [5] or polyvinyl alcohol (PVA) [6], have hydrophilic
functional groups such as triazole [7] and vinyl phosphonic acid (VPA) [8], or be a metal-organic
framework (MOF) [9]. In addition to mixing the additive into the CL or membrane composite, use of
dual CLs has been investigated [10]. Moreover, functionalizing a carbon electrode can also enhance
the hydrophilic property of the electrode [11,12]. However, the process of CL modification seems
to be simpler compared to that of membrane modification. SiO, is mostly used as an additive in
the CL in many research investigations due to the high ability of silica to increase the water uptake.
Su et al. [13] successfully added SiO, into the CL on a Nafion 212 membrane by using the organic
colloid method for catalyst ink preparation and the illumination method for spraying and forming a CL.
The results of the analysis showed excellent bonding among silica, Pt, and C. No significant difference
in the performance of the PEMFC using the anode with or without 5iO, under external humidification
condition was observed, indicating that SiO, did not affect the electrochemical reaction. However, a
long-term operation (20 h) of PEMFCs with 3 wt.% SiO, in the anode showed a drop in performance
of 22% with a very stable power of 438 mW cm~2. Han et al. [14] fabricated MEAs with 6 wt.% SiO,
by using the hot press method to make contact between CLs and the membrane. It was found that
the performance of the PEMFC was lower than that reported by Su et al. [13], even though the higher
SiO, content (6 wt.%) was used. Hence, the method of MEA fabrication has a significant impact on
cell performance. MEAs with the catalyst coated membrane (CCM) show better performance than
those with the catalyst coated GDL. These results were validated by the study of Leimin et al. [15]. The
CCM under irradiation (CSMUI) method showed better contact between the catalyst and membrane,
resulting in small cell resistances (total ohmic resistance and charge transfer resistance), compared to
the catalyst coated GDL method.

PVA has been widely used in membrane modification because of its high water absorption
capability and electrical resistance [6]. However, PVA has low proton conductivity and thus
phosphorylated PVA, which has a crosslinking structure, was often used, as it has relatively high
proton conductivity and still has water retention ability [16]. El-Toony et al. [17] cast a membrane of
phosphorylated polyvinyl alcohol (p-PVA)/poly hydroxybutyrate (PHB) for PEMFCs using the gamma
irradiation method for making p-PVA. The membrane was cast in polystyrene petri dishes (solution
casting method) and the CLs were assembled with the membrane by the hot-pressed method. The
cast membrane showed superior performance compared to Nafion 212 under a relative humidity of
100% in both short- and long-term tests. The maximum power density achieved was about 639 mW
cm~2. However, the PEMFC was not tested under a low relative humidity condition in their study.
Attaran et al. [18] cast PVA/polyvinyl pyrrolidone (PVP)/BaZrOs by using the solution casting method.
Glutaraldehyde solution, the crosslinking agent, was used to prepare the PVA. The ceramic material
BaZrOj3, with perovskite structure, was added to further improve proton conductivity. The painting
method was applied to coat catalyst on carbon paper, and then the hot-pressing method was applied to
assemble the MEA. Although the proton conductivity was improved, the cell performance degraded
(28.98 mW cm™2). In addition to adding PVA into a membrane composite, Liang et al. [19] added PVA
into the anode CL. They used the illuminated spraying method on the Nafion 212, with a controlled
active area of 5 cm?. The MEA with PVA 5 wt.% was found to be optimal to achieve the maximum
power density of 623.3 mW cm~2, with relatively low ohmic resistance and the lowest charge transfer of
the MEAs under low humidification (RH 34%) and pressurized condition (20 psi). PVA in CLs shows
a remarkable high performance, similar to PVA in the membrane (with the appropriate preparation
method), and it is comparative to other additives.

Using PVA as a water absorbent in the anode CL has been investigated at the pressured condition
of 20 psi; however, the effect of PVA on the MEA performance under ambient environment needs
to be further studied for UAV applications. In this study, performance of MEAs with various PAV
concentrations in the anode CL (named the PA method) is evaluated under various cell temperatures
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and humidifier temperatures. Moreover, coating a thin layer of PVA on the anode GDL (named the PG
method) as a water reservoir for hydrating the membrane is proposed in this study. The durability of
these MEAs with different configurations is also studied using electrochemical impedance spectroscopy.

2. Experimental

2.1. MEA Fabrication

The MEA consists of a CCM sandwiched between two GDLs (GDL260, CeTech, Taichung City,
Taiwan). Catalyst ink was a mixture of 46.8 wt% Pt on carbon (TEC10E50E, Tanaka, Japan), polyvinyl
alcohol (72000 BioChemica, AppliChem GmbH, Darmstadt, Germany), Nafion dispersion (D520,
Chemours Fluoroproducts), ethanol (95% ethanol, TTL Taiwan), and deionized water. The catalyst ink
was mixed in a planetary centrifugal mixer (Thinky mixer, ARE-310, Tokyo, Japan) for 30 min, followed
by an ultrasonic bath (Delta D80, Taipei, Taiwan) for 10 min, and again mixed in the ARE-310 for 30
min. The catalyst ink was sprayed on both sides of the membrane (Nafion NR211, Dupont, Wilmington,
DE, USA) with an active area of 26.01 cm? by using an ultrasonic spraying system (Benchtop BT, USI,
USA). The solvent was evaporated during spraying process at 100 °C by using a hot plate (PC-400D,
Corning, New York, NY, USA).

The Nafion to carbon ratio in the catalyst ink was predetermined as 1:1 though a preliminary
study to study the effect of the PVA location on the performance of the PEMFC under low humidity
operation. Ptloadings in the anode and cathode CLs were controlled to be 0.1 mg cm~2 and 0.3 mg cm ™2,
respectively. PVA (0.1 wt.% solution) was prepared by dissolving PVA monomer in DI water at 90 °C.
PVA in the CL was 0.01, 0.03, 0.07 and 0.1 wet weight%, using the PA method, based on a preliminary
trial. Cathode catalyst ink was prepared by the same method, except no PVA was added. Regarding
the PG method, PVA solution was sprayed on the GDL, while the anode catalyst without PVA was
coated on the membrane. The amount of PVA on the GDL was controlled as done for the anode CL
(the PA method), to study the effect of the different preparation methods. The MEA was assembled
by sandwiching the CCM between two GDLs without a hot-pressing step and a Teflon gasket with a
thickness of 0.225 mm was used to prevent gas leakage. The schematic of MEAs of a PEMFC, for this
study, is shown in Figure 1.

Water generation

- PVA )
{water resewgirj Water generation [water reservoir) Water generation
i W

=\

(a) (b)

Figure 1. Schematic of a single cell with different electrode configurations: (a) no polyvinyl alcohol
(PVA) case, (b) PVA in the anode catalyst layer (CL), and (c) PVA on the gas diffusion layers (GDLs).

2.2. Performance Test

A fuel cell test station (HS-330s, Hephas Energy Corporation, Hsinchu, Taiwan) with an electronic
load (PLZ164WA, Kikusui, Yokohama, Japan) was used for both the activation process and performance
tests. Before a performance test, each MEA was activated for 12 h at the fuel cell temperature of 60 °C,
anode and cathode humidifier temperatures were set at 50 °C, H, with a stoichiometric ratio of 1.2
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was used, the minimum flow rate was 100 mL min~!, and the air was prepared with a stoichiometric
ratio of 3 and a minimum flow rate of 200 mL min~!. During the activation process, the load was
periodically changed with a minimum voltage of 0.42 V.

In the performance test, H, and air settings during the test were the same as during the activation.
However, the fuel cell was tested in both non-humidified anode (dry anode) and humidified anode
(wet anode) modes. The test conditions are shown in Table 1. During the test, voltage was measured
while the current density was increased from 0 to 1.2 A cm~2 with a step of 0.1 A cm™2.

Table 1. Temperatures of the fuel cell and anode/cathode humidifiers.

Humidifier Temperature (°C)

Case Temf)l::\t(li 11 e (Relative Humidity RH %)

Anode Cathode

1. 60 25 (15.9) 25 (15.9)

2. 60 30 (21.3) 30 (21.3)

3. 60 40 (37.0) 40 (37.0)

Wet 4. 60 50 (61.9) 50 (61.9)
5. 60 60 (100) 60 (100)

6. 70 60 (63.9) 60 (63.9)

7. 70 70 (100) 70 (100)

8. 60 non-humidified 25 (15.9)

9. 60 non-humidified 30 (21.3)

10. 60 non-humidified 40 (37.0)

Dry 11. 60 non-humidified 50 (61.9)
12. 60 non-humidified 60 (100)

13. 70 non-humidified 25 (10.2)

14. 70 non-humidified 70 (100)

3. Results and Discussion

3.1. Effect of PVA on MEA Performance

Figure 2 shows the performances of MEAs without PVA operated at various humidifier
temperatures. It can be seen that when both humidifier temperatures were lower than cell temperature,
humidifying anode hydrogen can significantly improve the cell performance (solid lines performance
is better than that of the dashed lines). However, when the humidifier temperature approached cell
temperature, whether the anode was humidified or not, there was no significant effect on the cell
performance, as shown in Figure 2a. Similar results can be observed at the cell temperature of 70 °C.
When the cathode humidifier temperature was 60 °C, both MEAs under dry and humidified hydrogen
conditions showed similar performance. However, at fully humidified conditions, in which the both
the anode and cathode humidifier temperatures were the same as the cell temperature, the MEA
showed a notable performance drop due to water flooding within the cell. Water existing in the CL
is in both liquid and gas form. The liquid water comes with the saturated gas feed and from water
absorbed by Nafion in the CL [20]. In addition to the flooding, the performance is lost by lower O,
concentration in the saturated gas [21].

For PVA-modified MEAs, the PEMFC performance depends on the PVA content. Table 2 shows
the PVA content in MEAs in this study. Performances of MEA with PVA in the anode CL (PA) under
non-humidified anode operation are shown in Figure 3a—e for a fuel cell temperature of 60 °C and in
Figure 3f,g for a fuel cell temperature of 70 °C. Performances of PEMFC prepared by the PA method
under humidified anode operation is shown in Figures 4a—e and 4f,g for a fuel cell temperature of
70 °C and 60 °C, respectively. It is found that the PA method improved PEMFC performance only
at a very low humidifier temperature, 25 °C, in both non-humidified and humidified anode cases.
This result indicates that PVA is an effective additive to retain water, even at low humidity conditions.
However, the addition of PVA showed a negative effect on the fuel cell performance when used at high
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humidify conditions (higher than the humidifier temperature of 25 °C); the performance of PEMFCs
using the PA method was lower than that without PVA-MEA at other cathode humidifier temperatures
(Figures 3b—e and 4b—e). It may be caused by PVA properties as a proton exchanger and electrical
resistance material; adding PVA can enhance these properties of MEA. In addition, PVA might cover
the catalyst active area, and the captured water may block fuel to react with the catalyst, leading to an
increase in the concentration loss. Therefore, the use of the PA method could be a good way to improve
the PEMFC performance when it is operated at very low humidity conditions and with a dry anode.
For a fuel cell temperature of 70 °C, low PVA loading in the anode (PA0.01 and PA0.03) showed
no different performance, compared to the case of PVA-free MEA, except at a humidified anode and
humidifier temperature of 70 °C. This may be because the amount of PVA caused a water balance
between water transport by electro-osmosis and water diffused by back-diffusion at this operating
condition. Higher operating temperature reduced ohmic loss of the fuel cell as the slope of the V-I
curve at a fuel cell temperature of 70 °C and a humidifier temperature of 60 °C is less steep than that at
a fuel cell temperature of 60 °C and a humidifier temperature of 60 °C. Thus, the addition of a smaller
amount of PVA in the anode under this operating condition results in performance enhancement.
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Figure 2. Performances of membrane electrode assemblies (MEAs) without PVA under non-humidified
and humidified anode conditions, at a fuel cell temperature of (a) 60 °C and (b) 70 °C.

Table 2. PVA-MEA denotation.

Case Description PVA Loac_izlng
(ug cm~2)
PA0.01 PVA 0.01 wt.% in anode CL 0.03274
PA0.03 PVA 0.03 wt.% in anode CL 0.09823
PA0.07 PVA 0.07 wt.% in anode CL 0.22931
PAO.1 PVA 0.1 wt.% in anode CL 0.32762
PVA 0.5 cycles * on GDL which has
PG0.03 PVA loading close to PA0.03 case 0.09183
P .
PGO.1 PVA 1.75 cycles * on GDL which has 0.32140

PVA loading close to PAO.1 case

*: 1 cycle of spraying PVA on GDL contains PVA of 0.18366 pg cm™2.
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Figure 3. Performances of MEAs with the PA method at a fuel cell temperature of 60 °C, and with a
non-humidified anode and cathode humidifier temperature of (a) 25 °C, (b) 30 °C, (c) 40°C, (d) 50 °C
and (e) 60 °C; and at a fuel cell temperature of 70 °C, with a non-humidified anode, and a cathode
humidifier temperature of (f) 60 °C and (g) 70 °C.
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Figure 4. Performances of MEAs prepared with the PA method at a fuel cell temperature of 60 °C and
the humidifier temperature of the anode and the cathode at (a) 25 °C, (b) 30 °C, (c) 40 °C, (d) 50 °C and
(e) 60 °C; and at a fuel cell temperature of 70 °C and the humidifier temperature of the anode and the
cathode at (f) 60 °C and (g) 70 °C.

3.2. Effect of PVA Location in the MEA

Because PVA causes the increase of resistance in MEAs when it is added into the anode, a new
method of applying PVA, which was modified from a double layer-based technique, was proposed
in this study. Instead of adding PVA into the anode catalyst, it was sprayed on the GDL as a layer
between the GDL and anode CL. Due to an ultra-thin anode CL, the PVA layer could be wet by water
from the back-diffusion through the membrane. However, it also could be a film between the GDL
and anode CL, and it would be difficult for gas to pass through. The schematic of PVA on GDLs is
shown in Figure 1c; the PVA layer is just a water reservoir, not a reaction layer. In order to compare
with the PA method, PVA loading on GDLs was controlled by the number of spraying cycles, so as to
have the amount of PVA close to that in the PA method. In this study, one cycle of PVA spraying on
the GDL contained PVA of 0.18366 pg cm™2. Table 2 shows the PVA loading of PG cases compared
with PA cases. However, it is difficult to spray a PG case having the amount of PVA close to the
PAO0.01 case due to the very low content of PVA. Although the PG method does not affect the reaction
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at the anode CL, it can improve the PEMFC performance under low humidified conditions and dry
anode conditions (Figures 5 and 6). PVA on GDLs can hold water from the water back-diffusion as
the PEMFC performance in non-humidified anode cases (Figure 5) was changed with the moisture
content in the cathode side. However, too much moisture content in the cathode side might also
cause difficulty in gas transport through GDL with PVA. At low moisture content with a humidifier
temperature of 25 °C, gas can go through the PVA layer, and performance is enhanced with PVA at this
condition. It is found that the PGO.1 case gives better performance compared to PG0.03 due to high
PVA loading at this condition; more water was adsorbed with high PVA content on the GDL and high
proton exchange can be achieved at this condition. Improved PEMFC using the PG method with low
PVA loading may have less resistance, but higher wettability seems to be more important to enhance
the PEMFC performance. All humidified anode PG cases (Figure 6), however, show a negative effect
on the performance improvement, whereas PA cases can slightly improve fuel cell performance at
a humidifier temperature of 25 °C. The PVA layer is assumed to be a barrier for fuel transportation
when the anode is humidified. Moisture in the anode can make the PVA swollen and results in less
porosity at the surface of the GDL. Therefore, the PG method is not recommended for humidified
anode application.
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Figure 5. MEA with the PG method at a fuel cell temperature of 60 °C, with a non-humidified anode
and a cathode humidifier temperature of (a) 25 °C, (b) 30 °C, (c) 40 °C, (d) 50 °C and (e) 60 °C; and a
fuel cell temperature of 70 °C, a non-humidified anode and a cathode humidifier temperature of (f)
60 °C and (g) 70 °C.
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Figure 6. MEA with the PG method at a fuel cell temperature of 60 °C, and an anode and cathode
humidifier temperature of (a) 25 °C, (b) 30 °C, (c) 40 °C, (d) 50 °C and (e) 60 °C; and a fuel cell
temperature of 70 °C, and an anode and cathode humidifier temperature of (f) 60 °C and (g) 70 °C.

Figure 7a shows that with the use of a small amount of PVA into MEAs, both the PVA in the
anode (PA) and PVA on GDL (PG) methods can effectively enhance the PEMFC performance when it
is operated at low humidity and non-humidified anode conditions. Note that PA0.1 gives a PEMFC
performance similar to using MEA without PVA, whereas PG0.1 can improve the PEMFC. It indicates
that this amount of PVA using the PA method can hinder the catalyst active area, even though the
membrane is wet. However, this similar amount of PVA using the PG method did not affect the catalyst
active area, and thus it enhanced the performance. In comparison with PA0.03 and PGO0.03, PA0.03
provided better performance if the current density was higher than 0.3 A cm™2. It might be because
the PVA content in the anode was able to keep the membrane hydrated, and dominated the effect
of PVA on the catalyst surface area. Thus, PVA location in the MEA plays an important role in cell
improvement. PVA was preferred to be a bit distant from the membrane when higher PVA loading
was used, as shown in the PA(0.1-PGO0.1 cases. For lower PVA loadings like the PA0.03-PGO0.03 cases,
PVA was instead placed inside the anode CL close to the membrane. The PEMFC improvement by
PVA at a cell voltage of 0.6 V, a non-humidified anode, and a cathode humidifier temperature of 25 °C
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is shown in Figure 7b. Adding a small amount of PVA into the MEA can improve the PEMFC current
density by around 30% at selected operating conditions.
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Figure 7. (a) Comparison of PEMFCs using PVA-MEA prepared by the PA and PG methods at a
non-humidified anode and cathode humidifier temperature of 25 °C, (b) percent improvement of
PVA-MEA from MEA without PVA at the non-humidified anode, with a cathode humidifier temperature
of 25 °C and a voltage of 0.6 V, (c) the durability test and (d) the impedance curve of PA0.03 and PGO.1
at a constant current density of 0.4 A cm™2, with a non-humidified anode and a cathode humidifier
temperature of 25 °C.

3.3. Durability Test

For a durability test, both methods are examined by comparing the voltage variation of those
MEAs at the constant current density of 0.4 A cm~2, which is the result of short-term test conditions to
achieve the target voltage of 0.6 V (Figure 7a), and constant feed flow rates for 120 h. However, no
durability test of the MEA without PVA is presented in Figure 7c,d because the performance of the MEA
without PVA showed a lower performance than the PA0.03 and PGO.1 cases. According to Figure 7a,
the voltage of the MEA without PVA can start from 0.55V when the current density is at 0.4 A cm~2, and
a quick performance drop will occur under dry operating conditions; therefore, no long term test data
can be provided for the MEA without PVA with the target voltage of 0.6 V and a given constant current
density of 0.4 A cm~2. PA0.03 and PGO.1 are selected as representative of the PA and PG methods,
respectively, due to highest performance improvement in each method. Although PGO0.1 showed a
slightly higher performance than PA0.03 (Figure 7b), greater voltage drop (about 13.3%) is found in the
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PG case in a long term test (Figure 7c); whereas voltage drops of about 3.4% were found in the PA
case. Impedance curves of the PA and PG methods (Figure 7d) were measured at the current density
of 0.4 A cm™2 by electrochemical impedance spectroscopy with frequency sweeping from 10 mHz to
10 kHz. It shows that the PA method has smaller resistance, both membrane resistance (ohmic loss)
and polarization resistance (activation losses and mass transport losses), than the PG method. Higher
resistance in the PG case might be because higher PVA loading was used in the PG case, and fuel had
more difficulty passing through a swollen PVA layer when water was accumulated with time; this
is observed from the polarization resistance increase with time (Figure 7d). The periodic fluctuation
in voltage was due to the measurement of electrochemical impedance, in which the frequency was
changed. In comparison with PVA-MEA using a similar fabrication technique (spraying method), the
achieved maximum power density proposed by Liang et al. [19] is higher than the PVA-MEA prepared
by both the PA and PG methods. The lower achievement could be due to differences in operating
conditions and material compositions. However, the proposed methods in this study can be used in
the lower humidity condition (RH of 15.9% and a non-humidified anode). Roh et al. [12] tested the
oxygen-group functionalized carbon supported dual catalyst layer of PEMFC under RH of 26%. The
results were superior to the proposed method in this study. However, it is more complicated and costly
for PEMFC fabrication.

4. Conclusions

This study is aimed at improving the performance of PEMFCs operated at an ambient environment
with low humidity, using PVA as an additive. An ultrasonic spraying method was employed to coat
a CL on a Nafion 211 membrane. PVA was applied to the MEA by two methods: PVA in the anode
and PVA on GDLs (a newly proposed method). PVA was added in the anode during the catalyst ink
preparation procedure for PVA in the anode (PA) case. For PVA on the GDL (PG), PVA was sprayed on
the anode GDL with the same coating machine. Although the use of PVA can increase the wettability
of the MEA’s PEMFC, low PVA content was required to minimize the cell resistance caused by the PVA.
Both PA and PG methods can enhance the PEMFC performance only at very low humidity condition,
especially under non-humidified anode condition. The current density of the PVA-MEA prepared by
the PA and PG methods could be improved by approximately 30%, at the operating voltage of 0.6 V,
and non-humidified anode and cathode humidifier temperature of 25 °C. However, the durability test
revealed that the PA method is more durable than the PG method, due to a smaller voltage drop.
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Abstract: In this study, novel ionic liquid-incorporated Zn-ion conducting polymer
electrolyte membranes containing polymer matrix poly (vinylidene fluoride-hexafluoropropylene)
(PVAF-HFP) and 1-ethyl-3-methylimidazolium trifluoromethanesulfonate (EMITY), along with zinc
trifluoromethanesulfonate Zn(Tf),, are prepared and investigated. It is ascertained that the optimal
membrane ILPE-Zn-4 (the mass ratio of EMIT{:Zn(Tf),:PVDF-HFP is 0.4:0.4:1), with abundant
nanopores, exhibits a high amorphousness. At room temperature, the optimized electrolyte membrane
offers a good value of ionic conductivity (~1.44 x 107 S cm™!), with a wide electrochemical stability
window (~4.14 V). Moreover, the electrolyte membrane can sustain a high thermal decomposition
temperature (~305 °C), and thus its mechanical performance is sufficient for practical applications.
Accordingly, the ionic liquid-incorporated Zn-ion conducting polymer electrolyte could be a potential
candidate for Zn-based energy storage applications.

Keywords: polymer electrolyte; Zn-ion conducting; ionic liquid; ionic conductivity

1. Introduction

Owing to the development of energy storage technology around the globe, mobile electronics
have seen a rapid growth. To make our lives more convenient, various electronic products like
smartphones, laptops, digital cameras, electric vehicles, etc. have been integrated into our daily life.
To date, Li-ion batteries have been widely applied in electronic equipment [1]. However, the uneven
geo-distribution of elemental Li and high cost seriously restrict the development of Li-ion batteries [2,3].
Therefore, more abundant and lower-cost metal ions (monovalent cations: Na*, K, multivalent
cations: Mg?*, Zn?*, and AI*) are preferred for energy storage systems [4]. Among them, Zn is
present in abundance on earth. Furthermore, it has a low cost and a relatively higher volumetric
capacity of ~5855 mAh cm~2 in comparison to Na (~1129 mAh cm™3), Li (~2061 mAh cm~3), and Mg
(~3834 mAh cm™3) [5]. Inspired by these virtues, the Zn-based energy storage system has been drawing
considerable attention. Zn-ion batteries usually use Manganese Dioxides, Vanadium Compounds,
Prussian Blue Analogs as cathodes and metal Zn plates as anodes [6-8]. The aqueous electrolyte
solutions of ZnSO4, Zn(CH3COO0),, Zn(CF3503); have been widely studied in Zn-ion batteries [9-11].
However, the work voltage window of aqueous electrolytes is narrow (~1.2 V). Though organic
electrolytes offer a high ionic conductivity and wide voltage window, they suffer from other problems
like leakage, flammability, corrosiveness, and toxicity [12]. Due to their excellent properties, like a high
thermal stability, relatively higher electrochemical stability, high flexibility, and safety, ionic conductive
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polymer electrolytes have emerged as potential candidates for use in the electrochemical energy storage
field [13,14].

In general, on account of the different compositions of the polymer electrolyte system,
ionic conductive polymer electrolytes have been divided into two classes. These are solid polymer
electrolytes (SPEs) and gel polymer electrolytes (GPEs). For SPEs, the ionic salts are complexed
with flexible polymer chains, and the transportation of ions depends on the motion of polymer
segments [15]. GPEs are formed by ionic salts and plasticizer mixed into polymer matrices. Due to
their high room-temperature ionic conductivity and contact with electrodes with a good compatibility,
GPEs have attracted considerable attention [16]. Traditional plasticizers, having a low chemical and
electrochemical stability and inflammability, include propylene carbonate (PC), ethylene carbonate
(EC), ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), etc. [17,18]. Ionic liquid with excellent
electrochemical properties can be a good substitute for traditional plasticizers. For this reason,
the imidazolium-based ionic liquid (1-ethyl-3-methylimidazolium trifluoromethanesulfonate, EMITf)
was chosen as a plasticizer in the present study. This ionic liquid exhibits a lower viscosity and
higher thermal stability [17,19]. Moreover, ionic liquid can also provide a lot of free ions so as to
promote the ionic conductivity of polymer electrolytes [20]. In addition to plasticizers, GPEs contain
various functional polymer hosts. Generally, these are poly (vinyl alcohol) (PVA), poly(acrylonitrile)
(PAN), poly (methyl methacrylate) (PMMA), and poly (vinylidene fluoride-hexafluoropropylene)
(PVAF-HFP) [14,21-24]. Among them, PVdF-HFP with a low crystallinity and high dielectric constant
is chosen as the polymer host [25-27]. PVAF-HFP consists of both amorphous and crystalline structures.
The amorphous region is beneficial to ion transport, while the crystalline structure provides a better
mechanical property [28-30]. Furthermore, PVdF-HFP exhibits sound chemical and thermal stabilities
due to its strong C-F bonds [31,32]. Therefore, in recent years, the ionic liquid-doped PVdF-HFP
polymer electrolyte has been studied intensively. Guo et al. [23] developed a polymer electrolyte
based on the PVDF-HFP/LiTFSI/SiO»/EMITFSI system, and an optimum electrolyte with an ionic
conductivity of 0.74 mS cm ~! at 25 °C was applied in a Li/LiFePOy battery. Such a battery showed
an excellent cycling stability. Singh et al. [17] fabricated a flexible GPE containing PVdF-HFP and
EMIMFSI, along with LiTFSIL. The GPE showed the highest ionic conductivity, at ~3.8 x 107 S cm ™! at
25 °C. Kumar et al. [33] reported an electrolyte membrane based on the PVdF-HFP/NaCF;SOs/EMITf
system, and the electrolyte membrane offered an ionic conductivity of ~ 5.7 x 1073 S cm™! at room
temperature. Tang et al. [34] revealed that a GPE film of PVdF-HFP:Mg(Tf), (9:1) doped with 40 wt.%
EMITf exhibited a high room-temperature ionic conductivity of ~4.63 X 107> S cm™! with a wide
electrochemical stability window of ~4.8 V. Thus, it was inferred that the ionic liquid-doped PVdF-HFP
polymer electrolyte exhibits excellent electrochemical properties.

In the present work, we have prepared ionic liquid-incorporated Zn-ion conducting polymer
electrolytes, and studied their structural, electrical, electrochemical, thermal, and mechanical properties.
A detailed study on solid polymer electrolytes based on the PVdF-HFP/Zn(Tf), system was conducted
in our previous work [35]. The SPE exhibited a good electrochemical performance when the mass
ratio of Zn(Tf), to PVAF-HFP was 0.4. Hence, we chose the optimal composition to be the host system
in the present work. The electrochemical properties of the polymer electrolyte were enhanced by
doping ionic liquid. The ionic liquid-incorporated polymer electrolytes were investigated by means of
structural, electrical, electrochemical, thermal, and mechanical analyses.

2. Materials and Methods

The following materials were used in the preparation of ionic liquid-doped polymer
electrolytes and supercapacitors. Poly (vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP,
MW ~40,000), Zinc trifluoromethanesulfonate (Zn(Tf),, purity ~99.6%), and tetrahydrofuran (THEF,
purity ~99.5%) were acquired from Sigma Aldrich. Ionic liquid 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate (EMITY, purity ~99.8%) was obtained from Aladdin. The chemicals were
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used as received. Both the ionic liquid EMITf and salt Zn(Tf), were vacuum-dried at 100 °C for 2 h
prior to use to remove the moisture.

According to our previous work [30], the solid polymer electrolyte exhibits the best electrochemical
properties when the mass ratio of Zn(Tf), to PVdF-HFP is 0.4, and this composition was chosen as
the host system for the preparation of ionic liquid-incorporated Zn-ion polymer electrolyte (ILPE)
membranes. Moreover, ILPE membranes with different contents of ionic liquid (the mass ratio of EMITf
to PVAF-HFP being 0, 0.1, 0.2, 0.3, 0.4, and 0.5, marked as SPE-Zn, ILPE-Zn-1, ILPE-Zn-2, ILPE-Zn-3,
ILPE-Zn-4, and ILPE-Zn-5, respectively) were prepared via a solution cast method. First, the host
polymer, PVAF-HFP, was dissolved in THF with the help of magnetic stirring at 50 °C. Subsequently,
Zn(Tf), was added to the solution in a mass ratio of Zn(Tf), to PVdF-HFP of 0.4, followed by continuous
stirring at 50 °C for 2 h. Afterwards, different contents of the ionic liquid EMITf were added, and the
mixture was continuously stirred for 18 h to obtain a homogenous viscous solution. Thereafter,
the resulting homogeneous solution was poured into different Petri dishes, followed by the evaporation
of THF at 35 °C for 10 h. Finally, the obtained free-standing ILPE membranes were stored in a vacuum
oven at 40 °C for 4 h, so that the THF could be completely removed. The macroscopic morphology of
the obtained electrolyte membrane is shown in Figure 1. It may be noted that the SPE-Zn membrane is
uniformly transparent and impurity-free. The membrane becomes translucent with the addition of
EMITI (see Figure 1b,c). All the membranes display a good flexibility. The thickness of the membranes
was measured to be ~145 um via a spiral micrometer gauge. The as-prepared electrolyte membranes
were stored in a glove box filled with Ar atmosphere.

Figure 1. Macroscopic morphologies of the (a) SPE-Zn membrane, (b) ILPE-Zn-4 membrane,
and (c) ILPE-Zn-5 membrane.

The crystal structure and crystallinity of the polymer electrolyte membranes were examined
using X-ray diffraction (XRD, D/max 2500 PC, Rigaku, Japan) in the 26 range of 5-65° with a 2°/min
scan rate. Scanning electron microscopy (SEM, Hitachi S-4700, Tokyo, Japan) was used to observe
the morphological characteristics of the electrolyte membranes. The thermal stability of the ILPE
membranes was studied by a thermal analyzer (STA 449F3 Jupiter, Selb, Germany) under an Ar
atmosphere at a rate of 10°/min between 30 and 600 °C. Using a universal testing machine (CMT7504,
Ningbo, China), the mechanical performance of the electrolyte membranes was evaluated. The sample
size was: thickness (0.14 mm) X width (10 mm) X gauge length (100 mm). The ionic conductivity
analysis for the electrolyte membranes was carried out using a frequency analyzer (PSM 1735, Newton,
UK) in the range of 1 Hz to 1 MHz. The electrochemical stability window (ESW) and ionic transference
number were evaluated by cyclic voltammetry (CV) and DC polarization method, separately, by
means of a CHI760D electrochemical workstation. The scan range was —3 to 3 V with a scan rate of
10 mV s7! for the CV measurements, and the applied voltage was 0.5 V for the determination of the
ionic transference number with DC polarization. As for the above electrochemical measurements,
the ILPE membranes were assembled in a symmetric sandwich structure cell with stainless steel
electrodes (SS/ILPE membrane/SS), in which the electrolyte-electrode contact area was 1.96 cm?. Finally,
to assess the practicality of an optimal electrolyte membrane as an ionic conductor, it was connected
into the circuit.
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3. Results and Discussion

XRD was used to analyze the structure and crystallinity of PVAF-HFP based gel electrolytes.
The analyzed results are shown in Figure 2. The pure PVDF-HFP consists of crystalline regions
with amorphous domains and presents a typical semi-crystalline characteristic. However, with the
addition of Zn(Tf), to pristine PVAF-HFD, there is a dramatic change in the structure of PVdF-HFP.
The intensity of the peaks decreases, and their width increases, thereby expanding the amorphous
region of the host polymer [35]. It may be noted that, with the addition of ionic liquid, there is
a suppression in the peak intensity. This indicates that the ionic coordination between ionic liquid
and polymeric macromolecules with Zn(Tf), may interrupt the structure of the polymer and weaken
the intermolecular interaction of the polymer chains, thereby reducing the degree of crystallinity and
thus enhancing the amorphous behavior [34,36]. However, when the addition of ionic liquid is too
large, the crystallinity of the electrolyte membranes increases, rather than further decreasing. This may
be attributed to the re-association of excess Tf~ anions with Zn?* cations, weakening the interaction
between ions and polymer segments [37]. It may be noted that, for ILPE-Zn-4, the peak at 20 ~26.6° is
completely suppressed and that, accordingly, the amorphousness of the host polymer has reached its
maximum. Moreover, the mobile charge carriers can be transported speedily in amorphous regions in
the polymer electrolyte system because they have more free spaces, hereby facilitating the migration
of ions [38]. Therefore, it is believed that the ILPE-Zn-4 with larger amorphous regions should be
favorable for ion movement.

5000
Pure PVAF-HFP
—— SPE-Zn-4
4000F  ——ILPE-Zn-1
= —— ILPE-Zn-4
= ——ILPE-Zn-5
2 3000
o
2
Z 2000
2
S
1000

20 (degree)

Figure 2. XRD patterns of ILPE membranes with different EMITf contents.

Figure 3 displays the SEM images of the ILPE membranes. The surface of the solid polymer
electrolyte SPE-Zn can be seen as being wrinkled, with barely visible micropores (see Figure 3a).
However, the cross-section morphology of SPE-Zn implies that there are a number of nanopores inside
with network structures. For ILPE-Zn-4 (see Figure 3b,d), the addition of ionic liquid EMITf improves
the surface morphology in terms of nanopores. It may be noted that the nanopores are interconnected
with each other, which may be attributed to the interaction between polymeric macromolecules and
ionic liquid, in addition to the evaporation of the THF solvent [39].
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Figure 3. SEM images of (a) SPE-Zn, (b) ILPE-Zn-4, (c) SPE-Zn cross-section, and (d) ILPE-Zn-4
cross-section.

There is a significant change in the internal structure of the polymer electrolyte with the addition
of ionic liquid. The pores become more abundant, with fine sizes. In general, this is beneficial for
ion transportation, as the small interconnected nanopores’ structure and high specific surface areas
provide a continuous pathway for ion transportation [34,40,41]. As a consequence, it is speculated that
the introduction of ionic liquid to the polymer electrolyte may enhance its ionic conductivity.

The room-temperature ionic conductivity of polymer electrolytes is one of the vital parameters
to consider. AC impedance technique was used to analyze the ion conduction behavior of polymer
electrolytes. Figure 4a shows the Nyquist plots of gel electrolyte membranes measured at ambient
temperature, and the inset shows their equivalent circuit. It is clear that the plots consist of
a quasi-semicircle with a spike line. The quasi-semicircle in the high frequency range is present
as a result of the parallel combination of the resistor and constant phase element. The constant
phase element may be regarded as a non-ideal capacitor. The spike line located in the low frequency
range indicates the formation of a double-layer capacitor at the interface between the electrode and
electrolyte [42]. It is noted that the dip angle between the spike line and the real axis is smaller than
90° and arises from the roughness of the electrolyte-electrode interface [43]. The bulk resistance (Ry,)
of the electrolyte membrane can be determined from the intercept of the semicircle on the real axis.
Clearly, the bulk resistance of the polymer electrolyte decreases with the addition of EMITf and exhibits
a minimum magnitude when the mass ratio of EMITf to PVAF-HFP is 0.4. Moreover, the high frequency
quasi-semicircle almost disappears for a mass ratio of 0.4, indicating that the ILPE-Zn-4 electrolyte
prevails in the resistive nature and that its capacitive character is absent [44]. In such a case, the bulk
resistance (Rp) is usually obtained from the interception of the inclination spike on the real axis [45,46].
The ionic conductivity of ILPE membranes is given by Formula (1) [47], and the results are listed in

Table 1.
d

" RS
where Ry, is the bulk resistance (1), d represents the membrane thickness (cm), and S is the
electrolyte-electrode contact area (cm?).
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Figure 4. (a) Nyquist plots of the ILPE membranes with different EMITf contents measured at ambient
temperature and corresponding equivalent circuit (CPE = constant phase element, Ry, = resistor, and Cq
= double-layer capacitor). (b) Variation of ambient temperature ionic conductivity with the mass
ratio of EMTIf to PVAF-HEFP. (c¢) DC polarization curve of ILPE-Zn-4 membrane under 0.5 V at room

temperature. (d) The ILPE-Zn-4 membrane used as an ionic conductor to successfully connect the
LED circuit.

Table 1. Ionic conductivities of polymer electrolyte membranes at room temperature.

Samples Ionic Conductivities (S cm~1)

SPE-Zn 244 x107°
ILPE-Zn-1 4.03 x 107
ILPE-Zn-2 6.56 x 107>
ILPE-Zn-3 7.15x 107>
ILPE-Zn-4 1.44 x 1074
ILPE-Zn-5 1.18 x 1074

Figure 4b depicts the variation of the ambient temperature ionic conductivity with the mass
ratio of EMITf to PVAF-HFP. It may be noted that the ionic conductivity of the SPE-Zn membrane
without ionic liquids is low, being just ~2.44 X 107> S cm™!. However, the ionic conductivity of the
ILPE membrane is improved by adding ionic liquid EMITf into the system, and it shows a high value
of approximately 1.44 x 107 S cm~! when the mass ratio is 0.4. With the further addition of EMITY,
the ionic conductivity decreases. Accordingly, in terms of ionic conductivity, the ILPE-Zn-4 is the best
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composition. In general, the ionic conductivity (o) depends on three factors: the concentration (1),
mobility (q;), and charge (1;) of mobile ions. The relationship between them can be described by [48]:

o :Z niqit; 2)

Combined with the above structural analysis, it is believed that the enhancement of the ionic
conductivity may be ascribed to both the improvement of the amorphous phase and the increase of
mobile ions, caused by the addition of EMITf [17]. However, the addition of excessive ionic liquid
would make the ions aggregate, thereby reducing the density of the mobile charge carriers and
hindering their movement [39]. Consequently, the ionic conductivity decreases.

In order to confirm that the prepared polymer electrolyte is highly ionically conductive, which is
vital for its application, the ionic transference number was determined by DC polarization at room
temperature. Figure 4c shows the DC polarization current versus time for the ILPE-Zn-4 polymer
electrolyte membrane. Generally, the initial current (i) is attributed to the transportation of both
ions and electrons. It can be observed that the current decreases dramatically with an increasing
polarization time until reaching a steady-state value. This is primarily due to the blockage of ions by
the electrodes. Therefore, the final steady-state current (ic) is merely contributed by electrons. The ionic
transference number is calculated by [49]:

tion = (it - ie)/it (3)

The ionic transference number of the ILPE-Zn-4 membrane is obtained as being ~0.999 + 0.0003.
The ultrahigh ionic transference number demonstrates that the conductivity of the polymer electrolyte
membrane is mainly caused by ionic species, while the electronic contribution is too small to be
considered. Therefore, the present polymer electrolyte membrane is almost 100% ionically conductive.
Moreover, the ultrahigh ionic transference number ~0.999 is superior to the ionic transference
number reported in literatures, such as the PVdF-HFP/LiBF,/EMIMBE, electrolyte (~0.984) [43],
PVdF-HFP/LiTFSI/EMIMFSI electrolyte (~0.99) [50], and PVA/LiTFSI/EMITESI electrolyte (~0.995) [37].
To demonstrate the practicability of the polymer electrolyte, a closed-loop circuit composed of a LED
bulb with the ILPE-Zn-4 electrolyte membrane was designed. The LED bulb was successfully lit and
emitted a brilliant blue light (see Figure 4d). This phenomenon further indicates that the obtained
ILPE-Zn-4 polymer electrolyte is an ionic conductor.

The electrochemical stability of the ILPE membrane is essential for its practical applications.
Figure 5 displays the CV curves of the ILPE-Zn-4 electrolyte membranes at a scan rate of 10 mV
s71. One can see that the current is stable within the potential range of —2.08 to 2.06 V (ESW:
~4.14 V), which signifies that the electrolyte membrane can work stably within this potential range.
The current rising beyond this range may relate to the degeneration of the electrolyte membrane,
manifested by the occurrence of an electrochemical reaction. Nevertheless, this ESW (~4.14 V) is
acceptable for electrochemical device applications. In addition, there are a pair of small current humps
at around +1.3 V, which probably arise from the formation of ion pairs or other by-products during
this process [51,52].
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Figure 5. CV curve of the ILPE-Zn-4 membranes at a scan rate of 10 mV s

Thermal stability is a significant parameter for a polymer electrolyte membrane. A low thermal
decomposing temperature in the polymer electrolyte may give rise to electrolyte membrane degradation
in a short circuit, which may produce substantial heat accumulation. Hence, the electrolyte membranes
should possess an excellent thermal stability. Figure 6 illustrates the TGA curves for ILPE membranes.
It may be clearly observed that all polymer electrolytes show a slight drop between 80 to 180 °C.
The weight losses of the membranes are: SPE-Zn ~4.07%, ILPE-Zn-1 ~3.93%, ILPE-Zn-2 ~3.80%,
ILPE-Zn-3 ~4.03%, and ILPE-Zn-4 ~3.55%, which may be attributed to the evaporation of water
absorbed in the ILPE membranes. However, a considerable decomposition of the EMITf-free SPE-Zn
membrane may be observed when the temperature exceeds 350 °C. With the addition of ionic liquid,
the polymer electrolyte membrane’s decomposition temperature is lowered. This is primarily because
of the enhancement of the polymer chain flexibility caused by the interaction of ionic liquid and Zn
salt with the host polymer [53].
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Figure 6. TGA curves of the ILPE membranes with different EMITf contents.

Despite this, the ILPE membranes incorporated with ionic liquid still display a sufficiently high
thermal stability, and the decomposition temperature is approximately 305 °C. Therefore, in terms
of the thermal stability, the polymer electrolyte membranes can be considered suitable for energy
device applications.

In addition to a good thermal stability, the mechanical performance is also an imperative
characteristic of electrolyte membranes. The typical stress-strain curves of SPE-Zn and PE-Zn-4
electrolyte membranes are shown in Figure 7. The values of the Young’s modulus, tensile strength,
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and breaking strain are listed in the inset table. The Young’s modulus and tensile strength of SPE-Zn are
220 MPa and 7.7 MPa, respectively, while the breaking strain is 380%. By contrast, those of ILPE-Zn-4
fall down to 117 MPa, 5.7 MPa, and 200%, respectively.
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Figure 7. Typical stress-strain curves of SPE-Zn and ILPE-Zn-4 membranes and their mechanical
properties (Young’s modulus, tensile strength, and breaking strain).

The mechanical performance declines with the addition of EMITf. This may be due to a more
amorphous phase and porous structure, created by the addition of EMITf in the ILPE-Zn-4 electrolyte
membranes. In general, the polymer chains are highly flexible in the amorphous domains, thus reducing
the interaction force between polymer molecules. Nevertheless, the electrolyte membranes still exhibit
sufficient mechanical properties. This phenomenon has also been confirmed by other studies.
As reported by Tang et al. [34], the electrolyte membrane (90PVdF-HFP:10Mg(Tf), + 40EMITY)
fabricated by solution casting possesses the following mechanical properties: Young’s modulus
= ~66 MPa, tensile strength = ~3.4 MPa, and breaking strain = ~633%. A study by Jie et al. [54]
indicates that the tensile strength and breaking strain are about 2.2 MPa and 250%, respectively, for the
PVDE-HFP/LiTFSI/NMP gel electrolyte film. Obviously, our values are highly comparable to theirs.
In addition, Can et al. [55] developed a solid polymer electrolyte based on TPU/PEO = 1:3, showing
that the electrolyte had a superior comprehensive performance with a tensile strength of 1.38 MPa
and that it was successfully applied to the LiFePO,/SPE/Li battery in the temperature range of 60 to
80 °C. Therefore, the mechanical performance of the ILPE-Zn-4 membrane should be good enough to
be eligible for applications in energy storage devices.

4. Conclusions

Flexible ionic liquid-incorporated Zn-ion conducting polymer electrolyte membranes were
prepared and characterized. Investigations indicate that the addition of ionic liquid EMITf reduces
the crystallinity, enriches the nanopores’ structure, and enhances the electrical and electrochemical
properties of the electrolyte membranes. With a high thermal stability (thermal decomposition
temperature ~305 °C) and good mechanical performance (tensile strength ~5.7 MPa), the optimized
polymer electrolyte ILPE-Zn-4 (EMITf: Zn(Tf),: PVAF-HFP = 0.4: 0.4: 1 in mass) exhibits a high ionic
conductivity (~1.44 x 107 S cm™') at an ambient temperature, with a wide electrochemical stability
window (~4.14 V). Moreover, the ionic conductive polymer electrolyte exhibits an ultrahigh ion transfer
number ~0.999. Therefore, the polymer electrolyte can be used as an ionic conductor to connect the
circuit. The properties of the ionic conductor polymer electrolytes demonstrate that the optimized
ionic liquid-incorporated Zn-ion conducting polymer electrolyte shows a promising perspective for
energy storage applications.
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Abstract: In this study, solid polymer blend electrolytes (SPBEs) based on chitosan (CS) and
methylcellulose (MC) incorporated with different concentrations of ammonium fluoride (NH4F) salt
were synthesized using a solution cast technique. Both Fourier transformation infrared spectroscopy
(FTIR) and X-ray diffraction (XRD) results confirmed a strong interaction and dispersion of the
amorphous region within the CS:MC system in the presence of NH4F. To gain better insights into the
electrical properties of the samples, the results of electrochemical impedance spectroscopy (EIS) were
analyzed by electrical equivalent circuit (EEC) modeling. The highest conductivity of2.96 x 107> Scm™!
was recorded for the sample incorporated with 40 wt.% of NH4F. Through transference number
measurement (TNM) analysis, the fraction of ions was specified. The electrochemical stability of
the electrolyte sample was found to be up to 2.3 V via the linear sweep voltammetry (LSV) study.
The value of specific capacitance was determined to be around 58.3 F/g. The stability test showed
that the electrical double layer capacitor (EDLC) system can be recharged and discharged for up to
100 cycles with an average specific capacitance of 64.1 F/g. The synthesized EDLC cell was found to
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exhibit high efficiency (90%). In the 1st cycle, the values of internal resistance, energy density and
power density of the EDLC cell were determined to be 65 (), 9.3 Wh/kg and 1282 W/kg, respectively.

Keywords: polymer blend; XRD and FTIR; impedance study; TNM and LSV; CV and EDLC

1. Introduction

Energy storage devices, such as lithium batteries, supercapacitors and fuel cells using liquid
electrolytes, have attracted significant attention in recent years, owing to their ionic nature. However,
there are several issues that still need to be solved, such as the release of harmful gases, the lack of
safety and corrosive action [1]. It is difficult to use a harmless liquid in energy storage devices
without any drawbacks. Designing a desirable device with a proper size and shape that fits
liquid electrolytes is challenging [2]. This encourages scientists and researchers to work on the
development of a safe and efficient solid polymer electrolyte (SPE). SPEs can provide satisfactory
thermal stability, low weight, high flexibility, cost effectiveness and easy handling [3]. On the other
hand, the harmful effects of plastic wastes on the environment are recognized to cause global warming
and water pollution. Therefore, there is a special interest in the development of biodegradable
and biocompatible natural polymers as SPEs [4]. This is due to their abundance, biocompatibility,
biodegradability and cost effectiveness [5]. These favorable properties have made scientific circles
extensively utilize natural polymers in polymer electrolyte-based devices [6]. There are many natural
polymers, including starch, CS, carboxymethyl cellulose (CMC), MC and rubber that can be used
in the synthesis of SPEs [5,6]. In this study, CS and MC were used as natural polymers. CS is
often extracted from crustaceans (crabs, lobsters, crayfish, shrimp, krill and barnacles) and has a
chemical structure of 3-(1—4)2-amino-2-deoxy-D-glucose-(D-glucosamine) [4], while MC is obtained
from mixing alkali-based cellulose with methyl chloride. The chemical structure of MC comprises a
1,4 glycosidic bond [7]. The reduced ion mobility in SPE matrices has led numerous research groups to
develop different approaches that have improved the ambient conductivity. Two common approaches
which are widely addressed are the blending of two polymers and using a variety of salts [8-13].
Polymer blending is regarded as a promising technique to upgrade the properties of individual polymer
constituents. Many new and enhanced characteristics can be achieved through the polymer blending
technique, such as relatively high ionic conductivity, flexibility, transference number and thermal
stability [14]. Recently, polymer electrolytes assembled from biopolymer attracted the attention of
many research groups due to their availability for a wide range of applications in electrochemical
devices [2—4,8,10-12]. Both CS and MC are known to contain functional groups with lone pair electrons
that assist ion transport within their matrixes. This is due to the fact that the lone pair electrons within
their structure can serve as complexation sites for the ions.

The preparation of proton (H*)-conducting SPEs is usually involves mixing strong inorganic acids
or ammonium salts. For instance, sulfuric acid (H,SO4) and phosphoric acid (H3PO,) are the two
commonly used inorganic acids. However, the main drawback of these inorganic acids is their chemical
degradation when mixed with SPEs, which leads to incompatibility with practical applications [15].
Therefore, the ammonium salts are usually utilized to obtain a proton-conducting SPE with a relatively
high ionic conductivity and thermal stability. The continuous interactions of the charge carriers
with the available functional group then generates motion of the polymer chain segments and thus
makes the polymer more conductive [16]. Radha et al. have documented a conductivity value of
6.9 x 1076 S/cm for the polyvinyl alcohol (PVA)-ammonium fluoride (NH4F) system [17]. Additionally,
the enhancement in the dielectric behavior of PVA with the presence of NH4F was also addressed.
Another research study has also recently reported a relatively high conductivity of 6.40 x 1077 S/cm
for the MC-NH4F system at room temperature [5]. Doping NH4F into the CS—dextran system also
resulted in a high value of conductivity, up to 1073 S/cm [18].
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Electrical double layer capacitors (EDLCs) are one of the promising electrochemical energy storage
devices that fulfill the requirements of high power application with fast charge—discharge cycles.
The energy storage mechanism in these devices involves charge accumulation on the carbon electrode
surface at the interfacial region in the form of potential energy [19]. EDLCs feature a fantastic high power
density, long cycle life, fast charge—discharge rate and simplistic fabrication procedure [20]. In EDLC
devices, various types of carbon have been used as electrode materials, for instance, graphite [21],
aerogel [22], carbon nanofibers [23] and activated carbon [24]. The most used one is activated carbon,
which is almost an ideal active material that is defined by a high surface area, satisfactory electronic
conductivity and cost effectiveness [25]. Based on an earlier study, ammonium salts have been shown
to exhibit reasonable proton donor behavior if incorporated into polymer matrices [26]. In order to
enhance the performance of biodegradable-based EDLC devices to meet the industrial level, various
polymer blended electrolytes with different dopant salts were studied. An extensive literature survey
revealed that the effect of NH4F salt concentration on the conductivity of a CS:MC blended system
and its use in EDLC devices had not already been investigated. Thus, for this work, firstly, systems
of CS:MC incorporated with various concentrations of NH4F were examined through electrical and
structural analyses. Then, the relatively highest conducting SPBE film was utilized as the electrode
separator in an EDLC device application.

2. Experimental Part

2.1. Materials and Sample Preparation

In this work, CS with a relatively high molecular mass of around 310,000 to 375,000 g/mol
was used, along with MC and NH4F in the fabricating of SPBE systems. All the materials were
supplied by Sigma-Aldrich Corporation (Missouri, MO, USA). Firstly, for the preparation of CS:MC
polymer blend electrolytes, two separated solutions of CS and MC with percentages of 70 wt.% and
30 wt.%, respectively, were dissolved in 40 mL of 1% acetic acid. They were stirred for 3 hrs at room
temperature. Based on previous work [27], this ratio of CS and MC was shown to be optimal in the
preparation of CS:MC polymer blend electrolytes. Then, both solutions of CS and MC were mixed with
continuous stirring for 2 hrs in order to obtain a final homogeneous blended solution. Subsequently,
with continuous stirring, different portions of NH4F, ranging from 10 to 40 wt.% in steps of 10 wt.%,
were added separately to a series of blended solutions to obtain CS:MC:NH4F electrolytes. The final
solutions were then poured into Petri dishes to cast films at ambient temperature. For further drying,
the formed films were then transferred into a desiccator to achieve solvent-free films. The obtained
polymer blend electrolyte samples were coded as CMCF0, CMCF1, CMCF2, CMCF3 and CMCF4 for
CS:MC doped with 0, 10, 20, 30 and 40 wt.% of NH4F, respectively.

2.2. Structural and Impedance Analyses

XRD measurements were performed to study the structural properties of the samples, using a
Siemens D5000 X-ray diffractometer (1.5406 A) (Bruker AXS GmbH, Berlin, Germany). The acquisition
process comprised scanning the 26 angle continuously from 5° to 80° (resolution = 0.1°). FTIR (FT-IR,
Spotlight 400 Perkin-Elmer spectrometer, Waltham, MA, USA) was conducted in the range 450 to
4000 cm™! with a 1 em™ resolution. Electrical properties of the samples were studied by means of EIS
(HIOKI 3532-50 LCR Hi-TESTER) (Hioki, Nagano, Japan) in the frequency range of 50 Hz to 5 MHz.
For the purpose of electrical characterizations, the samples were sandwiched between two stainless
steel electrodes. Based on the results obtained in EIS measurements and the sample dimensions,
the conductivities of the samples were determined, using the following equation:

o= ()2

where R}, is the bulk resistance of the sample, ¢ is the film thickness and A is the surface area of the film.
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2.3. Transference Number Measurement (TNM) and Linear Sweep Voltammetry (LSV) Studies

To use polymer blend electrolytes in applications, it is important to study their TNM and LSV
measurements. Through TNM measurements, one can verify the ion dominancy in the conduction
process. LSV measurements were used to investigate the sample electrolytes” potential stability.
The TNM measurements were performed by using a V & A Instrument DP3003 digital DC power
supply with 0.20 V (V & A Instrument, Shanghai, China). LSV measurements were also carried out
by using a Digi-IVY DY2300 Potentiostat at a sweep rate of 50 mV s~! (Neware, Shenzhen, China).
The cell used in both TNM and LSV measurements was composed of two stainless steel (SS) disks and
the highest conducting SPBE film. The cell was then mounted in a Teflon holder, as shown in Figure 1.

Teflon case
Electrolyte

SS

Figure 1. Schematic appearance of the cell used for the LSV and TNM measurements.

2.4. EDLC Preparation

For the fabrication of an EDLC device, electrodes composed of polyvinylidene fluoride (PVdF),
activated carbon and carbon black materials, were used. Under medium stirring, 0.5 g of PVdF was
dissolved in 15 mL of N-methyl pyrrolidone (NMP) to obtain an NMP-PVdF solution. The activated
carbon and carbon black materials were dry mixed for 15 min by using a planetary ball miller (XQM-0.4)
with a rotational speed of 500 r/min. The obtained powders were composed of 3.25 g and 0.25 g of
activated carbon and carbon black materials, respectively. The powder was then poured into the
NMP-PVdF solution and stirred to dissolve completely. Then, the mixture was cast on an aluminum
foil with a doctor blade technique to obtain a thick black solution. Subsequently, the folded solution
was heated at 60 °C in an oven for a certain time to obtain a dried state. The obtained dried bulk
electrode was then cut into a circle with an area of 2.01 cm?. In the final step of the EDLC cell
preparation, the relatively high conducting electrode film was sandwiched between two carbon
electrodes and packed in CR2032 coin cells. The fabricated EDLC cell was then fixed over the Teflon
holder for further testing. Cyclic voltammetry of the EDLC was performed at 10 mV s~! and charged
up to 0.90 V, by using a Digi-IVY DY2300 Potentiostat (Neware, Shenzhen, China). Furthermore,
the charge—discharge profiles of the EDLC were also examined using a Neware battery cycler (Neware,
Shenzhen, China) with a current density of 0.2 mA cm™2,

3. Result and Discussion

3.1. XRD and FTIR Study

Figure 2 shows the XRD pattern of the pure and doped CM:MC samples. Previous studies have
illustrated that pure MC displays broad humps and several weak peaks at 20 = 8° and 21° [28]. It has
also been revealed that CS in its pure state, which has a predominant crystalline phase, is characterized
by two obvious peaks at 14.50° and 20.90° as a result of inter- and intra-hydrogen bonding [29]. It is
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obvious in Figure 2a that the XRD peaks due to pure CS almost disappeared and only a hump can
be seen. This indicates that the technique of polymer blending is a novel approach to overcome the
crystalline phases. This is due to the formation of hydrogen bonding between MC and CS matrices. It is
well defined that hydrogen bonding is based on the interaction between electron-deficient hydrogen
and a high electron density region. In fact, hydrogen bonding (H-bonding), as an intermolecular
interaction, can be expressed as X-H ... Y, where X and Y are electronegative elements and Y possesses
one or more lone electron pairs; in other words, X and Y are F, O and N atoms, respectively [30]. It is
evident from the molecular structure of MC (see Figure 3) that the monomer of MC contains O atoms,
which enables it to build H-bonding. Clearly, hydrogen bonding as a secondary force is much weaker
than the primary bond within the molecules, such as covalent bonds and other polar bonds, but far
stronger than the van der Waals interaction [30]. It is notable from Figure 3a that about six hydrogen
bonds can be formed between CS monomers; meanwhile, only three intermolecular hydrogen bonds
can be developed between the CH and MC monomer, as depicted in Figure 3b. Therefore, the blended
samples showed a smaller number of hydrogen bonding sites, which resulted in the reduction of
the degree of crystallinity. The XRD peak broadness of the CS:MC blend sample pinpoints that
the inter-chain spacing in the blended sample became larger than that of the individual polymers.
The expanded inter-chain spacing in the blend simplifies the dipole reorientation to the applied field
due to high amorphous content. The addition of NH4F to the blend electrolytes (BEs) caused a
clear reduction in the intensity of XRD peaks. Interestingly, upon the addition of 40 wt.% of NH4F,
the lowest peak intensity was recorded. It is evidenced that the broad peak at 20.25° (see Figure 2c)
emphasizes the amorphous nature of the system. The characteristic feature of the amorphous nature
of a polymer body is a broad peak in the form of a hump. Increasing salt in such a polymer system
caused a relative reduction in the intensity of the broad peak between 11° and 27.21°, thus increasing
the amorphous structure of the BE system [26]. Therefore, the XRD pattern can certainly be used to
show the amorphous characteristic of the samples, which was reflected in the gradual decrease in
intensity with peak broadening due to the addition of NH4F salt. It is also distinct that the dissimilarity
in the intensity and sharpness of the XRD peaks of the polymer electrolytes after salt addition can be a
good confirmation of strong interactions between the polymer and the inorganic salt [29].

FTIR is considered as an effective technique to deal with a new compound, in terms of both
structure and composition, that forms during a chemical reaction. The extent of interaction between CS
and MC in the BPE system was confirmed via the FTIR technique. Figure 4a—c shows the FTIR spectra
of CS:MC biopolymer electrolytes in the wave number range of 4000-890 cm~!. It is motivating to
observe both position shifting and intensity variation of the bands, which are considered as evidence
of the existence of particular functional groups in pure CS:MC and CS:MC:NH4F electrolyte systems.
A more important observation is the confirmation of the presence of heteroatoms (e.g., O and N) with
lone pair electrons in a desired fabricated polymer host as electrolytes [31]. The appearance of a strong
peak at around 2900 cm~ ! is ascribed to the C-H stretching modes, as shown in Figure 4c [32,33], and its
intensity decreased with rising salt concentration. It is also seen from the same figure that the CS
polymer is characterized by a single -NH, group and a couple of -OH groups in the repeating unit [34].
The doping process substantially affected the -OH stretching broad peak at 3359 cm™~! in Figure 4c [32].
The strong interaction between dopant salt and the CS:MC host blended polymer can be identified
from both peak shifting and intensity changes. Based on earlier work [34], the presence of vibrational
frequency peaks of -NH,, O=C-NHR and —OH are considered as the characteristic FTIR spectra of MC
and CS polymers. It is clear from Figure 4b that the shifting occurred towards lower wave numbers in
the bands of amino NH;, O=C-NHR and OH groups, confirming a strong interaction between the
NH,F dopant salt and the CS:MC host blended polymer.
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In Figure 4a, a peak at 1055 cm™! appeared as a result of the antisymmetric stretching of an
asymmetric oxygen bridge in the cyclohexane ring and a range from 1150 to 1000 cm™ is attributed
to the C-O-C bond [28]. It is observable that the intensity of the peaks decreased and to some extent
shifting occurred as a consequence of the increment of NH4F concentration. These certify that there is a
strong interaction between the polymer body and amine salt via coordination bonds and thus confirms
the complexation [35]. The addition of NH4F salt provides cations that attract oxygen atoms at the
C-O-C ether group in the identical polymer to produce polymer salt complexes [28]. In the current
polymer salt system, the NH* 4 ion from NH4F coordinates to both the O atom of the ether group and
the hydroxyl group in the CS and MC host polymer blend. These interactions prove the occurrence of
protonation in the present electrolytes. It is clearly verified in the shifting of hydroxyl, ether, C=O and
-NH; [5].

3.2. Impedance Study

The impedance spectra of the blend electrolyte films at ambient temperature are shown in
Figure 5a—d. The semicircle at the high frequency region can be related to the parallel combination of
the bulk electrolyte resistance (Rg) and the bulk electrolyte capacitance (Cg), owing to the migration
process of proton ions and the immobilized state of polymer chains, respectively. Interestingly,
the semicircle diameter was lessened with increasing salt concentration. This implies that the relaxation
of ions occurred at different times [36]. The electrode/electrolyte capacitance (Cgg) produced by the
accumulated double-layer ions at the electrode/electrolyte interface (i.e., the low frequency spike region)
is represented by another capacitor in series with the parallel combination of a resistor and capacitor
corresponding to the high frequency semicircle. The schematic illustration of EEC for Figure 5a,b is
shown in Figure 6. To confirm our interpretation, the experimental impedance data were simulated
with EECs, as can be seen in Figure 7. It is worth noting that at a high frequency region, the semicircle
completely disappeared for 30 and 40 wt.% of NH4F salt concentrations, as clearly shown in Figure 5c,d.
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This suggested that only the resistive component of the obtained impedance spectra is responded
to by the polymer host body [27]. In this case, the resistor of the blend electrolyte film in series
with the capacitor of the double-layer capacitances represents the electrical behavior of the system.
The conductivity improvement upon the addition of 40 wt.% of NH4F can be attributed to the increase
in the number of mobile charge carriers. Moreover, the amorphous nature of the polymer electrolyte
could have a vital role. Consequently, it results in an inferior energy barrier and facilitates the ion
transport [35]. It is self-evident that the ionic conductivity of an electrolyte depends on both the
number and mobility of ions, as can be seen from the following equation [37]:

o=Y nqu @)

where the carrier density is denoted as 7, elementary charge is symbolized by g and yu is the mobility.
The literature confirmed that in a polymer-ammonium salt system, the charge-carrying species is
an H* ion that is offered by an ammonium ion [27]. The most general theory of proton conduction
is structure diffusion, which is known as the Grotthuss mechanism, where ion exchanging occurs
between the complexed sites [38]. Proton conduction by the Grotthus mechanism states that protons
jump over the complexing sites, leading to the creation of a vacant site followed by reorientation to
occupy the vacant site [27]. Equation (1) was used to calculate the DC conductivity of the pure CS:MC
and CS:MC:NHyF electrolyte samples at room temperature. Table 1 lists the DC conductivities of the
samples. It is noteworthy that the DC conductivity increased from 7.16 x 10719 S cm™ for pure CS:MC
to 7.34 x 107* S cm™! for CS:MC incorporated with 40 wt.% of NH,F. Previous studies have confirmed
that polymer electrolytes with high DC conductivity, ranging from 10~ to 1073 S cm ™!, can be crucial
for electrochemical device applications, including batteries and EDLCs.
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Figure 5. Impedance plots of (a) CMCF1, (b) CMCEF2, (c) CMCF3 and (d) CMCF4 blended films at
ambient temperature.
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(d) CMCF4 blended films at ambient temperature.

Table 1. DC conductivity for pure CS:MC and blend electrolyte films at room temperature.

Sample Designation = DC Conductivity (S cm™1)

CMCF1 8.37 x 10710
CMCF1 7.42 x 1077
CMCF2 2.96 x 107>
CMCEF3 445 %1074
CMCF4 296 x 1073

From the fitting and analysis of experimental spectra using the EEC technique, one can easily
deal with the mechanism of the system under study [39]. The experimental impedance plots with EEC
modeling for all the electrolyte samples are shown in Figure 7a—d. This model guides us to calculate
and understand the electrical properties of solid-based electrolyte polymers. A three-component
equivalent circuit reflects the experimental impedance plots. To be precise, the three principal elements
are ZCPE1 (constant phase, electrode/electrolyte capacitance, Cinterface), ZCPE2 (another constant phase,
electrolyte capacitance, Cg) and a bulk resistance R}, for the SPE (bulk electrolyte resistance, Rg) (see
Figure 8a). Two elements, R, and ZCPE], are obtained in the high frequency region; in other words,
both respond in the high frequencies, whereas the low frequency spike region is linked to ZCPE2.
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The EECs corresponding to Figure 7a,b are shown in Figure 8a. The ZCPE1 is the response of the
double-layer capacitance formed at the interface region between the electrodes and the SPE [40]. It is
possible to derive ZCPE’s impedance as [41]:

s clo(2) 502

where CPE is constant phase element, capacitance is represented by C, the angular frequency is
denoted by w and p is related to the departure of the plot from the vertical axis in complex impedance
plots. It is worth mentioning that CPE is the acronym most commonly used instead of capacitor in
the context of an EEC model. It is appealing to see that in such a system, the capacitor element in
the circuit is replaced by CPE, where it is a capacitor system in an ideal or pure capacitor. Stated
differently, this implies that the system is a semi-capacitor [40,42], which is the nature of a capacitor
in the electrolyte/electrode system. This is not the case to recognize an ideal capacitor system in the
existing experimental impedance spectra. For the case of expressing the real (Zr), imaginary (Zi)
and complex impedance (Z*) values in the equivalent circuit, it can be formulated in a mathematical
expression in the following way [41]:

R,CiaP! cos(%) + Ry cos(%)
Z =
" 2R,CaP cos(%) +R2C20% +1  CowP?

(4)

, R,CraP? sin(nTpl) sin(nsz)
=

© 2RyCra? cos(L) + R2C20% +1  Cool?

(5)

where Ry, is the bulk resistance. Based on Equations (4) and (5), the experimental impedance plots are
well simulated, as shown in Figure 7, and the EECs are presented in Figure 8. From the impedance
spectra, it is obviously seen that the semicircle size dropped at the high frequency region as the
concentration of salt increased (20 wt.% of NH4F). Figure 7a,b exhibits a model comprising the
incomplete semicircle, from which one can extract the value of R, that is parallel with the CPE element
and series with another CPE relating to a low frequency tail, as shown schematically in Figure 8a.
Predictably, the incomplete semicircle at 30 wt.% and 40 wt.% of NH4F totally disappeared, as shown
in Figure 7c,d. This indicates the possibility of the resistive behavior of SPEs and the CPE component
in series, as shown schematically in Figure 8b. The equivalent circuit element parameters of the
blend electrolytes are shown in Table 2. The logical explanation for this result, where the semicircle
disappeared at the high frequency region in the spectra, is explained by the entire conductivity
attributed to a huge ion migration [43]. In this case, the values of Z, and Z; are correlated to the EEC
and can be expressed mathematically as follows:

cos(%)
Zr = Cal + Rb (6)
sin(g)
Zi= CoP )
Ry
. } ZCPE2 R,
ZCPE2 I I
ZCPE1
(a) (b)

Figure 8. Schematic illustration of the EECs for (a) parallel combination of a resistor and capacitor in
series with another capacitor and (b) series combination of a resistor and capacitor. The resistor is
represented by the symbol ———=— and the capacitor is represented by —i—.
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Table 2. The parameters of the circuit elements of the blend electrolytes.

p1 p2 k1 k2 (o] C

Electrolytes  ("4)  (rad)  (F1) (F-1) B )
CMCF1 0.89 060 7.00x10° 290x10° 143x10710 3.45x1077
CMCF2 0.56 077  4.00x10° 2.55x10° 250%x 1077 3.92x1077
CMCF3 - 0.77 - 2.10 x 10° B 4.76 x 107°
CMCF4 - 0.81 - 1.13 x 10° - 8.85 x 107°

k is the inverse of C (k = 1/C).

3.3. EDLC Characteristics

TNM and LSV Study
To study total conductivity in SPBEs, TNM analysis was determined and the dominancy of ions to
the total conductivity was verified. It was also proven that electrons partly contributed to the overall
conductivity. Therefore, both electronic (f.) and ionic (¢;) transference numbers can be obtained via:
Ii = I

t = I (8)

where [; is the current at the initial stage and I; is the current at the constant stage. Figure 9 displays
the TNM plot for the highest conducting SPE. From the procedure, as the cell was disturbed by the
working voltage of 0.2 V, the value of I; was obtained at 15.7 A. The high value of the current at the
initial stage was assigned to both ions and electrons as charge-carrying species. As the procedure
continued, a dramatic drop in the current was seen before reaching a constant value of 4.2 A. Obviously,
this decrease in the initial total current is ascribed to the depletion of the ionic species in the bulk
electrolyte and became constant in the completely depleted state [43]. This phenomenon is explained
on the basis of the ion-blocking effect at the stainless-steel electrodes. Kufian et al. [44] clarified this
behavior and stated that, as polarization occurs in the cell, a constant current stage reaches its value
and the cause of the remaining current flow is related to electrons alone. The values of t, and ¢; were
determined to be 0.27 and 0.73, respectively. This finding is of major importance, since it clarifies
the main contribution of ions compared to electrons in the total conductivity. These data results are
in good harmony with those reported for the carboxylmethylcellulose-NH4F system by Ramlli and
Isa [45]. Kyle et al. [46] recommended that the high value of the ionic transference number verifies to a
large extent that the SPE behaves as an ionic conductor.

Among a number of characteristics of SPEs, electrochemical stability is critical, and from this
one can decide the viability of SPEs in electrochemical devices. In this work, the potential window
extended to ~1 V [47]. Figure 10 exhibits the LSV for the relatively highly conducting SPE. Electrolytes
used as electrode separators in EDLC devices will be subjected to a continuous process of rapid
charge—discharge. During the charging process, a high voltage will be produced and the electrolyte film
will breakdown. Thus, it is crucial to charge the EDLC to a potential value well below the breakdown
voltage. Within the potential range from 0 to 1.7 V, there was no significant current change as the
potential swept. Despite the current rising beyond 1.7 V, it was not considerable. As the potential
exceeded 2.3 V, the current rose significantly, indicating electrolyte decomposition at the surface of the
inert electrodes [48]. Remarkably, it is realized that the CS:MC:NH4F system is stable electrochemically
within the specified potential range. Previously reported work [49] for an NH4F-based CS:dextran
system found an electrochemical stability up to 1.7 V. Therefore, the CS:MC:NH4F system can be
utilized in EDLC fabrication.
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Figure 10. LSV plot for the highest conducting SPE with a scan rate of 50 mV/s.
3.4. EDLC

To investigate capacitive behavior of an EDLC, itis the preliminary test to record cyclic voltammetry
(CV). Figure 11a highlights the CV of the assembled EDLC at a sweep rate of 10 mV/s. The schematic
diagram for CV measurement is shown in Figure 11b and the realist image of the prepared electrolyte
after the LSV test is presented in Figure 11c. It is noticed that the shape of the CV is almost rectangular
with the absence of any redox peaks. This is a good sign of the pure EDLC (completely capacitor)
and there was no signature for the existence of pseudocapacitors in the energy storage system [50].
Therefore, the non-Faradaic charge storage comprises ion adsorption and accumulation at the interfacial
region rather than an intercalation/deintercalation process. More clearly, both electrons and ions
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accumulate at the interface of electrodes and electrolyte, respectively. The charge accumulation in this
region makes a double-layer charge regime in the form of potential energy [51]. Typically, an ideal
capacitor manifests in a perfect rectangular shape of CV. The non-ideal rectangular shape of our CV
might be caused by both internal resistance and electrode porosity [52]. To analyze the obtained
results, it is calculable to find the specific capacitance (Cspe) of the assembled EDLC from the CV via

the following equation:
Vi 1(V)dv
Cspe = f L (10)
Vi 2mv(Vf - Vi)

where I(V)dV is the area of the CV which is determined using Origin 9.0 software through the
integration function. The chosen V; and Vy in the present work are 0 V and 0.9 V, respectively, and m
and v are the mass of used active material and sweep rate, respectively. The value of Csp, extracted
from the CV was 58.3 F/g. This value is comparable to that obtained from the charge-discharge graph.

At a current density of 0.2 mA/cm?, the rechargeability of the assembled EDLC is depicted in
Figure 12a. From the figure, it can be seen that the plot is approximately linear in a triangular shape,
which is a capacitive characteristic of the EDLC [53]. The results from the galvanostatic technique are
in a high harmony with those from the capacitive CV analysis, confirming the capacitive behavior. It is
straightforward to calculate specific capacitance (Cs) from the slope (s) of the charging and discharging
curve using the following relationship:

Cs = o (11)

where i is the applied current, which was 0.4 mA in the present work.

Figure 12b presents Cs for the complete 100 cycles. Cs was 82.3 F/g for the 1st cycle. The relatively
high value of C; in the initial few cycles was caused by the rapid development of the potential double
layer due to electron and ion accumulation at the electrode and the electrolyte interfacial region.
The value dropped to 78.4 F/g in the 5th cycle. This decline in specific capacitance value with increasing
cycle number might be caused by ion association to form ion pairs or ion aggregation, which blocked
the migration of free ions towards the carbon electrode [54]. Then, the value of C; stabilized from the
10th cycle to the 100th cycle with an average C; value of 64.1 F/g. This value was nearly the same
as that obtained from the CV analysis. The study of the EDLC of various active materials and their
corresponding specific capacitances are presented in Table 3.

Another two important parameters are efficiency (1) and equivalent series resistance (ESR),
which were determined for the assembled EDLC in 100 cycles. The n value can be computed easily from
the discharging (t4;5) and charging (t,) times, as shown in Figure 13a using the following equation:

n= Lais x 100 (12)
tcha

From Figure 13a, one can see clearly that the 7 in the 1st cycle was 43% and increased remarkably
to 75% in the 5th cycle. The lower value of recorded 1 in the initial cycle might owe to the longer
duration of the charging process, where the ions and electrons built the charge double layer at the
surface of the carbon electrodes/electrolyte. Almost the maximum value of 92% was reached in the
30th cycle, which then became constant at an average of 92.1% up to the 80th cycle. At the steady
state, charging time was almost the same as the discharging time, which is ideal for a typical capacitor.
Interestingly, the value of ) decreased to 91.5% and 90.4% in the 90th and 100th cycles, respectively.
The efficiency decline of the EDLC system resulted from the development of internal resistance. It is
worth mentioning that n) was observed to be harmonized with Cs, when it lowered from 65.8 F/g to
90.1 F/g in the 90th and 100th cycles, respectively. Shukur et al. [58] pointed out that a satisfactory
EDLC must have 90-95% 7. It was also claimed that a relatively high value of efficiency reflects a

compatible electrolyte—electrode contact.
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Figure 11. (a) CV measurement for the highest conducting SPE at 10 mV/s from 0 to 0.9 V, (b) schematic
diagram of the CV measurement unit for the fabricated electric double-layer capacitor (EDLC) cell,
and (c) realist image of the highest conducting SPE when reaching the breakdown voltage.
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Figure 12. (a) Charge-discharge profile for the assembled EDLC at 0.2 mA/cm?, (b) specific capacitance
of the assembled EDLC for 100 cycles.

Table 3. EDLC studies with various active materials and their specific capacitances.

System Active Materials Cs (F/g) Reference
CS:poly(ethylene oxide) (PEO):NH4SCN Activated carbon 3.8 [55]
Poly(vinyl alcohol)(PVA):dextran:NHyI Activated carbon 4.2 [56]
CS: MC:NH4I Activated carbon 6.9 [8]
CS:Dextran:NHyI Activated carbon 19.1 [10]
Hydroxylethy.I .cellulose + Mng2 + EMIMT Activated carbon 5.1 [1]

+ silica nanoparticles

PVA + CH3COONH4 + BmImCl Activated carbon 31.3 [3]
MC + NH4NO;3; + PEG PEG/Activated carbon 38 [50]
PVA/polystyrene Carbon 40 [57]
Cellulose + NaySOy Cellulose nanofiber + graphite 43 [21]

CS/MC + NH4F Activated carbon 64.1 This work
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assembled EDLC for 100 cycles.

Figure 12a showed that the drop voltage (Vi) in the charge—-discharge profile starts insignificantly
prior to the discharging process starting in the assembled EDLC system. This Vy;,, of the assembled
EDLC in the present study was quantized, ranging from 0.026 to 0.048 V. This drop in potential might
be related to the development of internal resistance in the bulk electrolyte, which is called equivalent
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series resistance (ESR) and can be calculated from the following relationship:
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The equivalent series resistance (ESR) of the EDLC for the complete 100 cycles is exhibited in
Figure 13b. From the figure, the value of ESR in the 1st cycle was 65 () and increased to 75 () in the 10th
cycle. One of the interesting observations is an almost constant value of ESR from the 20th to the 80th
cycle, with an average value of 86.6 (). Furthermore, the ESR value increased to 102 (2 and 120 ) as
the cycle number was increased to 90 and 100, respectively. A harmonized trend is seen in the pattern
of Cs and 7, where it is almost constant from the 20th cycle to the 80th cycle and starts to drop at the
90th cycle. Herein, three main factors are discussed that caused this increase in the internal resistance
of the EDLC. Firstly, ion aggregation was formed from a rapid charge—-discharge process. Secondly,
the electrode—electrolyte gap resulted in an increase in the internal resistance. Thirdly, there was a
technical issue caused by the fabrication of carbon electrodes on the aluminum current collector [59].

The crucial parameters in the investigation of an EDLC are energy (E4.,) and power (Pg,;,) density.
The energy density (Wh/kg) shows how much energy can be stored by an EDLC, whereas power
density (W/kg) is a measure of the energy or power that can be delivered by an EDLC [60]. Simply,
both E 4., and Py, can be obtained from the equations shown below:

CV
Eden = ST (14)

V2

Pies = 4m(ESR)

Figure 14a,b presents the energy density and power density of the fabricated EDLC for 100 cycles,

respectively. The applied voltage (V) on the assembled EDLC in the present work was 0.9 V and

the magnitudes of both E,, and Py, in the 1st cycle were 9.3 Wh/kg and 1282 W/kg, respectively.

These magnitudes dropped to 7.3 Wh/kg and 1041 W/kg at the 20th cycle for the energy density and

power density, respectively. From the data analysis, it was recorded that the energy density magnitude

was almost constant at an average of 7.3 Wh/kg and the power density magnitude remained nearly

constant at 964 W/kg from the 20th cycle to the 80th cycle. The key observation is that the magnitudes
of energy and power density exhibited a significant lowering in the 90th and 100th cycles.
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Figure 14. (a) Energy density of the assembled EDLC for 100 cycles and (b) power density of the
assembled EDLC for 100 cycles.

These patterns harmonized with the patterns of Cs, n and ESR. From an earlier study [18], the EDLC
of the CS:dextran:NH4F electrolyte as the electrode separator reached magnitudes of 1.4 Wh/kg and
428 W/kg for E4,, and Pg,y,, respectively. The higher magnitudes of both the energy and power density
recorded for the current work might be due to the lower extent of crystallinity of MC compared
to dextran. In other words, the high ion mobility governs these crucial parameters. Furthermore,
even from other studies, the degree of the crystallinity of dextran was reported to be 35.92 [61], while for
MC, it was 32.89 [62]. It emphasized to a large extent that the conduction of ions is favorable in the
amorphous region [63]. Ultimately, it is realized that the ion conduction in the CS:MC system is greater
than in the CS:dextran host towards the electrode surface. Therefore, the more ions that diffuse and
migrate towards the electrode surface, the larger the development of charge double layers, which in
turn results in higher energy storage, and better performance of the EDLC. A consistent value of energy
density during the ion transport towards the carbon electrodes confirms that ions in the CS:MC:NH4F
electrolyte experience the same energy barrier [64]. Generally, the EDLC performance decline based on
Cs, 1, Egen and Py, magnitudes is due to electrolyte depletion. It is worth mentioning that the rapid
charge—discharge process causes free ions to recombine back to from aggregated ions, and consequently
electrolyte depletion takes place. Eventually, the depletion of electrolyte phenomenon lowers the
potential energy growth at the surface of the carbon electrodes [65-70].

4. Conclusions

In this work, a solid polymer blend electrolyte (SPBE), based on CS and MS incorporated with
different amounts of NH4F, was prepared. The possibility of employing the prepared SPBE in EDLC
fabrication was investigated and the performance of the device was analyzed. The FTIR spectra
revealed that there was a strong interaction between CS, MS and even NH4F as a dopant. Both the
peak shifting and intensity reduction of the XRD pattern were a good indication of the interaction
between the components of the system. The structural analysis of the system confirmed the prevalence
of an amorphous region. From EIS, the improvement of conductivity with increasing salt concentration
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was highlighted due to a rise in the number of mobile charge carriers. The charge carrying in total
conduction mainly depended on ions, whereas electrons were a less common contributor, as f. and
t; were determined to be 0.27 and 0.73, respectively. The rectangular shape of the CV revealed the
presence of pure EDLC with capacitive behavior and recorded a high specific capacitance of 64.1 F/g.
The high efficiency (above 90%) proved a good electrode—electrolyte contact. The suitability of the
EDLC system was justified via energy and power density analysis. The relatively low value (86.6 (2) of
equivalent series resistance (ESR) over 80 cycles supported the good performance of the fabricated
EDLC. Overall, the high conduction and electrochemical stability are behind the obtained relatively
high energy and power density of 7.3 Wh/kg and 964 W/kg, respectively. Finally, it was concluded that
the high conduction, electrochemical stability, low equivalent series resistance and amorphous nature
played crucial roles in the good performance of the EDLC cell.
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Abstract: The use of phosphoric acid doped polybenzimidazole (PBI) membranes for fuel cell
applications has been extensively studied in the past decades. In this article, we present a systematic
study of the physicochemical properties and proton conductivity of PBI membranes doped with
the commonly used phosphoric acid at different concentrations (0.1, 1, and 14 M), and with other
alternative acids such as phytic acid (0.075 M) and phosphotungstic acid (HPW, 0.1 M). The use of
these three acids was reflected in the formation of channels in the polymeric network as observed by
cross-section SEM images. The acid doping enhanced proton conductivity of PBI membranes and,
after doping, these conducting materials maintained their mechanical properties and thermal stability
for their application as proton exchange membrane fuel cells, capable of operating at intermediate
or high temperatures. Under doping with similar acidic concentrations, membranes with phytic
acid displayed a superior conducting behavior when compared to doping with phosphoric acid or
phosphotungstic acid.

Keywords: fuel cells; proton conductivity; electrochemical impedance spectroscopy; polymer;
polybenzimidazole; proton exchange membrane; phosphoric acid; phytic acid; phosphotungstic acid

1. Introduction

Carbon dioxide concentration in the atmosphere has reached worrying values above 400 ppm in
the last months (Figure 1) [1]. These alarming values have focused researchers’ objectives towards
the search for novel and sustainable energy systems to fulfil the world demand [2]. Fuel cells are
electrochemical devices that convert chemical energy into electrical energy in an efficient way [3].
Among the different types of fuel cell, proton exchange membrane fuel cells (PEMFCs), which use an
ion exchange polymer film as the electrolyte, have received special attention due to their low operating
temperature and quick start-up [4,5]. The main component of a PEMFC is the proton exchange
membrane (PEM), which is responsible for proton transport between the anode and the cathode [6].
In this regard, the synthesis of novel polymer electrolyte materials with high chemical, thermal and
mechanical stability combined with elevated conductivity, has absorbed the market over the past few
decades [7-9]. Among the wide array of polymers used for this purpose, Nafion is the most commonly
used PEM material and possesses high proton conductivity as well as excellent chemical stability at
low temperatures [10]; however, its conductivity drops at temperatures above 90 °C, hampering its use
as a high temperature PEMFC [11]. The advantages of working at temperatures above 120 °C include
a remarkable reduction in CO poisoning of the catalyst [12], improvement of diffusion rates and redox
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reactions [13], and simplification in water and heat management [14]. In the quest for novel polymeric
electrolytes for energy applications operating at high temperatures [15], several polymeric families
have been developed in order to replace the widely used perfluorinated polymers [16-18]. Among
these novel polymeric materials, polybenzimidazole (PBI) derivatives have emerged as potential
candidates due to their higher thermal and mechanical stability [19].
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Figure 1. Atmospheric CO, concentration (ppm) in the past 25 years.

PBI (poly[2,2’-(m-phenylen)-5,5"-bisbenzimidazole]) is a heterocyclic, thermoplastic, basic, and
hydrophilic synthetic polymer with a very high glass transition temperature (425-436 °C) [20]. Since
its development in 1961 by H. Vogel and C.S. Marvel [21], PBI has been used by NASA in the Apollo
missions as part of the astronauts’ clothing, but it was not until 1995 that it was used in fuel cells by
Wainright et al. [22]. Despite possessing high and thermal chemical stability, combined with good
mechanical stability, the proton conductivity of PBI membranes is relatively low without chemical
modification of the PBI structure or the introduction of fillers into the PBI matrix. In this regard, the
most widely used strategy to increase proton conductivity in PBI-based membranes is acid doping.
In particular, the use of phosphoric acid (PA) has been established as a standard approach [23-27],
despite drawbacks such as acid leaching and membrane degradation [28,29]. Throughout the past
decades, a variety of alternatives to PA have been used in an attempt to improve the physicochemical
properties and performance of PBI membranes, such as the incorporation of inorganic fillers [30,31],
metallic salts [32,33], carbon-based materials [34,35], zeolitic imidazolate frameworks (ZIFs) [36-38],
and ionic liquids (ILs), among others [39-42].

As mentioned above, phosphoric acid (PA) is by far the most extensively used approach to
enhancing proton conductivity of PBI-based membranes. After acid doping, conductivity can be
enhanced by several orders of magnitude, reaching values in the range of 0.1-0.2 S-cm™!, which are
comparable to Nafion membranes operating at 80 °C under high hydration conditions. However, acid
leaching studies and stability tests after a few operating cycles are generally omitted in these studies.
Among other doping acids used to increase proton conductivity in polymer electrolyte membranes,
phytic acid (myoinositol hexakisphosphate) and phosphotungstic acid (HPW) are among the most
prominent and have emerged as more sustainable alternatives to replace phosphoric acid (Figure 2).
Phytic acid is a phosphorus-containing organic acid that is present in plants, especially in seeds and
fiber. This acid has been used as a doping agent for polymer electrolyte membranes based on Nafion,
yielding excellent proton conductivities [43,44]. On the other hand, HPW, an heteropoly acid with
molecular formula H3P4W1,040, has also been efficiently applied as a proton carrier in proton exchange
membrane fuel cells [45-48].
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Figure 2. Chemical structures of phosphoric acid (PA), phytic acid, and phosphotungstic acid (HPW).

Continuing our ongoing work towards developing novel proton exchange membranes based on
polybenzimidazole for high temperature PEMFCs, we present a systematic study of physicochemical
properties and proton conductivity of PBI membranes doped with phosphoric acid at different
concentrations (0.1, 1, and 14 M) and other alternative acids, such as phytic acid (0.075 M) and HPW
(0.1 M). The use of these three acids was reflected in the formation of channels in the polymeric network
as observed by cross-section SEM images. These membranes exhibited improved proton conductivity
compared to undoped PBI membranes. We also studied other properties of the PBI-doped membranes,
including their phosphoric acid uptake, thermal stability, and mechanical strength. Finally, we also
calculated the proton diffusion coefficient (D) using the Nernst-Einstein equation.

2. Materials and Methods

2.1. Materials

PBI (purity >99.95%, molecular formula: (CooH12N4)n, MW 51,000,) was purchased from Danish
Power Systems. Lithium chloride (LiCl), N,N-dimethylacetamide (DMAc) 99.8%, phosphoric acid (extra
pure, 85% solution in water), phytic acid solution (50% (w/w) in H,O), sodium hydrogen phosphate
(NagHPOy), and sodium tungstate dihydrate (Na, WO4-2H,0) were purchased from Sigma-Aldrich
(Aldrich, Madrid, Spain). The phosphotungstic acid solution was prepared using Na,WO,-2H,0O
and Nap,HPOj as precursors, by mixing 1.10 g of Nap,HPO4 and 5.95 g of NayWO,4-2H,0O in 30 mL of
deionized water at 50 °C.

2.2. Membrane Preparation.

Initially, a DMAc solution containing 0.1 wt.% of LiCl (used as a stabilizer) was prepared by
dissolving 100 mg of LiCl in 100 mL of DMAc under vigorous stirring (1 h at room temperature) to
give a homogeneous solution. Next, a 10 wt.% PBI solution was prepared by dissolving PBI powder
(10 g) in the DMAc solution (90 g). The mixture was heated under reflux at 120 °C for 6 h. The final
prepared solution had a viscosity of 0.5 Pa-s at 25 °C. Then, PBI membranes were prepared via the
solution cast method. To this end, the PBI solution was cast onto a clean glass slide and dried under
vacuum at 80 °C for 16 h and finally at 140 °C for 10 h. Membranes were washed with distilled water at
80 °C in order to remove residual solvent (DMAc) and LiCl. Traces of the solvent were finally removed
by drying at 160 °C for 16 h. The membrane thicknesses prior to acid doping varied between 100
and 120 um. Finally, membranes were doped with the corresponding acid by immersion in the acidic
solution for 48 h at room temperature.

2.3. Membrane Characterization

Scanning electron microscopy (SEM) images were obtained using a field emission scanning
electron microscope (FE-SEM) model Ultra 55 (Zeiss) operating at 5 kV with energy-dispersive X-ray
(EDX) spectroscopy. Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra of the
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membranes were obtained using a Jasco FTIR spectrometer FT/IR-6200 Series (Jasco) with a 4 cm™!

resolution between 4000 and 600 cm™!. Thermogravimetric analysis (TGA) was performed on a TGA
Q50 thermogravimetric analyzer TGA Q50 (Waters) under nitrogen atmosphere (60 mL-min~!) from 30
to 800 °C using a heating rate of 10 °C-min~!. The acid uptake (AU) of the membrane was calculated
by the following equation: AU (%) = [(Wwet = Wary)/Wary] X 100; where Wyet and W,y refer to the
membrane’s weight after its immersion in the acid solution for at least 48 h at room temperature and
the membrane’s weight after drying at 110 °C for at least 24 h, respectively. The thickness uptake (TU)
of the membrane was calculated by the following equation: TU (%) = [(Twet — Tdry)/Waryl X 100; where
Twet and Tqyy refer to the membrane’s thickness weight after drying at 110 °C for 24 h, respectively.
The tensile properties of the membranes were calculated from stress—strain curves obtained using
a precision universal/tensile tester (Shimadzu AGS-X) at a crosshead rate of 10 mm-min~! at room
temperature. To this end, membranes (five samples of each membrane) with a thickness around
100 um were cut into strips of 30 mm X 6 mm and tested. Proton conductivity measurements (in
the transversal direction) were performed using a broadband dielectric spectrometer (Novocontrol
Technologies, Montabaur, Germany) integrated with an SR 830 lock-in amplifier with an alpha dielectric
interface from 20 to 200 °C by electrochemical impedance spectroscopy (EIS) in the frequency interval
of 0.1 Hz to 10 MHz, applying a 0.1 V signal amplitude. Initially, the temperature was gradually raised
from 20 to 120 °C in steps of 20 °C and the dielectric spectra were collected at each step. During
the measurements, the temperature was isothermally controlled using a nitrogen jet (Quatro from
Novocontrol, Montabaur, Germany) with a temperature error of 0.1 °C during every single sweep
in frequency.

3. Results and Discussion

3.1. Membrane Preparation and Characterization

PBI membranes were prepared by the casting method (Figure 3). For this purpose, a 10 wt.% PBI
solution was prepared using a DMAc solution containing 0.1 wt.% of LiCl (used as a stabilizer). Shortly,
PBI powder was completely dissolved in the DMAc solution, and then the homogeneous solution was
cast onto a clean glass plate and heated in a vacuum oven at 80 °C for 16 h to completely remove the
DMAC, and finally heated at 140 °C for 10 h. Using this methodology, transparent membranes with a
uniform thickness of around 100 um were obtained.

solvent evaporation

Figure 3. Schematic representation of polybenzimidazole (PBI) membrane preparation by the
casting method.
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Next, PBI membranes were doped with phosphoric acid (0.1, 1, and 14 M), phytic acid (0.075 M),
and HPW (0.1 M). Specifically, the acid-doped membranes were obtained by soaking the membranes
in the corresponding acid solution at room temperature for 2 days to ensure complete saturation in the
membrane. After this time, the membranes were removed, wiped down, and dried in a vacuum oven
at 120 °C for 48 h to obtain a constant weight. The acid doping was confirmed by FTIR by the presence
of a broad band centered at 1000 cm™! corresponding to phosphonate groups (see Figure S1). FTIR
spectra of membranes doped with phosphoric and phytic acid, displayed this intense characteristic
band; however, it was very low for the phosphotungstic acid membrane, indicating a low degree of
doping of this heteropoly acid in the PBI-HPW membrane.

Acid uptake and swelling are critical parameters to be considered when studying polymeric
membranes for PEM fuel cell applications [49]. In this regard, the performance of a membrane is
generally evaluated according to its proton conductivity, which is strongly dependent on its water or
acid content. In this regard, high proton conductivity is associated with high levels of acid uptake; at the
same time, it is also a sign of low-dimensional stability, as acid modifies the polymer microstructure
and mechanical properties. Table 1 shows the acid uptake (AU), swelling, and thickness uptake (TU) of
the PBI membranes measured at room temperature after immersion of 48 h in deionized water (DIW),
phosphoric acid at different concentrations (0.1, 1, and 14 M), and phytic acid and HPW, at 0.075 and
0.1 M, respectively. The acid doping level was calculated by measuring the weight changes between
dry doped membranes (W,ciq) and dry undoped membranes (Wgyy), where Macig and Mppy represent
the molecular weight of acid (97.99 for PA, 660.04 for phytic acid, and 2880.05 for HPW) and the
repeating unit of PBI (308.34 for CyoH1,Ny), respectively.

(Wacid - Wdry) /Macid
Wary /Mppi

acid doping level = (1)

As mentioned above, the acid doping level is a fundamental parameter for proton transport and
expresses the number of acid molecules per monomer unit in the polymeric network. Accordingly, the
higher the acid doping level of the membrane, the higher its proton conductivity. As shown in Table 1,
the acid doping level was dependent on acid concentration and, as expected, higher acid doping levels
were obtained for the membrane doped using the highest concentration (PBI-PA 14 M). Accordingly,
higher swelling and TU were also observed for higher acid concentrations. In contrast, low acid doping
levels were obtained when using phytic acid and HPW as alternative acids to conventional phosphoric
acid doping, as also observed in previous studies by Kawakami and coworkers [44]. In this regard,
to have a fair comparison, acid doping levels need to be compared with PBI-PA 0.1 M, as phytic acid
and HPW were used at concentrations of 0.075 and 0.1 M, respectively. Due to the low solubility of
phytic acid in water, the concentration of phytic acid corresponds to the commercially available phytic
acid solution (50% (w/w) in H,O).

Table 1. Acid uptake (AU), swelling, and thickness uptake (TU) of the PBI membranes doped at room
temperature under different conditions. DIW, deionized water.

Membrane AU (%) Swelling (%) TU (%) Acid Doping Level (%)
PBI-DIW 4+1 5+1 4+1 —
PBI-PA 0.1 M 19+1 9+1 8x1 0.60
PBI-PA 1M 63+3 17 +1 22+2 1.98
PBI-PA 14 M 278 £ 5 63+4 80+3 8.74
PBI-phytic acid 21+1 12+1 10+1 0.10
PBI-HPW 25+1 15+1 9+1 0.03

The internal microscopic morphologies of membranes were studied by SEM images. The SEM
images of cryo-fractured cross-sections of the different PBI membranes are shown in Figure 4. The
cross-section morphology of the undoped PBI membrane was dense and free of holes. However,
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after the addition of PA, the morphology of all membranes showed the formation of channels due to
the presence of the acidic filler, reflected in the appearance of holes in the cross-section SEM images.
After PA doping, the morphology of all membranes showed the formation of channels in the polymer
network due to the presence of PA molecules, as observed in similar systems [50]. The doping with
phytic acid and HPW also showed the presence of microstructures which might be involved in the
conduction process. It could also be observed that the rough cross-section microscopic morphologies
of PA-doped membranes resulted in a rough fracture cross-section attributed to the plasticizing effect
of phosphoric acid.

Figure 4. SEM images of cross-sections of PBI membranes after immersion in DIW (A,B), phosphoric
acid 0.1 M (C,D), phytic acid 0.075 M (E,F), and HPW 0.1 M (G, H).

One of the major properties to be considered in the development of proton exchange membrane for
fuel cell applications is their thermal stability [51]. The thermal behavior of the membranes was studied
via thermal analysis under N, atmosphere with a 10 °C-min~! heating rate. As shown in Figure 5, the
thermal stability of PBI membranes was investigated by thermogravimetric analysis (TGA). For the
PA-doped membranes, all the curves displayed a similar trend. The first degradation step was observed
at 160 °C, which is attributed to the formation of pyrophosphoric acid through a condensation reaction
of phosphoric acid. A second step was observed at about 600 °C and was associated to the degradation
of the PBI main chain and the continuous dehydration of the pyrophosphoric acid to polyphosphoric
acid. The results are similar to previously reported PBI membranes [46]. The weight loss curves for
the PBI-phytic acid and PBI-HPW membranes presented a similar degradation trend. Furthermore,
all the membranes showed similar Tg4s9, to the pristine PBI membrane. From the thermogravimetric
analysis it can be concluded that the reported membranes possess an adequate thermal stability for
their application as proton exchange membrane fuel cells for intermediate or high temperatures.

The study of mechanical properties of polymer electrolyte membranes is of the utmost importance
for future application as PEM fuel cells [52]. In this regard, PEMs possessing excellent mechanical
properties are highly demanded; however, high values of PA doping generally produce a decrease in
the mechanical strength of PBI membranes, as PA molecules reduce the interaction between polymeric
chains. The tensile properties of the acid-doped membranes were determined from stress—strain curves
obtained with a universal testing machine at a crosshead rate of 10 mm-min~"! at room temperature.
For that, rectangular samples (30 mm X 6 mm) with a thickness of 150 um (five samples of each type of
membrane) were tested and the average results are given in Table 2 with the corresponding standard
deviation. For a better comparison, the Young’s modulus, tensile stress, and elongation at break values
of the pure PBI dry membrane are also included. The undoped pristine PBI membrane had a Young’s
modulus of 2.52 GPa, a tensile strength of 174 MPa, and an elongation at break of 18%. As observed,
the immersion in water decreased both Young’s modulus and tensile stress. Meanwhile, the value of
elongation at break increased. Phosphoric acid doping produced a similar effect, being more marked
as the acid concentration increased, due to the plasticizing effect of phosphoric acid. The mechanical
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properties of the phosphoric acid-doped PBI membranes can be improved by lowering the acid doping
level; however, the proton conductivity is dramatically reduced. This significant reduction of the
PA-doped PBI membrane strength has been reported by other researchers in the literature [53,54]. PBI
membranes doped with low concentrations of other acidic fillers, such as phytic acid and HPW, also
displayed high values of elongation at break, in the range of 119-125%. The values are comparable with
those of other reported PBI membranes [55-58]. It should be noted that all the composite membranes
exhibited a tensile strength of above 2.0 MPa, which was strong enough for the fabrication of membrane
electrode assemblies (MEAs) that could be evaluated in fuel cell performance tests [59,60].
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Figure 5. Thermogravimetric analysis of PBI membranes doped with different acids and concentrations.
Inset: zoom at the 50-400 °C region.

Table 2. Mechanical properties of the PBI membranes doped under different conditions.

Membrane Young’s Tensile Elongation

Modulus (GPa) Stress (MPa) at Break (%)
PBI-dry 252 +0.17 174 + 4 18+2
PBI-DIW 213 +0.21 98 +6 66 +3
PBI-PA 0.1 M 1.58 + 0.19 92 +5 89 +5
PBI-PA 1M 1.22 +0.12 75+ 4 108 +7
PBI-PA 14 M 0.11 = 0.02 19«2 189 +9
PBI-phytic acid 1.11 +£0.15 71+2 119 +5
PBI-HPW 1.67 +0.13 90 +4 125+ 6

3.2. Proton Conductivity

The analysis of proton conductivity is of the utmost importance for evaluation of a membrane to
be considered as a membrane electrode assembly (MEA) in the manufacturing of proton exchange
membrane fuel cells (PEMFCs). Among the different techniques generally used to measure proton
conductivity in membranes, electrochemical impedance spectroscopy (EIS) has emerged as a powerful
electrochemical technique to measure the proton conductivity of PEMFCs [61-63]. The through-plane
conductivity of the PBI-doped membranes at different temperatures (from 20 to 200 °C) was determined
by EIS using a blocking electrode configuration.

Generally, the proton conductivity in acid-doped membranes based on PBI are generally reported
on a unique measurement at different temperatures. However, proton conductivity is not constant and
generally drops after a few operating cycles. In order to evaluate the stability of proton conductivity in
the acid-doped membranes, proton conductivity of the membranes was evaluated in four consecutive
cycles. To this end, in the first ramp, measurements were performed in steps of 20 °C from 20 to
200 °C. Then, the sample was cooled down and a second ramp of measurements was applied in the
temperature interval from 200 to 20 °C. This procedure was systematically repeated in the third (from
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20 to 200 °C) and fourth ramp (200 to 20 °C) of measurements (see Figure S2). The dc-conductivity
was obtained from the Bode diagram, which shows the real part of the conductivity (o) as a function
of the frequency. Ideally, the proton conductivity of the membrane can be obtained from the value
of the conductivity in the region of high frequencies where the conductivity reaches a plateau [64].
Accordingly, the proton conductivity was obtained from the Bode plots in the different measurement
cycles (Figure 6).
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Figure 6. Bode diagrams at 140 °C for the acid-doped membranes: PBI-PA 0.1 M (a), PBI-PA 1 M (e),
PBI-PA 14 M (m),PBI-phytic acid (¥), and PBI-HPW (4) measured in different cycles.

As shown in Figure 6, the values obtained for the dc-conductivity (o) varied depending on the
measurement cycle. Consequently, these results show that the conductivity of the membranes does not
remain constant with temperature and time, which can be associated to the varying density of charge
carrier into the membranes. In this regard, conductivity decreased along the different measurement
cycles, changing about two orders of magnitude from the first to the fourth ramp in the case of
PA-doped membranes PBI-PA 14 M and PBI-PA 1 M; around three orders of magnitude for the
sample PBI-PA 0.1 M, and four orders of magnitude for the PBI-phytic acid membrane. This effect is
attributed to the rapid loss of the free phosphoric acid molecules from the doped membranes. The
leaching problems of acids from PBI membranes were evaluated in a long-term conductivity study of
the membranes at 25 °C showing that a significant decrease in conductivity was observed after 24 h
(Figure S3). This drawback was also observed in a long-term conductivity study at 10 °C (Figure 7),
which is a usual operating temperature for high temperature (HT)-PEMFC membranes. As observed,
and although PBI-PA 14 M membrane has a high proton conductivity, its value decreased around two
orders of magnitude after 24 h, indicating an important acid leaching. Interestingly, PBI-phytic acid
membrane has a lower leaching drawback and its conductivity at 160 °C was similar to that of PBI-PA
1 M membrane, contrary to what was observed at 25 °C, where PBI-PA 1 M membrane had a superior
conductivity value. This result shows that phytic acid can be a promising candidate to be used at high
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temperatures. However, the use of other fillers such as ionic liquids and metal organic frameworks,
among others, can help to more efficiently retain the acidic additive.
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Figure 7. Long-term conductivity study at 160 °C for PBI-PA 0.1 M (m), PBI-PA 1 M (e), PBI-PA 14 M
(a), PBI-phytic acid (0.075 M) (¥), and PBI-HPW (0.1 M) (¢) membranes.

Considering the first cycle, the Bode diagrams in all temperature ranges (Figure S4) showed that
the conductivity increased as the temperature increased. As expected, in the PA-doped membranes,
the proton conduction depended on the concentration of phosphoric acid molecules. As described, the
phosphoric acid molecules can interact with the imidazole ring in the PBI backbone, allowing protons
to jump between the PBI network and promote proton transport through hydrogen bond formation and
cleavage processes [65,66]. The proton conductivities at 40 °C were 5.6 x 1077,2.9 X 107, and 1.8 x 1072
S-em~!, while at 140 °C they were 5.8 X 107, 2.5 x 1073, and 5.3 x 1072 S-cm™" for PBI-PA 0.1 M, PBI-PA
1 M, and PBI-PA 14 M, respectively. It is worth noting that phosphoric acid possesses a high intrinsic
proton conductivity, which is mainly attributed to the presence of polarizable hydrogen bonds in a
dense network [67]. Conductivities of PBI-phytic acid and PBI-HPW at the same temperatures were
3.2x107% and 4.1 x 107° S-cm™!, which decreased to 2.6 x 10~* and 1.9 x 10~ S.em™1, respectively, at
140 °C. When comparing the conductivity of PBI-phytic acid and PBI-HPW membranes, the phytic
acid analogue has a conductivity several orders of magnitude higher than the latter at all temperatures
studied. Despite proton conductivities obtained with membranes doped with alternative acids such as
phytic acid and HPW being different to those obtained with concentrated phosphoric acid (PBI-PA
14 M or PBI-PA 1 M), some interesting trends can be observed when compared to the sample with a
similar concentration of acidic filler (PBI-PA 0.1 M). First, the PBI-HPW membrane displayed higher
conductivity than PBI-PA 0.1 M, but lower than PBI-phytic acid membrane at low temperatures (below
80 °C). However, a strong decrease in proton conductivity was observed for the PBI-HPW membrane
at 100 °C. A plausible explanation can be attributed to the evaporation of water molecules, which
hampers proton transport under anhydrous conditions. Heteropoly acids such as HPW, generally exist
in hydrated phases, in which the water molecules can form bridges between ionic clusters to facilitate
proton mobility [68]. Secondly, the PBI-phytic acid membrane displayed a higher performance than
PBI-PA 0.1 M membranes, both being in the same order of acid concentration. From these results,
we can conclude that proton conductivity is several orders of magnitude higher for the membrane
of PBI-phytic acid (2.6 x 107* S-cm™! at 140 °C) when compared to PBI-HPW (1.9 x 107! S.em™}),
and a few orders of magnitude higher than the PBI membrane doped with phosphoric acid at 0.1 M
(5.8 x 107 S-cm™!). These results may pave the way for the use of this natural acid obtained from
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plants with unique properties, such as a high phosphate groups content and good chemical and thermal
stability [69].

In order to further study the proton conduction mechanism of the membranes, the Arrhenius
plots of all the membranes and their proton conduction activation energy values (E,ct) were analyzed.
Figure 8 shows the tendency of the conductivity (o) with temperature for all the membranes in the
range of temperatures between 20 and 200 °C. As observed, proton conductivity increases for all
membranes from 20 to 180 °C, following typical Arrhenius behavior. However, for the PBI-HPW
membrane, a strong decrease in proton conductivity is observed at 100 °C. Despite HPW having one of
the strongest acidities among the different heteropoly acids, its solubility in water is very limited and
this drawback has limited its use in PEMFCs, as only a few reports based on PBI [70-72] and other
polymeric matrices [73,74] have been described.

0
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Figure 8. Temperature dependence of proton conductivity (o) in all the range of temperatures for
PBI-PA 0.1 M (m), PBI-PA 1 M (e), PBI-PA 14 M (a), PBI-phytic acid (0.075 M) (¥), and PBI-HPW (0.1
M) (#) membranes.

As observed, proton conductivity (o in S-em™!) followed typical Arrhenius behavior, where a
linear tendency can be described in all the range of temperatures following the equation

Inc =lnoyg— == (2)

where 0y is a pre-exponential factor (S-cm_l), Eqct is the activation energy (kJ-mol™), and R is the
ideal gas constant (8.314 ]-K~!-mol~!). Using Equation (2), the activation energy was obtained from
the slope of the linear fit for each sample. In this regard, the obtained values (see Table 3 for exact
values) followed the trend: Eat (PBI-PA 14 M) ~12 < Eat (PBI-PA 1 M) = E,¢t (PBI-phytic) = ~25
< Eaet (PBI-PA 0.1 M) = ~28 < < E,¢ (PBI-HPW) = 31 kJ-mol~!. These results indicate that proton
mobilities increased with the amount of phosphoric acid (i.e., the increase of PA concentration produces
a decrease in activation energy which can be attributed to the increasing number of charge density of
carriers (protons)). In other words, PA forms channels in the organic phase of porous PBI, as observed
by SEM analysis of polymer morphology, facilitating the mobility and consequently, increasing proton
conductivity.
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Table 3. Proton conductivities (o) for all membranes under study at 20, 80, and 140 °C (obtained from
the first measurement ramp) and calculated activation energies (Eact).

Membrane 0 5oc (S-em™1) O0gooc (Sem™) 0490 (S:em™1) Eact (kJ-mol~1)
PBI-DIW 1.1x 1074 14x10713 2.5 % 10712 52.6 +2.1
PBI-PA 0.1 M 1.6 x 1076 2.7 %1076 5.8 x 107 275+38
PBI-PA 1M 58 x 1074 1.2 x 1073 25x%1073 24.7 +£3.2
PBI-PA 14 M 2.5 %1072 3.4 %1072 5.3 x 1072 11.6 + 0.7
PBI-phytic acid 1.3x107° 1.1x 1074 26x1074 25.1+2.3
PBI-HPW 4.8 x107° 29x1076 1.9 x 1071 30.8 +2.8

Typically, proton conduction in polymeric membranes refers to the process of transport of
hydrogen ions in one direction and can be rationalized according to two conduction pathways: the
Grotthuss mechanism [75] and the vehicle mechanism [76]. In the Grotthuss mechanism, the proton
transport is rationalized by means of the jump of protons in a hydrogen bond network composed
by the different groups capable of forming hydrogen bonds, both from the PBI and acidic filler. On
the other hand, the proton transport can be explained via the vehicle mechanism through the free
phosphoric acid molecules or other acids present in the PBI matrix. The Grotthuss mechanism is
characterized by a lower activation energy and according to the calculated activation energy (Table 3),
the Grotthuss mechanism dominates the proton transport in acid-doped PBI membranes. Similar
activation energies were obtained for PBI-PA 1 M, PBI-PA 0.1 M, and PBI-phytic acid membranes,
but PBI-PA 14 M displayed a lower value as the PA concentration is much higher and therefore, the
proton transport is more favored. This activation energy is similar to other reported PBI-PA-doped
membranes [77,78] and that obtained for an 85% phosphoric acid solution [79].

Assuming that protons are the only available ions that can participate in the charge transport, the
diffusivity (D) can be estimated from the conductivity (o) which was previously determined with the
Bode diagrams. According to this consideration, the ionic diffusivity can be estimated applying the

Nernst-Einstein equation [80]
oRT

D= FC, 3)
where C, is the concentration of ions in the membrane, o the dc-conductivity, R is the gas constant, F is
the Faraday constant, and T is the absolute temperature. Considering the stoichiometric amount of
acid doping, the calculated density of protons was 5.8 x 1073, 19.3 x 1073, and 85.1 x 1073 mol-.em~3,
for PBI-PA 0.1 M, PBI-PA 1 M, and PBI-PA 14 M membranes, respectively. On the other hand, the
calculated density of protons for the PBI-phytic acid (0.075 M) and PBI-HPW (0.1 M) membranes was
4.2 x 1073 and 5.2 X 1072 mol-cm™3, respectively. From these estimated values, the diffusion coefficient
of the different membranes can be calculated from Equation (3). The calculated diffusion coefficients
(D) at different temperatures are shown in Figure 9. As observed, the diffusion coefficient follows a
similar behavior to conductivity from 20 to 180 °C (i.e., typical Arrhenius behavior). Similarly, for
PBI-HPW membrane, a strong decrease is observed from 80 °C.

A comparison between the proton diffusion coefficient at 140 °C obtained from Equation (3),
shows values of 1.4 x 107%°, 1.0 x 107*?, and 1.0 x 1072 m?-s™! for PBI-PA 0.1 M, PBI-PA 1 M, and
PBI-PA 14 M, respectively. The calculated proton diffusion coefficients (D) increased, as expected, with
higher acid concentration. In the case of PBI-phytic acid and PBI-HPW membranes containing acid
concentrations of 0.075 and 0.1 M, respectively, diffusion coefficients of 1.4 x 1071* and 1.0 x 102!
m?-s~! were obtained. As observed, for membranes with low acid doping (concentrations around
0.1 M), the proton diffusion coefficient for PBI-phytic acid was higher than that for PBI-PA 0.1 M and
PBI-HPW membranes, as observed by its superior proton conduction, also reflected by the differences
in the activation energies (Table 3).
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Figure 9. Temperature dependence of the diffusion coefficient (D) for PBI-PA 0.1 M (m), PBI-PA 1 M
(e), PBI-PA 14 M (a), PBI-phytic acid (0.075 M) (¥), and PBI-HPW (0.1 M) (¢) membranes.

Finally, a deep look at the variation of diffusion coefficients with temperatures shows that diffusion
coefficients increase with temperature in agreement with the increase of proton conductivity. The
values found in this work for diffusion coefficients are quite similar to other polymer electrolytes based
on polyethylene oxide (PEO) containing PryN*T" salts, whose values were around 1.8 x 10712 m?-s7! at
temperatures below 100 °C [81]. On the other hand, the values found in this work are 10* times higher
than the diffusion coefficients of conductive ions obtained in copolymer of vinylidene cyanide and vinyl
acetate determined from dielectric measurements using the model of Trukhan at temperatures of 195 °C,
where the concentration of electrolytes present in the polymer was around 20 x 1073 mol cm~3 [82];
this is quite similar to our concentrations of 5.8 x 1073, 19.3 x 1073, 85.1 x 1073, 4.2 x 1073, and
5.2 x 1073 mol-cm~3 for PBI-PA 0.1 M, PBI-PA 1 M, PBI-PA 14 M, PBI-phytic acid (0.075 M), and
PBI-HPW (0.1 M) membranes, respectively.

4. Conclusions

In conclusion, polybenzimidazole membranes containing different acids were prepared and their
performance as HT-PEMFCs was evaluated through the analysis of proton conductivity, which was
studied by EIS using a blocking electrode configuration. The use of these three acids was reflected in the
formation of channels in the polymeric network as observed by cross-section SEM images. These doped
materials maintained their mechanical properties and thermal stability for their application as proton
exchange membrane fuel cells capable of operating at intermediate or high temperatures. The proton
conductivity was strongly dependent on the measurement cycle and decreased along the different cycles.
The acid doping increased proton conductivity of PBI membranes reaching values of 0.05 S-«em™! at
140 °C for PBI-PA 14 M. Under low acid doping (concentrations around 0.1 M), membranes doped with
phytic acid displayed a superior conducting behavior (2.6 x 107 S-cm™!) when compared to doping
with phosphoric acid (5.8 x 107 S-cm™!) or phosphotungstic acid (1.9 x 107! S:em™!). The results
obtained with phytic acid doping may pave the way for the use of this natural acid in combination
with other fillers as a sustainable alternative to the use of phosphoric acid and improve its retention in
the polymeric membrane. Further applications of this natural acid with PBI membranes are currently
under investigation.

106



Polymers 2020, 12, 1374

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/6/1374/s1,
Figure S1: FTIR spectra of undoped PBI and PBI doped with PA, phytic acid, and HPW membranes; Figure 52:
Proton conductivity of the membranes along the four consecutive measurement cycles; Figure S3: Bode diagrams
for the acid-doped membranes for the first ramp of measurement.

Author Contributions: Conceptualization, V.C.; investigation, ].E.; EIS measurements, A.G.-B.; writing—original
draft preparation, J.E.; writing—review and editing, J.E., A.G.-B., and V.C.; supervision, V.C.; project administration,
V.C,; funding acquisition, V.C. All the authors contributed to the discussions. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Spanish Ministerio de Economia y Competitividad (MINECO) under
the project ENE/2015-69203-R.

Acknowledgments: The authors thanks Santiago V. Luis from Universitat Jaume I for technical assistance with IR

measurements, and Enrique Giménez and Oscar Sahuquillo for their technical assistance. Daniel M. Sedgwick
from Universitat de Valencia is gratefully acknowledged for the English language revision.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Earth’s CO2 Home Page. Available online: https://www.co2.earth/ (accessed on 25 March 2020).

2. Kreuer, K.-D. Proton conductivity: Materials and applications. Chem. Mater. 1996, 8, 610-641. [CrossRef]
3.  Steele, B.C.H.; Heinzel, A. Materials for fuel-cell technologies. Nature 2001, 414, 345-352. [CrossRef]

4. Kreuer, K.D,; Portale, G. A critical revision of the nano-morphology of proton conducting ionomers and

polyelectrolytes for fuel cell applications. Adv. Funct. Mater. 2013, 23, 5390-5397. [CrossRef]

5. Bakangura, E.; Wu, L.; Ge, L.; Yang, Z.; Xu, T. Mixed matrix proton exchange membranes for fuel cells: State
of the art and perspectives. Prog. Polym. Sci. 2016, 57, 103-152. [CrossRef]

6.  Konstantinia, D.P,; Fotis, P.; Stylianos, G.N.; Joannis, K.K. Cross-linking of side chain unsaturated aromatic
polyethers for high temperature polymer electrolyte membrane fuel cell applications. Macromolecules 2011,
44, 4942-4951.

7. Armand, M.; Chabagno, ].M.; Duclot, M. Polyethers as solid electrolytes. In Fast Ion Transport in Solids:
Electrodes and Electrolytes; Vashishta, P, Mundy, ].N., Shenoy, G K., Eds.; North Holland Publishers: Amsterdan,
The Netherlands, 1979.

8.  DiNoto, V,; Lavina, S.; Giffin, G.A.; Negro, E.; Scrosati, B. Polymer electrolytes: Present, past and future.
Electrochim. Acta 2011, 57, 4-13. [CrossRef]

9.  Tarascon, J].-M.; Armand, M. Issues and challenges facing rechargeable lithium batteries. Nature 2001, 414,
359-367. [CrossRef]

10. Mauritz, K.A.; Moore, R.B. State of understanding of Nafion. Chem. Rev. 2004, 104, 4535-4586. [CrossRef]

11. Casciola, M.; Alberti, G.; Sganappa, M.; Narducci, R. On the decay of Nafion proton conductivity at high
temperature and relative humidity. J. Power Sources 2006, 162, 141-145. [CrossRef]

12. Li, Q; He, R; Gao, J.-A,; Jensen, J.O.; Bjerrum, N. The CO poisoning effect in PEMFCs operational at
temperatures up to 200 °C. J. Electrochem. Soc. 2003, 150, A1599-A1605. [CrossRef]

13.  Jannasch, P. Recent developments in high-temperature proton conducting polymer electrolyte membranes.
Curr. Opin. Colloid Interface Sci. 2003, 8, 96-102. [CrossRef]

14. Purnima, P; Jayanti, S. Water neutrality and waste heat management in ethanol reformer—HTPEMFC
integrated system for on-board hydrogen generation. Appl. Energy 2017, 199, 169-179. [CrossRef]

15. Hickner, M.A.; Ghassemi, H.; Kim, Y.S.; Einsla, B.R.; McGrath, J.E. Alternative polymer systems for proton
exchange membranes (PEMs). Chem. Rev. 2004, 104, 4587-4612. [CrossRef] [PubMed]

16. Kraytsberg, A.; Ein-Eli, Y. Review of advanced materials for proton exchange membrane fuel cells. Energy
Fuels 2014, 28, 7303-7330. [CrossRef]

17.  Reinholdt, M.X; Kaliaguine, S. Proton exchange membranes for application in fuel cells: Grafted silica/SPEEK
nanocomposite elaboration and characterization. Langmuir 2010, 26, 11184-11195. [CrossRef] [PubMed]

18. Dhanapal, D.; Xiao, M.; Wang, S.; Meng, Y. A review on sulfonated polymer composite/organic-inorganic
hybrid membranes to address methanol barrier issue for methanol fuel cells. Nanomaterials 2019, 9, 668.
[CrossRef]

107



Polymers 2020, 12, 1374

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Araya, S.S.; Zhou, F; Liso, V.; Sahlin, S.L.; Vang, ]J.R.; Thomas, S.; Gao, X.; Jeppesen, C.; Kaer, SK. A
comprehensive review of PBI-based high temperature PEM fuel cells. Int. ]. Hydrog. Energy 2016, 41,
21310-21344. [CrossRef]

Asensio, ].A.; Sanchez, E.M.; Gomez-Romero, P. Proton-conducting membranes based on benzimidazole
polymers for high-temperature PEM fuel cells. A chemical quest. Chem. Soc. Rev. 2010, 39, 3210-3239.
[CrossRef]

Vogel, H.; Marvel, C.S. Polybenzimidazoles: New thermally stable polymers. J. Polym. Sci. 1961, 50, 511-539.
[CrossRef]

Wainright, ].S.; Wang, ].-T.; Weng, D.; Savinell, R.E; Litt, M. Acid-doped polybenzimidazoles: A new polymer
electrolyte. . Electrochem. Soc. 1995, 142, L121-L123. [CrossRef]

Quartarone, E.; Mustarelli, P. Polymer fuel cells based on polybenzimidazole/H3PO4. Energy Environ. Sci.
2012, 5, 6436-6444. [CrossRef]

Wang, L.; Lium, Z.; Ni, ].; Xu, M.; Pan, C.; Wang, D.; Liu, D.; Wang, L. Preparation and investigation of block
polybenzimidazole membranes with high battery performance and low phosphoric acid doping for use in
high-temperature fuel cells. J. Membr. Sci. 2019, 572, 350-357. [CrossRef]

Wang, L.; Liu, Z,; Liu, Y.; Wang, L. Crosslinked polybenzimidazole containing branching structure with no
sacrifice of effective N-H sites: Towards high-performance high-temperature proton exchange membranes
for fuel cells. . Membr. Sci. 2019, 583, 110-117. [CrossRef]

Hu, M.; Li, T; Neelakandan, S.; Wang, L.; Chen, Y. Cross-linked polybenzimidazoles containing
hyperbranched cross-linkers and quaternary ammoniums as high-temperature proton exchange membranes:
Enhanced stability and conductivity. J. Membr. Sci. 2020, 593, 117435. [CrossRef]

Ni, J; Hu, M.; Liu, D.; Xie, H,; Xiang, X.; Wang, L. Synthesis and properties of highly branched
polybenzimidazoles as proton exchange membranes for high-temperature fuel cells. ]. Mater. Chem.
C 2016, 4, 4814-4821. [CrossRef]

Qingfeng, L.; Hjuler, H.A.; Bjerrum, N.J. Phosphoric acid doped polybenzimidazole membranes:
Physiochemical characterization and fuel cell applications. J. Appl. Electrochem. 2001, 31, 773-779. [CrossRef]
Samms, S.R.; Wasmus, S.; Savinell, R.F. Thermal stability of proton conducting acid doped polybenzimidazole
in simulated fuel cell environments. J. Electrochem. Soc. 1996, 143, 1225-1232. [CrossRef]

Ghosh, S.; Maity, S.; Jana, T. Polybenzimidazole/silica nanocomposites: Organic-inorganic hybrid membranes
for PEM fuel cell. |. Mater. Chem. 2011, 21, 14897-14906. [CrossRef]

Escorihuela, J.; Garcia-Bernabé, A.; Montero, A.; Andrio, A.; Sahuquillo, O.; Giménez, E.; Compaii, V. Proton
conductivity through polybenzimidazole composite membranes containing silica nanofiber mats. Polymers
2019, 11, 1182. [CrossRef]

Fuentes, I.; Andrio, A.; Garcia-Bernabé, A.; Escorihuela, J.; Vifias, C.; Teixidor, F.; Compari, V. Structural
and dielectric properties of cobaltacarborane composite polybenzimidazole membranes as solid polymer
electrolytes at high temperature. Phys. Chem. Chem. Phys. 2018, 20, 10173-10184. [CrossRef]

Ozdemir, Y.; Uregen, N.; Devrim, Y. Polybenzimidazole based nanocomposite membranes with enhanced
proton conductivity for high temperature PEM fuel cells. Int. ]. Hydrog. Energy 2017, 42, 2648-2657.
[CrossRef]

Uregen, N.; Pehlivanoglu, K.; Ozdemir, Y.; Devrim, Y. Development of polybenzimidazole/graphene oxide
composite membranes for high temperature PEM fuel cells. Int. ]. Hydrog. Energy 2017, 42, 2636-2647.
[CrossRef]

Reyes-Rodriguez, J.L.; Escorihuela, J.; Garcia-Bernabé, A.; Giménez, E.; Solorza-Feria, O.; Compan, V. Proton
conducting electrospun sulfonated polyether ether ketone graphene oxide composite membranes. RSC Adv.
2017, 7, 53481-53491. [CrossRef]

Escorihuela, J.; Sahuquillo, O.; Garcia-Bernabé, A.; Giménez, E.; Compafi, V. Phosphoric acid doped
polybenzimidazole (PBI)/zeolitic imidazolate framework composite membranes with significantly enhanced
proton conductivity under low humidity conditions. Nanomaterials 2018, 8, 775. [CrossRef] [PubMed]
Barjola, A.; Escorihuela, J.; Andrio, A.; Giménez, E.; Compari, V. Enhanced conductivity of composite
membranes based on sulfonated poly(ether ether ketone) (SPEEK) with zeolitic imidazolate frameworks
(ZIFs). Nanomaterials 2018, 8, 1042. [CrossRef]

108



Polymers 2020, 12, 1374

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Escorihuela, J.; Narducci, R.; Compani, V.; Costantino, F. Proton conductivity of composite polyelectrolyte
membranes with metal-organic frameworks for fuel cell applications. Adv. Mater. Interfaces 2019, 6, 1801146.
[CrossRef]

Liu, S.; Zhou, L.; Wang, P.; Zhang, F; Yu, S.; Shao, Z.; Yi, B. Ionic-liquid-based proton conducting membranes
for anhydrous H2/CI2 fuel-cell applications. ACS Appl. Mater. Interfaces 2014, 6, 3195-3200. [CrossRef]
Kallem, P; Eguizabal, A.; Mallada, R.; Pina, M.P. Constructing straight polyionic liquid microchannels for
fast anhydrous proton transport. ACS Appl. Mater. Interfaces 2016, 8, 35377-35389. [CrossRef]

Escorihuela, J.; Garcia-Bernabé, A.; Montero, A.; Sahuquillo, O.; Giménez, E.; Compari, V. Ionic liquid
composite polybenzimidazol membranes for high temperature PEMFC Applications. Polymers 2019, 11, 732.
[CrossRef]

Mack, E; Aniol, K.; Ellwein, C.; Kerres, ].; Zeis, R. Novel phosphoric acid-doped PBI-blends as membranes
for high-temperature PEM fuel cells. . Mater. Chem. A 2015, 3, 10864-10874. [CrossRef]

Li, Z.; He, G.; Zhang, B.; Cao, Y.; Wu, H,; Jiang, Z.; Tiantian, Z. Enhanced proton conductivity of Nafion
hybrid membrane under different humidities by incorporating metal-organic frameworks with high phytic
acid loading. ACS Appl. Mater. Interfaces 2014, 6, 9799-9807. [CrossRef] [PubMed]

Tanaka, M.; Takeda, Y.; Wakiya, T.; Wakamoto, Y.; Harigaya, K.; Ito, T.; Tarao, T.; Kawakami, H. Acid-doped
polymer nanofiber framework: Three-dimensional proton conductive network for high-performance fuel
cells. J. Power Sources 2017, 342, 125-134. [CrossRef]

Zeng, ].; Zhou, Y,; Li, L.; Jiang, S.P. Phosphotungstic acid functionalized silica nanocomposites with tunable
bicontinuous mesoporous structure and superior proton conductivity and stability for fuel cells. Phys. Chem.
Chem. Phys. 2011, 13, 10249-10257. [CrossRef]

Zhou, Y,; Yang, ].; Su, H.; Zeng, J.; Jiang, S.P.; Goddard, W.A. Insight into proton transfer in phosphotungstic
acid functionalized mesoporous silica-based proton exchange membrane fuel cells. J. Am. Chem. Soc. 2014,
136, 4954-4964. [CrossRef] [PubMed]

Liu, X.; Li, Y.; Xue, J.; Zhu, W.; Zhang, J.; Yin, Y,; Qin, Y,; Jiao, K.; Du, Q.; Cheng, B.; et al. Magnetic field
alignment of stable proton-conducting channels in an electrolyte membrane. Nat. Commun. 2019, 10, 842.
[CrossRef]

Zhai, L.; Li, H. Polyoxometalate-Polymer Hybrid Materials as Proton Exchange Membranes for Fuel Cell
Applications. Molecules 2019, 24, 3425. [CrossRef]

Yuan, J.; Zhou, G.; Pu, H. Preparation and properties of Nafion®y/hollow silica spheres composite membranes.
J. Membr. Sci. 2008, 325, 742-748. [CrossRef]

Zhang, X.; Fu, X.; Yang, S.; Zhang, Y.; Zhang, R.; Hu, S.; Bao, X.; Zhao, F; Li, X.; Liu, Q. Design
of sepiolite-supported ionogel-embedded composite membranes without proton carrier wastage for
wide-temperature-range operation of proton exchange membrane fuel cells. ]. Mater. Chem. A 2019,
7,15288-15301. [CrossRef]

Wang, S.; Zhao, C.J.; Ma, W]J.; Zhang, G.; Liu, Z.G.; Nj, J.; Li, M.Y,; Zhang, N.; Na, H. Preparation and
properties of epoxy-cross-linked porous polybenzimidazole for high temperature proton exchange membrane
fuel cells. J. Membr. Sci. 2012, 411-412, 54-63. [CrossRef]

Bose, S.; Kuila, T.; Nguyen, T.X.H.; Kim, N.H.; Lau, K.; Lee, ].H.P. Polymer membranes for high temperature
proton exchange membrane fuel cell: Recent advances and challenges. Prog. Polym. Sci. 2011, 36, 813-843.
[CrossRef]

Choi, S.-W,; Park, J.O.; Pak, C.; Choi, K.H.; Lee, J.-C.; Chang, H. Design and synthesis of cross-linked
copolymer membranes based on poly(benzoxazine) and polybenzimidazole and their application to an
electrolyte membrane for a high-temperature PEM fuel cell. Polymers 2013, 5, 77-111. [CrossRef]

Lua, Z.; Lugo, M.; Santare, M.H.; Karlsson, A.M.; Busby, F.C.; Walsh, P. An experimental investigation
of strain rate, temperature and humidity effects on the mechanical behavior of a perfluorosulfonic acid
membrane. J. Power Sources 2012, 214, 130-136. [CrossRef]

Yang, J.S.; Li, Q.F; Cleemann, L.N.; Xu, C.X; Jensen, J.O.; Pan, C.; Bjerrumb, N.J.; He, R.H. Synthesis
and properties of poly(aryl sulfone benzimidazole) and its copolymers for high temperature membrane
electrolytes for fuel cells. J. Mater. Chem. 2012, 22, 11185-11195. [CrossRef]

Sana, B.; Unnikrishnan, G.; Jana, T.; KS, S.K. Polybenzimidazole co-polymers: Their synthesis, morphology
and high temperature fuel cell membrane properties. Polym. Chem. 2020, 11, 1043-1054.

109



Polymers 2020, 12, 1374

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Li, Q.; Pan, C;; Jensen, ].O.; Noyé, P; Bjerrum, N.J. Cross-Linked Polybenzimidazole Membranes for Fuel
Cells. Chem. Mater. 2007, 19, 350-352. [CrossRef]

Mader, J.A.; Benicewicz, B.C. Synthesis and properties of segmented block copolymers of functionalised
polybenzimidazoles for high-temperature PEM fuel cells. Fuel Cells 2011, 11, 222-237. [CrossRef]

Gao, C.; Hu, M.; Wang, L.; Wang, L. Synthesis and properties of phosphoric-acid-doped polybenzimidazole
with hyperbranched cross-linkers decorated with imidazolium groups as high-temperature proton exchange
membranes. Polymers 2020, 12, 515. [CrossRef]

Xiao, L.; Apple, T.; Zhang, H.; Scanlon, E.; Ramanathan, L.S.; Choe, E.-W.; Rogers, D.; Benicewicz, B.C.
High-temperature polybenzimidazole fuel cell membranes via a sol-gel process. Chem. Mater. 2005, 17,
5328-5333. [CrossRef]

Sacco, A. Electrochemical impedance spectroscopy: Fundamentals and application in dye-sensitized solar
cells. Renew. Sust. Energy Rev. 2017, 79, 814-829. [CrossRef]

Randpviir, E.P; Banks, C.E. Electrochemical impedance spectroscopy: An overview of bioanalytical
applications. Anal. Methods 2013, 5, 1098-1115. [CrossRef]

Gomadam, PM.; Weidner, ].W. Analysis of electrochemical impedance spectroscopy in proton exchange
membrane fuel cells. Int. ]. Energy Res. 2005, 29, 1133-1151. [CrossRef]

Donne, S.W. General principles of electrochemistry. In Supercapacitors: Materials, Systems, and Applications;
Béguin, F,, Frackowiak, E., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2013; pp. 1-68.
Nawn, G.; Pace, G.; Lavina, S.; Vezzu, K.; Negro, E.; Bertasi, F.; Polizzi, S.; Di Noto, V. Interplay between
composition, structure, and properties of new H3PO4-doped PBI;N-HfO, nanocomposite membranes for
high-temperature proton exchange membrane fuel cells. Macromolecules 2015, 48, 15-27. [CrossRef]

Liu, F; Wang, S.; Chen, H.; Li, J.; Tian, X.; Wang, X.; Mao, T.; Xu, ].; Wang, Z. Cross-linkable polymeric ionic
liquid improve phosphoric acid retention and long-term conductivity stability in polybenzimidazole based
PEMs. ACS Sustain. Chem. Eng. 2018, 6, 16352-16362. [CrossRef]

Vil¢iauskas, L.; Tuckerman, M.E.; Bester, G.; Paddison, S.J.; Kreuer, K.-D. The Mechanism of Proton
Conduction in Phosphoric Acid. Nat. Chem. 2012, 4, 461-466. [CrossRef]

Bose, A.B.; Gopu, S.; Li, W. Enhancement of proton exchange membrane fuel cells performance at elevated
temperatures and lower humidities by incorporating immobilized phosphotungstic acid in electrodes. .
Power Sources 2014, 263, 217-222. [CrossRef]

Crea, F,; De Stefano, C.; Milea, D.; Sammartano, S. Formation and stability of phytate complexes in solution.
Coord. Chem. Rev. 2008, 252, 1108-1120. [CrossRef]

Lua, J.L;; Fang, Q.H.; Li, S.L.; Jiang, S.P. A novel phosphotungstic acid impregnated meso-Nafion multilayer
membrane for proton exchange membrane fuel cells. J. Membr. Sci. 2013, 427, 101-107. [CrossRef]
Hasani-Sadrabadi, M.M.; Dashtimoghadam, E.; Majedi, ES.; Moaddel, H.; Bertsch, A.; Renaudand, P.
Superacid-doped polybenzimidazole-decorated carbon nanotubes: A novel high-performance proton
exchange nanocomposite membrane. Nanoscale 2013, 5, 11710-11717. [CrossRef]

Wang, S.; Sun, P; Li, Z,; Liu, G.; Yin, X. Comprehensive performance enhancement of polybenzimidazole
based high temperature proton exchange membranes by doping with a novel intercalated proton conductor.
Int. ]. Hydrog. Energy 2018, 43, 9994-10003. [CrossRef]

Kim, A.R.; Vinothkannan, M.; Kim, ]J.S.; Yoo, D.J. Proton-conducting phosphotungstic acid/sulfonated
fluorinated block copolymer composite membrane for polymer electrolyte fuel cells with reduced hydrogen
permeability. Polym. Bull. 2018, 75, 2779-2804. [CrossRef]

Kim, A.R;; Park, C.J.; Vinothkannan, M.; Yoo, D.J. Sulfonated poly ether sulfone/heteropoly acid composite
membranes as electrolytes for the improved power generation of proton exchange membrane fuel cells.
Compos. Part B Eng. 2018, 155, 272-281. [CrossRef]

Agmon, N. The Grotthuss mechanism. Chem. Phys. Lett. 1995, 244, 456-462. [CrossRef]

Kreuer, K.D.; Rabenau, A.; Weppner, W. Vehicle mechanism, a new model for the interpretation of the
conductivity of fast proton conductors. Angew. Chem. Int. Ed. Engl. 1982, 21, 208-209. [CrossRef]

Xu, C.; Cao, Y.; Kumar, R.; Wu, X.,; Wang, X.; Scott, K. A polybenzimidazole/sulfonated graphite oxide
composite membrane for high temperature polymer electrolyte membrane fuel cells. J. Mater. Chem. 2011,
21, 11359-11364. [CrossRef]

110



Polymers 2020, 12, 1374

78.

79.

80.

81.

82.

Rewar, A.S.; Chaudhari, H.D,; lllathvalappil, R.; Sreekumar, K.; Kharul, U.K. New approach of blending
polymeric ionic liquid with polybenzimidazole (PBI) for enhancing physical and electrochemical properties.
J. Mater. Chem. A 2014, 2, 14449-14458. [CrossRef]

He, R; Li, Q.; Xiao, G.; Bjerrum, N.J. Proton conductivity of phosphoric acid doped polybenzimidazole and
its composites with inorganic proton conductors. . Membr. Sci. 2003, 226, 169-184. [CrossRef]

Monroe, C.W. Ionic Mobility and Diffusivity. In Encyclopedia of Applied Electrochemistry; Kreysa, G., Ota, K.,
Savinell, R.F,, Eds.; Springer: New York, NY, USA, 2014.

Bandara, TM.W].; Dissanayake, M.A K.L.; Alboinsson, I.; Mellander, B.-E. Mobile charge carrier concentration
and mobility of a polymer electrolyte containing PEO and PryN*I" using electrical and dielectric measurements.
Solid State Ion. 2011, 189, 63—68. [CrossRef]

Compan, V,; Sorensen, T.S.; Diaz-Calleja, R.; Riande, E. Diffusion coefficients of conductive ions in a copolymer
of vinylidene cyanide and vinyl acetate obtained from dielectric measurements using the model of Trukhan.
J. Appl. Phys. 1996, 79, 403—411. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

111






% polymers m\py

Article

Crosslinked Sulfonated Polyphenylsulfone-Vinylon
(CSPPSU-vinylon) Membranes for PEM Fuel Cells
from SPPSU and Polyvinyl Alcohol (PVA)

Je-Deok Kim 1-2-3-*, Satoshi Matsushita ! and Kenji Tamura 3

1 Polymer Electrolyte Fuel Cell Group, Global Research Center for Environmental and Energy Based on

Nanomaterials Science (GREEN), Tsukuba Ibaraki 305-0044, Japan; satoshi.matsushita@agc.com

Hydrogen Production Materials Group, Center for Green Research on Energy and Environmental Materials,
Tsukuba Ibaraki 305-0044, Japan

Functional Clay Materials Group, Research Center for Functional Materials, National Institute for Materials
Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan; Tamura. Kenji@nims.go.jp

*  Correspondence: kim.jedeok@nims.go.jp; Tel.: +81-29-860-4764; Fax: +81-29-860-4984

check for
Received: 3 June 2020; Accepted: 14 June 2020; Published: 16 June 2020 updates

Abstract: A crosslinked sulfonated polyphenylsulfone (CSPPSU) polymer and polyvinyl alcohol (PVA)
were thermally crosslinked; then, a CSPPSU-vinylon membrane was synthesized using a formalization
reaction. Its use as an electrolyte membrane for fuel cells was investigated. PVA was synthesized
from polyvinyl acetate (PVAc), using a saponification reaction. The CSPPSU-vinylon membrane
was synthesized by the addition of PVA (5 wt%, 10 wt%, 20 wt%), and its chemical, mechanical,
conductivity, and fuel cell properties were studied. The conductivity of the CSPPSU-10vinylon
membrane is higher than that of the CSPPSU membrane, and a conductivity of 66 mS/cm was obtained
at 120 °C and 90% RH (relative humidity). From a fuel cell evaluation at 80 °C, the CSPPSU-10vinylon
membrane has a higher current density than CSPPSU and Nafion212 membranes, in both high (100%
RH) and low humidification (60% RH). By using a CSPPSU-vinylon membrane instead of a CSPPSU
membrane, the conductivity and fuel cell performance improved.

Keywords: PPSU; SPPSU; PVA; CSPPSU-vinylon; PEMFCs

1. Introduction

In order to realize a low-carbon society that includes highly efficient energy systems which make
effective use of renewable energy, economically sustainable growth, environmental protection, and
energy security are required. Energy conversion/storage devices—such as fuel cells, water electrolysis,
secondary batteries, and solar cells—are core technologies for building a low-carbon society. In order
to produce these devices safely and with high performances, their constituent materials must have
high performances. Polymer electrolyte membranes for proton exchange in fuel cells are required
for polymer electrolyte membrane fuel cells (PEMFCs), and polymer electrolyte membrane water
electrolysis (PEMWE), and Nafion membranes mainly using perfluorosulfonic acid (PFSA) ion exchange
resins, are often used. Nafion membranes have high proton conductivities and excellent chemical
stabilities, and have been used in both mobile and stationary fuel cells [1,2]. However, the performance
of these fuel cells suffers from the deterioration of their mechanical properties, due to thinning of
the electrolyte membrane. In addition, higher operating temperatures are required to improve both
the glass transition temperature (Tg) and the proton conductivity at high temperatures. At the same
time, research on hydrocarbon-based electrolytes, instead of fluorine-based electrolytes, has been
conducted. Non-fluorine-based electrolytes are low cost materials, have high Ty values, and have
been studied for many years. However, their performances and chemical stabilities, which are lower
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than those of fluorine-based ones, have been the biggest obstacles towards their practical use. Thus,
materials for proton exchange electrolytes with higher performances are still needed.

The drawbacks of PFSA membranes have prompted research into alternative membranes.
Various aromatic polymer ionomer membranes are being actively investigated. Sulfonated
polyphenylsulfone (SPPSU) [3-20], sulfonated polyetheretherketone (SPEEK) [21-32], sulfonated
polysulfone (SPSU) [33-38], sulfonated polyphenylene sulfone (SPPS) [39], sulfonated polyphenylene
(SPP) [40], sulfonated polyethersulfone (SPES) [41,42], sulfonated polyimide (SPI) [43-45], sulfonated
polyphenylene oxide (SPPO) [46], and polybenzimidazole (PBI) [47,48] are attracting special interest.

We are developing a crosslinked sulfonated polyphenylsulfone (CSPPSU) membrane using
the sulfonation of the polyphenylsulfone (PPSU) polymer, which has an excellent thermal stability, high
chemical resistance, and is low cost [3,5,6,19,20]. According to a fuel cell evaluation using the CSPPSU
membrane, the membrane could be used for 4000 h [19]. However, compared to fluorine-based
electrolyte membranes, hydrocarbon-based CSPPSU membranes are still insufficient in terms of high
performances and high durabilities in fuel cells. It is necessary to further improve the performance
and durability of SPPSU membranes. In this study, we prepared a CSPPSU-vinylon membrane, which
has a higher performance than both CSPPSU and Nafion212 membranes. Vinylon was obtained using
a formalization reaction with polyvinyl alcohol (PVA), and PVA was obtained by the saponification of
polyvinyl acetate (PVAc). Crosslinked SPPSU-vinylon membranes from the SPPSU and PVA, were
obtained using thermal crosslinking and a formalization reaction. The vinylon was somewhat stable,
even in a high-hydration environment. First, we prepared a crosslinked SPPSU-vinylon membrane
using thermal crosslinking and the vinylonization of a SPPSU-PVA composite, and these methods
appeared promising for the thinning of other polymer electrolyte membranes.

2. Experimental

2.1. Materials

Polyvinyl acetate (PVAc, (C4HgOz)n, Mw = 100,000) was purchased from Sigma-Aldrich
Corporation (St. Louis, MO, USA). A DuPontTM Nafion212 membrane (NR-212) was purchased
from DuPont (USA). Methanol (CH3;OH), formaldehyde (CH,O, 37%), sodium chloride (NaCl),
sodium hydroxide (NaOH), and sulfuric acid (H,SO4) were purchased from Nacalai Tesque, Inc.
Polyphenylsulfone (Solvay Radel R-5000 NT) (Mn = 26,000; Mw = 50,000, Mw/Mn = 1.9) was provided
by Solvay Specialty Polymers Japan K.K. (glass transition temperature (Tg) = 220 °C, (Tokyo, Japan).
A dialysis tubing cellulose membrane, which has a molecular weight cut-off (MWCO) of 14,000, and
dimethyl sulfoxide (DMSQO) were purchased from Sigma-Aldrich Co., Ltd. Deionized (DI) water was
obtained using a PURELAB® Option-R 7 ELGA LabWater, at 15 Mohm cm and 25 °C. Sodium sulfate
(NazSOy4) and Iron (II) chloride tetrahydrate (FeCl,-4H,0O) were purchased from Fujifilm Wako Pure
Chemical Corporation (Osaka, Japan).

2.2. Synthesis of SPPSU and PVA, and Preparation of CSPPSU-vinylon Membranes

The synthesis and properties of SPPSU (Mw = 150,000) have been described in detail in previous
reports [3,19]. PVA was synthesized using the following method. PVAc (1 g) was dissolved in a flask
with methanol (50 mL). Then, a 40% NaOH solution was added, and the mixture was allowed to react
at 40 °C for 10 min (saponification). The reaction mixture was washed with methanol 4 times and
filtered. To remove the remaining solvent, the product was dried at 80 °C for 24 h, and PVA (0.5 g,
Mw = 50,000) was obtained. Crosslinked SPPSU-vinylon membranes were obtained from SPPSU and
PVA using the following method. A glass vial was charged with SPPSU (0.5 g) and DMSO (20 mL), and
dissolved. PVA (0.025 g, 0.05 g, 0.1 g) and DMSO (4 mL) were put into another glass vial and dissolved.
Then, the PVA-DMSO solution was added to the SPPSU-DMSO solution, and the mixture was stirred
for 1 h. The SPPSU-PVA-DMSO solution was transferred to a glass container, dried for 24 h at 80 °C,
and then annealed in air at 120 °C (24 h), 160 °C (24 h), and 180 °C (24 h). Next, the vinylon from
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the PVA was prepared using a formalization solution (HyO:H»504:NaySO4:CH,O = 1.00:0.21:0.20:0.06
in mass ratio) reaction, for 2 h at 60 °C. Activation was performed using the following procedure:
heating in 0.5 M NaOH at 80 °C overnight, washing in DI H,O, heating at 1M H,SO;, at 80 °C for 2 h,
and washing in DI H,O for 2 h. Finally, the crosslinked SPPSU-vinylon membranes were dried at
room temperature before use. The crosslinked SPPSU-vinylon membranes were very flexible and dark
brown. The classification of the crosslinked SPPSU-vinylon membranes is shown in Table 1.

Table 1. Classification =~ of crosslinked sulfonated polyphenylsulfone-vinylon
(CSPPSU-vinylon) membranes.

Varied Parameter Variable Parameter Membrane Classification
0 CSPPSU

PVA loading (wt%) 5 CSPPSU-5vinylon
10 CSPPSU-10vinylon
20 CSPPSU-20vinylon

2.3. Iron-Exchange Chromotography (IEC), D.S. (Degree of Sulfonation), Water-Uptake (W.UL.), A, and
Crosslink Rates (D qyossiink)

The IEC values were determined using the following equation: IEC (meq/g) = cv/W4q,y, where
¢ (mmol/L) is the concentration of standardized NaOH aq. used for titration (0.01mol/L), v (L) is
the volume of standardized NaOH ag. used for titration, and W,y (g) is the mass of the dry membrane.
The water-uptake (W.U.) of the membranes at room temperature was calculated using the following:
W.U. (%) = [Wwet — Wdry)/W dry] x 100, where Wyt is the mass of the wet membrane. The hydration
number (A) for the membranes was determined using the following: A ([H,O]/[SO3zH]) = [1000(W et
— Wary)l/18W4,y IEC. The degree of crosslinking (crosslink rate, Derossiink) in the membranes was
determined USing the fOHOWng : Derosslink (0/0) = [(IECbefore annealing — IECafter annealing)/ TEChefore annealing]
% 100 [19].

2.4. Oxidative Stability (Fenton's Test)

The oxidative stabilities of the membranes were evaluated by immersing a small piece of
the membrane into Fenton’s reagent [3 wt% H,O, and 2 ppm Fe(Il) (added as FeCl,-4H,0)], at ~80 °C
for 1 h while stirring. The samples were dried at 80 °C before the measurements. The membranes were
repeatedly washed with DI H,O, and dried at 80 °C overnight following the reaction. The oxidative
stabilities were determined as follows: [(mass of residual membrane after the test)/(initial mass of
membrane)] x 100.

2.5. Chemical Structure of the Samples

Fourier-transform infrared (FTIR) absorption spectra of the samples were obtained on a Thermo
Scientific Nicolet 6700 spectrometer, in an attenuated total reflection (ATR) mode.

2.6. Mechanical and Thermal Behavior of the Samples

Stress-strain tests on the membranes were accomplished using a Tension Test Machine (Shimazu,
EZ-S) at room temperature [19]. The thermal and mass properties of the membranes were investigated
using thermogravimetric and mass analyses with a Thermoplus TG8120 TG-DTA/H (Rigaku Co. Ltd.,
Japan). The samples were heated from 60 to 800 °C at 5 °C/min in air, after keeping them for 1 h at
60 °C.
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2.7. Conductivity and Single Cell Measurements of the Samples

The proton conductivities of the membranes were evaluated using a four-point probe impedance
spectroscopy. For the membrane electrode assembly (MEA), the thickness of the membranes was
approximately 50 um, and a Pt/C/ionomer (ionomer/carbon = 1) catalyst electrode (EIWA corporation)
containing 0.3 mg/cm? of Pt on a GDL electrode (Sigracet® GDL 25BC of SGL Group Co. Ltd., Japan),
was used. The effective electrode area of the single cell was 4 cm?. The MEA was acquired by loading
a membrane between the anode and cathode, and hot-pressing at 130 °C and ~9.8 kN for 20 min.
A single cell performance was measured in relation to the amount of hydrogen (H,) and oxygen (O,)
at the anode and cathode, respectively, at 80 °C, 100% and 60% RH (relative humidity), and ambient
pressure. The gas flow rate of hydrogen and oxygen were 50 cc/min and 100 cc/min, respectively.
Linear sweep voltammetry (LSV) was evaluated in the potential range of 0.02-0.5 V at 2 mV/s [19].

3. Results and Discussion

3.1. CSPPSU-vinylon Membranes

Thermally crosslinked membranes of SPPSU polymers have been reported in previous
research [5,19]. Crosslinking occurs between the sulfone groups of SPPSU under a thermal environment.
The same phenomenon occurs in composite membranes of SPPSU polymers and PVA polymers. In
addition, crosslinking occurs between the sulfone groups of SPPSU and the hydroxy groups of PVA
upon heat treatment. A crosslinked SPPSU-vinylon membrane could be obtained using a formalization

reaction with PVA (Figure 1).

O 05 OH

—o") O -0

SOzH

Figure 1. Schematic diagram of CSPPSU-vinylon membrane.

PVA was synthesized by hydrolyzing PVAc (saponification). The peak for the carbonyl groups
(C=0) of the PVAc appeared at 1728 cm™! in the IR spectrum (Figure 2a). For PVA synthesized using
the hydrolysis of PVAc, the peak due to the carbonyl group disappeared, and new peaks for the OH
groups appeared at 3272 cm™!, 1655 cm™!, and 1324 cm™! (Figure 2b). These results indicate that
PVA can be obtained by hydrolyzing PVAc. The IR spectra of the CSPPSU-vinylon membranes did
not change significantly with the amount of PVA added and had similar characteristics (Figure 2c—e).
The peaks for both SPPSU and PVA appeared in the spectra. The crosslinking of SPPSU has been
reported in more detail in a previous paper [3,5]. In the IR spectra, it was not clear whether the sulfone
bridge of SPPSU and the hydroxy group of PVA were crosslinked using hydrolysis to form a sulfone
bridge (-5O,-). Moreover, it was difficult to determine whether PVA had been changed to vinylon.
However, we can assume that crosslinking and vinylon formation progressed, as the appearance of
the obtained membranes were very uniform and flexible. Figure 2 and Table 2 show the FTIR spectra
and summarize the assignments of the peaks, respectively.
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Figure 2. Fourier transform infrared (FTIR) properties of (a) polyvinyl acetate (PVAc), (b) syn. polyvinyl
alcohol (PVA), (c) CSPPSU-5vinylon, (d) CSPPSU-10vinylon, and (e) CSPPSU-20vinylon membranes
with different amounts of PVA.

Table 2. Summary of assignments of the FTIR spectra of PVAc, syn. PVA, and
CSPPSU-vinylon membranes.

Polymer PVAc PVA CSPPSU-vinylon
vH-O-H (cm™) 3272 3421
Aromatic
oC-H (cm™1) 3093, 3074, 3038
Aliphatic 2974, 2928, 2852, 1431,
»C-H (cm-1) 1367 2932, 2898, 1424 2920, 2846
s, H-O-H (cm™) 1655 1714, 1665
Aromatic
2C=C (em™1) 1584, 1469
vC=0 (cm™1) 1728
s, C-O-H (cm™1) 1324 1324
vas, C-O-C (cm™) 1232
Aliphatic
2C-O (em™1) 1220, 1116, 1016, 939 1568, 1083
vs, 0=5=0 (cm™1) 1142

3.2. Thermal and Mechanical Properties of the CSPPSU-vinylon Membranes

The thermal (Figure 3) and mechanical properties (Figure 4) of the CSPPSU-vinylon membranes,
prepared by varying the amount of PVA added, were investigated. The CSPPSU-vinylon membrane
exhibited a lower desorption of the sulfone groups and had a lower decomposition temperature
of the polymer backbone than the CSPPSU membrane (Figure 3, Table 3). The thermal behavior
of the CSPPSU-vinylon membrane on the amount of PVA added was similar. As for the weight
reduction ratio of water due to water vaporization, the CSPPSU-vinylon membrane had a higher
water content than the CSPPSU membrane (Table 3). In the TGA (thermal gravimetric analysis)
curves for the CSPPSU sample, residuals (inorganic substances) appeared after 600 °C. However,
every CSPPSU-vinylon sample burned at 600 °C. This suggests that the SPPSU and the vinylon were
crosslinked into one polymer.

117



Polymers 2020, 12, 1354

T (®)

80 -

60 -

DTA (a.u.)

40 -

Weight loss (%)

20 -

200 400 600
Temperature (°C) Temperature (°C)

Figure 3. (a) TG (thermal gravimetric) and (b) DTA (differential thermal analysis) results of (i)
CSPPSU-5vinylon, (ii) CSPPSU-10vinylon, (iii) CSPPSU-20vinylon, and (iv) CSPPSU membranes.
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Figure 4. Stress-strain properties of (a) CSPPSU-5vinylon, (b) CSPPSU-10vinylon, (c)
CSPPSU-20vinylon, and (d) CSPPSU membranes.

Table 3. Summary of temperature ranges and mass losses observed for each step in the TG-DTA curves
for CSPPSU-vinylon membranes.

Evapo.ratlol} of H,0 Desubstitution of -SO3H Thern}a_l
Sample Interacting with -SOz;H Grou Decomposition of
Name or -OH Group P Polymer Backbone
AT €C) Aw(t; /f°ss AT €C) Aw(t; /§°SS Peak of Exothermic (°C)
CSPPSU 61-210 4.5 210453 19.1 548
CS.PPSU_ 61-212 49 212403 17.5 532
5vinylon
CSPPSU- 61-197 5.0 197-389 19.5 534
10vinylon
CSI.)PSU_ 61-197 5.0 197-400 19.8 528
20vinylon

On the other hand, the dependence of the CSPPSU-vinylon membrane on the amount of added PVA,
was noticeable in the evaluation of its mechanical properties (Figure 4, Table 4). The CSPPSU-10vinylon
membranes obtained by adding 10 wt% PVA to SPPSU had higher tensile strengths than the other
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crosslinked membranes. However, the tensile elongation increased with an increase in the amount
of added PVA, and the tensile strength and tensile elongation of the CSPPSU-5vinylon membrane
containing 5 wt% PVA, was low in comparison to the other membranes. The flexural modulus of
the membrane decreased with an increase in the amount of PVA. The tensile elongation characteristics
of the CSPPSU-vinylon membrane were smaller than those of the CSPPSU membranes. The favorable
tensile elongation of the CSPPSU-10vinylon membrane may be due to its better homogeneity in
comparison to the other membranes.

Table 4. Mechanical properties of CSPPSU-vinylon membranes.

CSPPSU (0 lon  Advinlon  -20vinylon
Tensile strength (MPa) 48 27 45 40
Tensile elongation (%) (break) 74 26 48 55
Flexural modulus (MPa) * 757 781 759 548

* Astress/Astrain.

3.3. Proton Conductivities of the CSPPSU-vinylon Membranes

Polymer electrolyte membranes for high-performance fuel cells require high proton conductivities
of >0.01 S/cm, from low to high temperatures and high to low humidification [1]. The conductivity
of the CSPPSU-vinylon membranes due to the difference in the amount of PVA added—which is
the average value of the error bars of the data obtained after three measurements with varying humidity,
at cell temperatures of 40 and 120 °C—is shown in Figure 5. Table 5 shows the physicochemical
properties of the CSPPSU-vinylon membranes, depending on the amount of PVA added. The IEC
value of the SPPSU polymer was 3.8 meq/g, and the IEC value of the SPPSU-PVA composite polymer
was assumed to be equivalent to the IEC value of the SPPSU polymer. Then, the crosslinking degree
(Dcrosslink) of the CSPPSU-vinylon membranes was calculated. Moreover, the chemical stability of
the membrane was determined using Fenton’s reagent (3 wt% HyO, + 2 ppm Fe (II), 80 °C, 1 h).
Since vinylon has a high chemical resistance, we thought that the chemical stability of CSPPSU [19]
would be improved by incorporating vinylon. However, as shown in Table 5, there was little
improvement. With Fenton’s reagent, the CSPPSU membrane was radically attacked from the edge,
but the CSPPSU-10vinylon membrane was attacked from the inside of the membrane, generating
a hole. It is thought that the SPPSU part is selectively vulnerable to attack.

10 - : . ; 101 , : : .
(a) (b) /:X;_'ﬁ,—;'
2 2
z z
= z i
< E v
Bias E 100 &7 E
8107 ¢ 7 8§10 ¢ —m- CSPPSU
© Bk 5 " —A— CSPPSU-5vinylon
Rl il —w— CSPPSU-10vinylon
—~@- CSPPSU-20vinylon —4@— CSPPSU-20vinylon
10-4 L L L L 104 1 ! L |
20 40 60 80 100 20 40 60 80 100
Rdative humidity (%) Relative humidity (%)

Figure 5. Proton conductivities of the CSPPSU-vinylon membranes vs. the relative humidity at (a) 40
and (b) 120 °C.
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Table 5. Physicochemical and conductivity properties of the CSPPSU-vinylon membranes.

Sample Name CSPPSU e Aovinglon  20vinglon

IEC (meq/g) 2 22 21 21
W.U. (%) 43 38 66 36
A 11.9 9.6 17,5 9.5

Derosstink (%) 473 421 447 447
Roxidation (%) 91-99 _a 81-99 _a

10°C 20% RH 0.43 0.31 0.52 0.57

90% RH 7.23 10.12 15.23 12.43
Conductivity 50°C 20% RH 0.7 0.7 0.9 11
(mS/em) 90% RH 18 36 56 55
0eC 20% RH 0.6 1.3 22 1.0
90% RH 2 34 66 65

_a: disassembly.

On the other hand, the conductivity of the CSPPSU-vinylon electrolyte membrane increased
with increases in the temperature and humidity. The conductivity of the CSPPSU-vinylon membrane
was higher than that of the CSPPSU membrane. In particular, the CSPPSU-10vinylon membrane
had a higher conductivity than the other membranes. The diffusion of protons in the electrolyte
membrane depended on the concentration and proton mobility of the sulfonic acid groups (-SO3H)
in the electrolyte membrane, and became faster as the temperature and humidity were increased.
In addition, the nanostructure (conduction path) of the electrolyte membrane was greatly affected.
The homogeneity of the CSPPSU-10vinylon membrane was better than that of the other membranes
(Figure 4). As shown in Table 5, changes in the IEC values of the CSPPSU-vinylon membrane due to
the difference in the amount of PVA added, was small and slightly higher than those of the CSPPSU
membrane. However, the water content and the number of water molecules per sulfonic acid group
(A) of the CSPPSU-10vinylon membrane, were higher than those of the other crosslinked membranes.
These differences contributed to the high proton conductivity of the CSPPSU-10vinylon membrane.
The degree of crosslinking of the CSPPSU-vinylon membrane was 42%—45%. It is possible that
the hydroxy groups (-OH) of vinylon in the CSPPSU-vinylon membrane contributed to the proton
transfer. From the above, it is clear that the conduction mechanism of the SPPSU-vinylon composite
membrane is very complicated.

3.4. Fuel Cell Properties using CSPPSU-vinylon Membranes

The performance of fuel cells depends not only on the ionic conductivity of the electrolyte
membrane, but also on the interfaces between the electrode layers (catalyst, carbon, ionomer) and
between the membrane and the electrode layer [45,49]. Here, the electrode layer and the MEA
(membrane electrode assembly) were placed under the same conditions, and only the electrolyte
membrane was different. In addition, the measurement conditions for obtaining the current-voltage
(I-V) characteristics were the same. The I-V characteristics were evaluated at a cell temperature of
80 °C, and humidities of 100% RH and 60% RH. Figure 6 shows I-Vi; free and I-iR loss characteristics,
evaluated using CSPPSU-10vinylon, CSPPSU, and Nafion212 membranes. The resistance of the single
cell using the CSPPSU-10vinylon membrane was higher than that of the Nafion212 membrane, and
lower than that of the CSPPSU membrane (Table 6). This tendency in the level of conductivity is
the same as that using only the electrolyte membrane (Figure 5). Moreover, the I-Vig ree characteristics
showed the same tendency as the resistance characteristics of the unit cell. On the other hand, when
using the CSPPSU-10vinylon membrane, a current of 1.5 A/cm? or more was obtained. In the case of
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Nafion212 and the CSPPSU membranes, the current was less than 1.5 A/cm? at 100% RH, and less
than 1 A/cm? at 60% RH. Under high humidification conditions, when a high current was applied,
flooding occurred on the cathode side, and the voltage tended to drop sharply. Moreover, under low
humidification conditions, the membrane resistance increased due to the drying of the membrane,
making it difficult to obtain a high current. However, when the CSPPSU-10vinylon membrane
was used, a high current without a sharp drop in voltage was obtained, under both high and low
humidity conditions. The CSPPSU-vinylon membrane, therefore, seems to have an excellent water
treatment ability. These results suggest that the CSPPSU-vinylon membrane would be suitable for thin
membrane applications.

; ; : 500 : 500
1. M- Nafion212 1. m-Nafion212
(@ | 9. csPPSU ®) |g-csppsu
- A CSPPSU-10vinylon] 7400 o A- CSPPSU-10vinylon] 7400
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Figure 6. Current-voltage (I-V) properties of CSPPSU-10vinylon, CSPPSU, and Nafion212 membranes:
(@) I-ViR free at 80 °C, 100% RH and (b) I-Vig free at 80 °C, 60% RH.

Table 6. I-V and H, crossover data for single cells using the CSPPSU-10vinylon, CSPPSU, and
Nafion212 membranes.

80 °C, 100% RH 80 °C, 60% RH
oCV iR Loss H, Crossozver ocV iR Loss
W) (mohm) (mA/cm?) W) (mohm)
@1 A/cm? @04V @1 A/cm?
CSPPSU 1.020 73 0.085 1.018 161
CSPPSU-10vinylon 1.010 69 0.245 1.008 119
Nafion212 1.005 24 1.24 1.029 42

Figure 7 shows the hydrogen crossover characteristics of the CSPPSU-10vinylon, CSPPSU,
and Nafion212 membranes. The crossover properties of the CSPPSU-10vinylon membrane are
five times lower than those of the Nafion212 membrane, and three times higher than those of
the CSPPSU membrane (Table 6). We can assume that the crosslinking of SPPSU with vinylon increases
the conduction paths (volume fraction) in the nanophase, and hydrogen crossover is higher than that
of the CSPPSU membrane.
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Figure 7. Hydrogen crossover properties of CSPPSU-10vinylon, CSPPSU, and Nafion212 membranes
at 80 °C and 100% RH.

4. Conclusions

We focused on improving the performance of CSPPSU membranes with hydrocarbon-based SPPSU
polymers, as an alternative electrolyte to fluoropolymer electrolytes. To improve the conductivity
and I-V performance properties of CSPPSU membranes, SPPSU and PVA were crosslinked, and
CSPPSU-vinylon membranes were synthesized by the formalization of PVA, and compared with
Nafion212 and CSPPSU membranes. The conductivities of the CSPPSU-vinylon membranes were
higher than those of the CSPPSU membrane. From the results of the fuel cell evaluation, higher
current densities than those of Nafion212 and CSPPSU membranes were obtained under both high
and low humidification conditions. This is due to the effects of vinylon, and it is thought that
the CSPPSU-vinylon membrane has excellent water retention under low humidification conditions.
Furthermore, the hydrogen gas crossover properties are lower than those of Nafion212. In other words,
the CSPPSU-vinylon membrane would be useful for thin membrane applications.
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Abstract: Anion-conducting ionomer-based nanofibers mats are prepared by electrospinning (ES)
technique. Depending on the relative humidity (RH) during the ES process (RHgs), ionomer nanofibers
with different morphologies are obtained. The effect of relative humidity on the ionomer nanofibers
morphology, ionic conductivity, and water uptake (WU) is studied. A branching effect in the ES fibers
found to occur mostly at RHgg < 30% is discussed. The anion conductivity and WU of the ionomer
electrospun mats prepared at the lowest RHgg are found to be higher than in those prepared at higher
RHgg. This effect can be ascribed to the large diameter of the ionomer fibers, which have a higher WU.
Understanding the effect of RH during the ES process on ionomer-based fibers’ properties is critical
for the preparation of electrospun fiber mats for specific applications, such as electrochemical devices.

Keywords: electrospinning; fibrous morphology; relative humidity; polymer fibers; ionomer

1. Introduction

Electrospinning (ES) is broadly applied to generate nanofibers from a wide range of materials,
including polymers, metals, ceramics, and composites [1-5]. This technique [6-10] allows control of
the fibers’ morphology and diameter, which play important roles in their final applications. Solution
properties such as precursor concentration, polymer molecular weight, viscosity, solvent characteristics
as well as process conditions greatly affect the electrospun fibers [7,8,11-14]. Such nanofibers have
potential applications in the biomedical [15,16], energy [17,18], and other fields. The electrospinning
process often involves usage of organic solvents, which are toxic, expensive, and considered
environmentally unfriendly. This motivated the researchers to develop the “green process”, which
is a more eco-friendly ES process that uses aqueous polymer solutions [19,20]. In addition, the high
viscosities of the polymer solutions require using low polymer concentrations, thereby limiting the
utilization of the ES process due to the large amounts of organic solvents needed. The “green process”
overcomes these limitations, allowing higher polymer concentrations in water for more effective and
productive ES procedure [21].

The influence of environmental conditions during electrospinning on the morphology of polymer
fibers has been investigated [11,22,23]. For example, the relative humidity during ES, RHgg, plays a
critical role for the formation of “porous morphology” [24]. Casper et al. [12] studied the effect of
increasing RHgg and varying polystyrene (PS) molecular weight (MW) on the pore size distribution
of the electrospun fibers. They found that raising the RHgg increases the number of pores and their
diameter. Higher MW leads to larger pores on the fibers’ surface. The effect of changing RHgs and
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solvents ratios on the surface morphology of electrospun PS fibers was reported elsewhere [25,26].
A study demonstrated the effects of solution’s viscosity and RHgs on fibers” morphology and claimed
that monitoring these two parameters facilitated fibers” architecture control, which changed from
beaded fibers to smooth uniform fibers [23]. In addition to examining the external morphology,
Pai et al. [27] presented porous structures within electrospun PS fibers while electrospinning at RHgg
in the 24-43% range. Based on TEM analysis, the void fraction of electrospun PS in DMF was about
30%. It was shown that the internal pores have a significant effect on the mechanical, optical, as well as
electrical properties of the fibers.

Although electrospinning of (inert) polymers has been extensively reported, this process was
scarcely studied for the case of ionic polymers, usually called ionomers [28-37]. While some proton-
conducting ionomers have been the base of first attempts to produce electrospun proton-conducting fiber
mats [38—43], only a few studies can be found on electrospun anion-conducting fiber mats [17,44,45].

In this work, we investigate the electrospinning process of an anion-conducting ionomeric material.
We specifically focus on an interesting branching phenomenon that is observed in anion-conducting
fibers that were electrospun under 30% RHgs. According to a study by Yarin et al. [46], branching
occurs when the static undulations of a cylindrical jet become unstable at the sites of the highest local
curvature, where secondary jet branches are ejected from the primary jet. This phenomenon was
also explained by Tan [47]. The branching effect had been demonstrated on polymer fibers [48] and
piezoelectric fibers [49]; however, all the studies mentioned above were done using nonconducting
polymers. The branching effect can be leveraged to drastically increase the surface area of fiber
products; nevertheless, it is unclear what governs this effect in conducting polymers and whether they
are as sensitive to the environmental conditions during the electrospinning process as nonconductive
polymers. Moreover, due to the ionic character of the anion-conducting ionomers, it is especially
interesting to investigate the effect of the ES process on their final properties.

The goal of this article is to investigate the effect of RHgs on the electrospun anion-conducting
polymer nanofibers” morphology as well as fibers” mat properties. The effect of RHgg on the branching
of anion-conducting polymer is presented and a qualitative model explaining this effect is suggested.
Understanding the relationship between RHgg and the structure, WU, and anion conductivity of the
electrospun ionomer nanofibers would enable us to achieve fiber mats with tailored and improved
properties for their numerous applications in electrochemical devices. Such fiber mats can be used,
for instance, in advanced anion exchange membrane fuel cells (AEMFCs) [50-54] as a catalyst bed as
well as a membrane.

2. Experimental

Anion-conducting ionomeric material (FAA-3 in its Br~ form) was purchased from Fumatech
BWT GmbH, Germany. FAA-3 is a quaternary ammonium functionalized aromatic PPO (Poly
(p-phenylene oxide))-based polymer. The solvent used for preparing the ES precursor solutions was
N,N-dimethylformamide (DMF) (Bio-Lab ltd., Jerusalem, Israel). Precursor solutions were prepared by
dissolving the anion-conducting ionomer in DMF with ionomer concentration of 30 wt %. The solutions
were magnetically stirred for 2 h at room temperature until complete dissolution of the ionomer.

The ionomer solutions were electrospun in an electrospinning machine—NS24, (Inovenso, Istanbul,
Turkey), in an environmentally controlled chamber. Precursors were loaded into a 5-mL syringe and
fed to the ES system at a flow rate of 0.3 mL h™! for 6 h. The tip to collector distance was 14.5 cm.
A positive charge of 20 kV was applied on the needle, and a negative charge of 3 kV was applied to a
flat collector. The flat collector size is 130 mm by 370 mm, it moved back and forth 60 mm along the
long axis at a speed of 10 mm s™! to ensure fiber deposition homogeneity. The chamber’s temperature
was set constant at 24-25 °C, and the RHgg was varied in the range of 20%-50%.

The obtained ionomeric mats were dried in a vacuum oven at 40 °C for 16 h to remove the
residual solvent. The morphology of the nanofibers was characterized by high-resolution scanning
electron microscopy (HR-SEM, Ultra Plus, Zeiss, Switzerland) at a magnification range of x1000-10,000.
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The diameter of the electrospun fibers was obtained by HR-SEM images analysis of three different
areas on ionomer mats deposited on carbon conductive tape. The fibers” diameter distribution was
calculated by a statistical analysis of at least 30 data points from each sample.

The WU of the electrospun ionomer samples was measured using a VTI SA + instrument
(TA Instruments, New Castle, DE, USA), using protocols detailed elsewhere [55-58]. In brief,
each electrospun ionomer sample was dried in situ for a maximum of 60 min at 50 °C and RH
close to 0%. After that, the temperature was set constant at 40 °C and the RH was then raised from 10%
to 90% in intervals of 20%. Each RH step was maintained until the sample weight reached equilibrium
(WU changes smaller than 0.001 wt % in 5 min). The temperature during the WU measurements was
kept at 40 °C. Values of WU were calculated using Equation (1) [55,59], where the “wet” and “dry”
weight (Wyer) and Wgyy), respectively) were measured at the end of each equilibrium step and at the
end of the initial drying step, respectively:

W (wet) — W(dry)

Wi = W(dry)

x 100%. (1)

The WU kinetics were also determined, by measuring the mass change of the ionomer mat
electrospun sample as a function of time at every RH step. The characteristic time constant, 7, was
calculated by fitting the experimental data with the following equation [55,60]:

Wi—Wo M ( t)
AU AL U o —= 2
Weo —Wo  Mw “PTT) @

where W; is the mass of sample at time ¢, Wy is the mass at the beginning of the RH step, W, is the
mass of membrane at equilibrium state, M; is the mass gain at time f, and M is the mass gain of the
ionomer mat at equilibrium.

Bromide anion conductivity measurements were conducted on the ionomer mats electrospun
at different RHs. These measurements were made in a conductivity chamber of an MTS-740 ionic
conductometer (Scribner Inc., Southern Pines, NC, USA) using the protocol detailed elsewhere [58].
The bromide anion conductivity was calculated using the ionomer mat resistance measured with a
4-point probe cell in a sealed, thermally insulated chamber under continuous N, gas conditioned to the
desired humidity. The ionomer mat samples were first equilibrated at 40 °C at 90% RH for 1 h, the RH
was then decreased from 90% to 10% in intervals of 20%, then back from 10% to 90%, following the
procedure reported elsewhere [61]. Resistance values were measured perpendicular to the fiber mat,
in the through-plane (TP) direction. The TP resistance, R, was measured by impedance spectroscopy
using PSM1735 Frequency Response Analyzer (Newtons4th Ltd., Leicester, UK). The TP conductivity

was then calculated as [61,62]
d
oTP = R0 3)

where d is the mat thickness, A is the cross-sectional area through which the current passes (0.5 cm?),
and R is the measured resistance.

The velocity of the jet was calculated using the model reported by Ding et al. [63]. This model is
based on the mass conversation of the polymer in the fiber. While the jet is elongated under different
ES parameters and times, the volume of polymer along the fiber length must equal the volume of
polymer that was consumed. Therefore, the model considers the diameter of the jet. The velocity is

calculated by

Qs
= , 4
U1 S, -t (4)
where Q; stands for the consumption of spinning solution (mL), S; is the cross-sectional area of the
fiber (um?), and t is the electrospinning time (h).
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3. Results and Discussion

3.1. Ionomer Fibers Morphology

The ionomer fibers electrospun at RHgg = 20% were mostly flat belts. This can be rationalized by
the formation of an early skin on the fibers due to fast evaporation at RHgg = 20%. The skin prevents
uniform fiber shrinkage and eventually collapses into a belt (Figure 1a). A similar effect has been
observed and modeled in our work on other fiber materials [64,65]. At RHgs = 30%, a more significant
branching effect was observed (Figure 1b); while at RHgs = 40% and 50%, the fibers were smooth and
cylindrical (Figure 1c,d) without any visible branching. This observation of the electrospun ionomer
branching effect is further confirmed by measuring the fiber diameter distribution (Figure 2).

NSy

RHes=30%

RHes=40%

Figure 1. SEM images of ionomer fibers electrospun at RHgg range of 20%-50%. All SEM images taken
at X5000 magnification. (a) 20% RHgs, (b) 30% RHgg, (c) 40% RHgg and (d) 50% RHgg;

The diameter distributions at RHgg = 20%, 40%, and 50% are monomodal (Figure 2a,c,d), whereas
at RHgg = 30%, a bimodal diameter distribution can clearly be seen in Figure 2b. The diameter of the
branches (small fibers) is in the 80-180 nm range.

As RHgg increased from 20% to 30%-50%, the main average fiber diameter decreased from
~600 nm to a constant value of ~400 nm (see Figure 3). The larger width of the fibers electrospun
at RHgs = 20% may be due to their flat morphology, where the original cylindrical fiber collapsed
into a belt, thus spreading over a larger width. The bimodal diameter distribution at 30% RHgg can
be explained by the branching mechanism, due to excess charge in unstable areas on the primary
cylindrical jet [48,49]. Although some small ionomer fibers are also observed during ES at RHgg = 20%,
the diameter distribution of the electrospun ionomer fibers is not bimodal.
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Figure 2. Fibers’ diameter distribution of ionomer fibers electrospun under a relative humidity (RHgs)
range of 20%-50%. (a) 20% RHES/ (b) 30% RHES/ (C) 40% RHES and (d) 50% RHES.
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Figure 3. Fibers’ average diameter vs. RHgg (calculated from data in Figure 2).

Depending on the hydrophobic or hydrophilic nature of the polymer [66], the RH can either
increase or decrease the nanofibers’ diameter. When hydrophilic polymers such as polyvinylpyrrolidone
and polyethylene oxide are electrospun at higher RH, the polymers solutions solidify more slowly
due to slower evaporation rate [67]. This gives rise to a smaller diameter due to further stretching
of the fiber. Another effect that plays a role here is that at a higher RH, the electric charges on the
fibers’ surface can discharge to the surrounding water vapor more easily. Thus, the charge on the
fiber is reduced, hence the attraction to the collector and stretching force are reduced, which in turn
leads to larger fiber diameters [26]. In the present case, ES at low RHgg (20%) caused fast evaporation
of DMF, giving rise mostly to flat fibers with an average width of 600 nm. Above RHgg = 20%, fast
evaporation of the solvent is prevented, more stretching occurs, and the cylindrical cross-section is
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maintained. At 40% and 50% RHgs, the discharging effect becomes more dominant, thus we do not see
an additional decrease in fibers’ diameter below 400 nm as shown in Figure 4.

(a) (b) (c)

20% REq 30% REg 40-50% REqg
Fast evaporation Maximum branching Fast discharge
& solidification effect
O . ] .
) 0 I
a® 0 = o m ) ®

@Wwater [B] DMF

Figure 4. Scheme of electrospun fibers during their flight towards the collector at different RHgg:
(@) 20%, (b) 30%, and (c) 40-50%.

The two trends described above, involving solvent evaporation and discharging, occur simultaneously
and have opposing effects. The maximal branching phenomena at 30% RHgg has not been observed
before. It is not clear why branching is subdued at lower RH and eliminated at higher RH.
Baumgarten et al. [68] investigated the effect of surrounding gas during ES on fibers” morphology.
Electrospinning in Freon atmosphere gave rise to a branching effect. However, ES in air at identical
conditions (15 kV and 75 TCD) did not show any branching. This difference was attributed to the
higher breakdown voltage of Freon compared to air. We believe that the lower breakdown voltage of
the humid atmosphere during ES at high RHgg (40-50%) causes a discharge of the electric charges on
the fibers’ surface to the surrounding water vapor. This effect reduces the surface charge concentration
at the unstable points; thus, branching does not occur.

3.2. Water Uptake

It can be seen (Figure 5a) that the WU increases with RH for all the ionomer mat samples. Over the
whole range of RH values, the ionomer mat sample prepared at RHgg = 20% has higher WU compared
with those electrospun at higher RHgg. The ionomer mat samples prepared at RHgg = 30% and 40%
have almost the same WU, even though the sample prepared at RHgg = 30% has a bimodal fiber
distribution. The reason for this is that the weight fraction of the small diameter segment in the bimodal
sample is 1/16 of the larger diameter segment. (The average diameter of the fibers in the bimodal
sample are 50 and 400 nm, while the ratio of small vs. large ionomer fibers per unit area is 4). Hence,
water absorption on the small fibers does not contribute significantly to the overall WU.
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Figure 5. (a) Water vapor absorption isotherms and (b) characteristic time constant, T, for electrospun
ionomer mats. All tests were done at 40 °C. RH—relative humidity.

The characteristic time constant, T, was calculated from Equation (2), as described in the
experimental section. Figure 5b summarizes the resulting 7 for all samples. The electrospun ionomer
mats had a relatively large T at 10% RH (350-550 s). As RH is increased, T decreases to a minimum at
RH (30-50%) and then increases (T = 400-1200 s) at higher RH. The minimal value of T in the 30%-50%
range of RH indicates that the fastest WU kinetics in these materials occurs in the mid-RH region.
This is consistent with the trends found for WU studies of different nonporous anion-conducting
membranes [55,64].

The high value of T at low RH can be rationalized by the presence of smaller water content in the
gas phase, thus resulting in a lower flux of water molecules towards the surface. The faster WU kinetics
(lower values of 1) in the mid-range RH (30-50% RH) can be explained by the larger initial water
content within the ionomer fibers, which lowers their density and the larger flux of water from the gas
phase at high RH. This combination makes it easier for additional water molecules on the surface to
diffuse into the ionomer fiber. When the RH is the highest (90%), the fibers are nearly saturated and
hence it is more difficult for additional water molecules to diffuse through the fiber, resulting therefore
in higher T values.
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3.3. Anion Conductivity

Figure 6 shows the bromide TP anion conductivity at 40 °C as a function of RH for ionomer
fibers prepared at different RHpg. As can be seen, Br~ anion conductivity significantly increases with
increasing RH. As can be seen, the anion conductivity of the electrospun ionomer mats made at lower
RHgg are higher than mats electrospun at larger RHgs. For instance, at 70% RH, the Br~ TP anion
conductivity of electrospun mat under 20% RHgg is 6 times higher than that of a mat prepared at
40% RHgs.

10 3
] —e—20%RH
1 3
—8—30%RH
€ 014 -—e-40%RH
< :
m -
€ 0.01 4
o ]
0.001 3
0.0001 T T T T
0 20 40 60 80 100
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Figure 6. Bromide TP anion conductivity at 40 °C vs. RH for electrospun ionomer fibers prepared at
different RHgs.

A clear relation can be concluded from the results in Figures 5a and 6. In both figures, the order is
kept: the electrospun ionomer mat at 20% RHgg has the highest WU and highest anion conductivity at
RHs above 50%, compared to both mats prepared at 30% and 40% RHgs. This indicates that higher
WU and density promote faster ion transfer within the ionomer fibers and between them, which also
explains the higher anion conductivity of the mat electrospun at 20% RHps.

4. Conclusions

In this study, anion-conducting fiber mats were prepared by electrospinning (ES) at different
relative humidity (RHgg) values. The ionomer nanofibers” morphology, anion conductivity, and water
uptake (WU) were measured. Formation of branched thin fibers was observed in mats prepared at
RHgs 20% and 30%. The mechanism of branching as a function of RHgg in ES of anion-conducting
material was discussed. It was shown that ionomer fiber diameter distribution is significantly affected
by the RHgs up to RH = 40%. Above this value, the effect of RHgg on the fiber diameter distribution
was marginal.

The results of WU and anion conductivity measurements showed that the ionomer mat electrospun
under the lowest RHgg (20%) gained the highest WU (24%) and TP conductivity (4.4 mS cm™) at
RH = 90%. These results are associated with the large fibers’ diameter and their high water capacity,
which gives rise to higher anion conductivity.

The preparation of anion-conducting nanofibers prepared by ES process can be attractive for
numerous applications including AEMFCs. Therefore, understanding the interplay between process
conditions such as relative humidity during electrospinning and the nanofibers’ structure, WU, as well
as anion conductivity is important for the future design of these devices with tailored properties.
This understanding is critical for effective water management within these future devices.
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Abstract: Proton exchange membranes (PEMs) play a pivotal role in fuel cells; conducting protons
from the anode to the cathode within the cell’s membrane electrode assembles (MEA) separates
the reactant fuels and prevents electrons from passing through. High proton conductivity is the
most important characteristic of the PEM, as this contributes to the performance and efficiency of
the fuel cell. However, it is also important to take into account the membrane’s durability to ensure
that it canmaintain itsperformance under the actual fuel cell’s operating conditions and serve a
long lifetime. The current state-of-the-art Nafion membranes are limited due to their high cost, loss
of conductivity at elevated temperatures due to dehydration, and fuel crossover. Alternatives to
Nafion have become a well-researched topic in recent years. Aromatic-based membranes where the
polymer chains are linked together by aromatic rings, alongside varying numbers of ether, ketone,
or sulfone functionalities, imide, or benzimidazoles in their structures, are one of the alternatives
that show great potential as PEMs due totheir electrochemical, mechanical, and thermal strengths.
Membranes based on these polymers, such as poly(aryl ether ketones) (PAEKs) and polyimides
(PIs), however, lack a sufficient level of proton conductivity and durability to be practical for use
in fuel cells. Therefore, membrane modifications are necessary to overcome their drawbacks. This
paper reviews the challenges associated with different types of aromatic-based PEMs, plus the recent
approaches that have been adopted to enhance their properties and performance.

Keywords: fuel cells; aromatic-based; polymers; proton exchange membranes; modifications

1. Introduction

A solid ion-conducting electrolyte membrane is one of the vital core components in fuel cell
systems, namely for the types operating at a temperature range between room temperature and
200 °C, such as Low and High Temperature Proton Exchange Membrane Fuel Cells (LTPEMFCs and
HTPEMEFCs), Anion Exchange Membrane Fuel Cell (AEMFCs), Direct Methanol Fuel Cell (DMFCs),
and Microbial Fuel Cell (MFCs) [1]. The solid electrolyte functions as a separator between the anode
and cathode, repels electrons and acts as a barrier between thefuel and oxidants [2,3]. Proton exchange
membranes (PEMs) applied in PEMFCs and DMFCs are cationic exchange membranes possessing
negatively charged groups (SO;~, -COO", -PO327, etc.) on the membrane’s polymeric backbone
that provide a conducting pathway for cations, normally protons, but reject anions. Conversely, the
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polymeric backbone of anion exchange membranes (AEMs) for AEMFCs holdspositively charged
groups (-NHy*, -NRH™, -PR*, etc.) for the transport of anions, such as hydroxides [4]. Achieving
high performance in fuel cells requires that these ion exchange membranes have desired characteristics
in terms of their electrochemical properties and durability, such asa high proton/anion conductivity
(approximately, o = 0.1 S/cm); low electron conductivity; good resistance to fuel crossover; excellent
mechanical, thermal, and chemical strength; acceptable hydrolytic and oxidative stability; and low cost
of fabrication and assembly [4-8].

Perfluorosulfonic acid (PFSA)-based polymers, namely the Nafion membrane, have been the
standard for fuel cell PEMs due to their high proton conductivity and excellent durability. However, the
performance of Nafion is affected by its poor methanol resistance and drop in proton conductivity under
high temperatures and low humidity conditions. Additionally, the membrane is also expensive [9,10].
In fuel cell production, the cost of the stack covers 66% of the whole system, and the membrane
contributes to 17% of the stack cost for the production of 1000 systems per year (DOE Fuel Cell Report
2017) [11]. Efforts to reduce the cost and improve the performance of each component in the fuel
cell stack have been made by researchers in recent years. For membranes, several potential, low-cost
alternatives to Nafionhavealready been extensively studied. Among these alternatives to the Nafion
membrane are biopolymers based on chitosan, alginates, or cellulose, and the non-fluorinated or
partially-fluorinated hydrocarbon polymer membranes with aromatic backbone structures. While
biopolymers have advantages in terms of their renewability, durable properties under fuel cell
operating conditions, and lower cost, aromatic-based membranes are equally as advantageous, having
an excellent thermal and mechanical strength, tailorable structures, tunable ionic conductivities,
smaller methanol permeabilities, and potentially lower costs. Past reviews on alternative PEMs have
highlighted the different properties, modifications, and performances ofseveral types of aromatic-based
membranes alongside Nafion and biopolymers. However, few recent reviews have focused solely on
aromatic-based membranes. This paper aims to discuss the challenges associated with several known
aromatic-based polymers in applications to LTPEMFCs, HTPEMFCs, and DMFCs, which include
highlights of the latest studies on research related to their modifications, improvements, durabilities,
and performances as protonicexchange membranes.

2. Types of Aromatic Polymer-Based PEMs: Properties and Development

The backbones of these polymers are linked together by aromatic and phenyl rings with C-C, C=C,
and C-H bonds within their backbones that provide the membrane with excellent mechanical, thermal,
and chemical strengths. These linkages include groups with varying numbers of ether and ketone
functionalities, such as those in poly(ether ketone)s (PEKs) and poly(aryl ether ketone)s (PAEKSs)-type
polymers; sulfone functionalities in poly(ether sulfone)s (PESs), and polysulfones (PSFs); imide bonds
in polyimides (PlIs); benzimidazole rings in polybenzimidazole(PBI)-based polymers;ether-containing
polyphenylene oxide (PPO), and more. Typical unit structures of the mentioned polymers are shown in
Table 1. he ionic conducting properties of these membranes are ineffective in theirpristine form. To cater
for their conductive properties, strong acidic, proton conductive sulfonic acid groups (-SO3H) are
commonly introduced into these polymer chains through reactions with sulfonating agents, producing
sulfonated derivatives of these polymers that are more suitable for application as PEMs. Other
functionalities are also possible, depending on the final application, whether as PEMs for low- or high-
temperature PEMFCs, or as AEMs. Examples of these other functionalities are quaternary ammonium,
imidazolium, or benzimidazole groups [4,12-16].

Past research has highlighted that the strength of the proton conductivity of these membranes
is governed by the concentration of effective ionic/proton conductive groups (referred to as the
ion exchange capacity (IEC)), hydration levels, temperature, and hydrophilic/hydrophobic phase
separation. Typically, within hydrated membranes, proton conduction occurs through the Grotthuss
mechanism (proton hopping between ionic domains and water molecules) and vehicle mechanism
(proton diffusion). In most cases for sulfonated polymers, the degree of sulfonation (DS) or IEC
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determines their hydrophilicity and conductivity, where a higher DS/IEC leads to a more hydrophilic
membrane with better water uptake, hydration, and conductivities. However, a highly hydrophilic
membrane tends to absorb water excessively. Weakened interactions between polymer chains through
ionic and hydrogen bonds resulting from a large number of water molecules occupying the free
volumes between chains can cause a large amount of swelling, mechanical deterioration, and other
issues related to the oxidative stability and reactant permeabilities [15,17]. Furthermore, the smaller
hydrophobic/hydrophilic phase separation of these polymers in comparison to Nafion leads to
lowered methanol permeabilities, providing advantages in terms of the performance in methanol fuel
cells [18,19]. However, researchers have also noted that the small phase separation contributes to
low conductivities due to less connected ionic domains, meaning the formation of proton conducting
channels is not as effective as in Nafion [20,21].

The mentioned advantages and disadvantages are shared bymost of the aromatic-based membranes
considered in this review. However, other specific strengths and weaknesses may be displayed by
individual polymers. Understanding the effects of the characteristic at a molecular level towards
the function of the PEM as a whole candetermine their electrochemical performance, their durability
under varying fuel cell conditions, and their lifetime. Past researchers have adopted strategies
and modification techniques to design hydrocarbon-based PEMs with improved properties and
performances. To utilize the advantage of high proton conductivities offered by these PEMs with
high DS/IEC requires balance with their water uptake and mechanical strength, which remains a
challenging task. Overthe years, several of the methods that have been appliedby researchers in
an attempt to improve the properties of hydrocarbon-based PEMs include structural modifications
(additional branching, pendant groups, etc.), crosslinking, polymer blending, mixed-matrix, block
copolymerization, and the introduction of inorganic/organic fillers/nanofillers [5,7,22-24]. While these
modifications yielded positive enhancements ofthe PEM, it is important to consider optimization
between electrochemical properties; thermal, mechanical, and chemical strengths; water uptake; fuel
resistance; and oxidative stability by carefully designing the polymeric structure andcontrolling the
ratio of combination between materials. The potential to effectively utilize these PEMs in actual fuel
cell conditions depends on how well their individual characteristics balance out.

Table 1. Typical unit structures of several aromatic-based polymers used as proton exchange membrane
(PEM) materials.

Polymer Name Typical Unit Structures

(a) Polyether ether ketone (PEEK)

oot

(b) Polyether ketone (PEK)

Poly aryl ether ketone (PAEK)
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Table 1. Cont.

Polymer Name Typical Unit Structures

O, 0O
Polyimide (PI)
O o) n

(a) Aromatic polyimide

(a) PSF with alkyl linkage

o]

Polysulfone (PSF or PSU)

o]

@)
0N =

Q=

(b) Polyether sulfone (PES)

IOt

(a) meta(m)-PBI
Polybenzimidazole (PBI) — _

KOO0t

(b) PBI with ether linkage (OPBI)

CH3

Polyphenylene oxide (PPO)

CHj;
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2.1. Poly Aryl Ether Ketones (PAEKSs)

Poly aryl ether ketones (PAEKSs) refer to polymers consisting of different numbers of ether and
ketone functionalities connecting aryl rings, such as polyether ketones (PEKs), polyether ether ketones
(PEEKSs), and polyether ketone ketones (PEKKSs). More ether or ketone groups may be included and
their positions within the chain depend on the monomers used at the beginning of PAEK synthesis.
The chain may also contain alkyl groups or fluorinated functional groups. These polymers are
semicrystalline thermoplastics withgood chemical and thermal stability, dielectric properties, and
mechanical strength. Sulfonated poly(ether ether ketone) (SPEEK) is -SO3H-functionalized PEEK andis
one of the most commonly studied PEMs for fuel cells. Its synthesis is normally carried out through
the post-sulfonation of commercial PEEK with strong sulfuric acid (98% H;SOy). K. Kreuer [25] has
proposed the difference between the microstructural arrangement of -SO3H groups in Nafion and
the two-ketone SPEEKK, where there is less pronounced hydrophobic/hydrophilic phase separation
in SPEEKK compared to Nafion. This leads to poorer connectivity between -SO3H ionic domains,
and thus a smaller proton conductivity of SPEEKK. PEEK with cationic groups, such as quaternary
ammonium and imidazolium, may be utilized as AEM [16].

Recent studies have focused on understanding the PEM properties of SPEEK membranes, including
durability studies, which are important in predicting the membrane’s lifetime under fuel cell operating
conditions [17,26-28]. Regarding the pure SPEEK, M. Parnian et al. [17] highlighted the changes
in several key properties of SPEEK in their study of SPEEK with various DS values. The summary
of some of their findings, stated in Table 2, revealed an increasing trend in water uptake, swelling,
proton conductivity, and thermal degradation at an increasing DS, but deterioration in the tensile and
oxidative stability. The oxidative stability refers to the membrane’s resistance to degradation due to
peroxide radicals (HOe and HOOe) formed from incomplete oxygen reduction reactions at the fuel
cell cathode. The SPEEK with the lowest %DS takes the longest time to completely disintegrate in
Fenton’s reagent. With increasing %DS and higher water uptake, the radicals are more easily diffused
into the membrane and attack the aromatic backbone, sothe membrane becomes rapidly disintegrated.

Table 2. Property changes in the sulfonated poly(ether ether ketone) (SPEEK) membrane with varying
degrees of sulfonation [17].

Degree .of Water Thickness Swelling  Proton Conductivity Tensile Thermal S.tability (% Oxide.xt.ive
Sulfonation Uptake Ratio (%, RT) (S/em, 80 °C) Strength Degradation to 600 Stability
(%) (%, RT) ! ! (MPa) °QC) (~min)
40.23 6.29 2.13 0.2571 73 44 200
65.52 14.62 12.44 0.3003 63 46 56
75.95 52.01 27.20 0.4252 50.45 50 <6
89.23 97.98 34.54 0.4649 41 56 <2

In terms of the processability and MEA performance, common organic solvents, namely DMSO,
DMAc, DME and NMP, used for the solution casting of SPEEK also seemto influence the conductivity
of high and low DS SPEEK. X. Liu et al. [29] found that low DS SPEEK casted from DMSO has a larger
conductivity due to the weaker molecular interactions between residual solvent molecules and the
polymer, while no significant change in properties wasobserved, regardless of the solvent type, for
high DS SPEEK. The ex-situ mechanical degradation of SPEEK in hygrothermal cycle tests for 700 min
conducted by S. H. Mirfasi et al. [27] showed permanent deformation and a 4 micron reduction of
membrane thickness at the end of the tests, resulting in a faster hydrogen crossover rate. Under creep
and tensile residual stress, the membrane wasdegraded due to fatigue and became more brittle, and
the toughness dropped. Additionally, the degraded SPEEK exhibited an increase in water uptake and
swelling-induced stress, thusworsening the dimensional stability. A. Karimi et al. [28] provided a
study on the MEA model of SPEEK compared to Nafion MEA. The use of a SPEEK membrane in MEA
at high temperatures is favorable when the pressure and water content at the anode gas feed arehigher,
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but the cell performance drops when the water activity is largely reduced at 140 °C. Additionally, the
SPEEK proton conduction is smaller than that of Nafion.

Improvements to SPEEK and Other PAEK-Based PEMs

Recently, researchers followed similar strategies to the modifications of SPEEK with the use of new
or modified materials to improve their properties. Reaping the advantages of high DS SPEEK requires the
intermolecular interactions between polymeric chains to bestrong enough to overcome swelling, especially
at high temperatures. S. Gao et al. [30] investigated the properties of nanocomposite SPEEK with a
high DS of 84% grafted with graphene oxide (GO-g-SPEEK), synthesized from the ‘grafting’ reaction
between partially hydroxyl-functionalized SPEEK and brominated GO (GO-Br). The restraining effect
of GO limited the SPEEK’s swelling, despite thetriple increment in water uptake compared to Nafion.
Furthermore, its conductivity improved above 80 °C, which is the point where the proton conductivity of
Nafion would drop due to dehydration. Blends of GO-g-SPEEK with Nafion-33 achieved a conductivity
of around 0.22 S/cm at 90 °C, while its MEA performance reached a power density of 213 mW/cm?
compared to 112 mW/cm? for unblended GO-g-SPEEK. This suggested that blending with Nafion provided
better interfacial contact between the catalyst and membrane. Another study by S. Bano et al. [31]
focused on crosslinked SPEEK with ethylene glycol (EG), followed by the incorporation of cellulose
nanocrystals (CNCs). XRD analysis of the resulting XSPEEK-CNC showed the amorphous characteristic
of the membranes. The hydrophilic sulfate and hydroxyl groups present on CNCs restore the loss in
water uptake and IEC due to the crosslinking of SPEEK. An effective increment in proton conductivity
is observed up to 4 wt% of CNC, attributed to the homogenous dispersion of CNCs, the presence of
additional hydrophilic functionalities, interfacial hydrogen bonds, and good hydrophilic-hydrophobic
phase separation. However, the XSPEEK-CNC is also a stiff membrane as a result of crosslinking.

Morphological modifications through the introduction of nanofibers also showed several advantages.
G.Liuetal. [32] studied the properties of SPEEK-impregnated poly(vinylidene fluoride) (PVDEF) electrospun
nanofibers for DMFC. SPEEK (76.7% DS) wasembedded in PVDEF nanofibers through a cloud point
polymer/solvent/non-solvent (SPEEK/DMAc/H,0) ternary system (Figure 1) to prevent PVDF nanofibers
from collapsing when mixed with SPEEK (as PVDF is also soluble in DMAc).The SPEEK-embedded PVDF
nanofiber membrane wasfound to be more flexible with a sustained yield and modulus. Its methanol
permeability washalf of that of pristine SPEEK and 1/3 of that of Nafion 115. This advantageous property
led to a higher peak power density at 104 mW/cm? compared to Nafion 115 at 84 mW/cm? in DMFC
MEA that utilized 5M methanol. Y. Wu et al. [33] fabricated SPEEK core-shell nanofibers containing
sulfonated organosilane graphene oxide (SSi-GO) nanosheets through coaxial electrospinning, forming a
cambiform-like morphology in the membrane. The co-spinning SSi-GO/SPEEK exhibited higher water
uptake than the membranes formed from casting and mono-spinning, where wrinkled voids in SSi-GO
weresuggested to act as a water reservoir, while the SSi-GO restricted swelling. The methanol permeability
was 39% of that of Nafion 115, despite being thinner. The proton conductivity of the membrane containing
2.5 wt% SSi-GO wasl.24 and 1.42 times higher than that of mono-spinning and casted membranes,
respectively, likely due to the uniform dispersion of SSi-GO, axial arrangement of SSi-GO with SPEEK
nanofibers to form cambiform core-shell nanofibers (Figure 2), higher water uptake, and conductive
sulfonic and hydroxyl groups.

In terms of other PAEK membranes, K. Kang et al.  [34] investigated the properties of
a semi-interpenetrating network (IPN) consisting of a multiblock copolymer of PAEK-b-KSPAEK
with organosiloxane (OSPN). The OSPN-containing membrane displayed an increased elasticity and
reduced permeation of oxidative radicals and methanol. Because of the hydrophilic characteristics
of OSPN, which elevated the PAEK-b-KSPAEK’s water absorption, the proton conductivity achieved
was close to that ofNafion 115. PAEK polymers have also been utilized in HTPEMEFC. ]. Li et al. [35]
characterized the properties of a PA-doped brominated tetramethyl PAEK (BrPAEK) decorated with
four types of nitrogen-heterocyclic molecules (Pyridine, 1-methylimidazole, 1H-benzotriazole, and
3-amino-1,2,4-triazole). Pyridine- and 1-methylimidazole-containing BrPAEK were the only membranes
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showing a PA absorption ability, andthe latter contributed to the BrPAEK with the highest conductivity at
170 °C, in ananhydrous state. The conductivity exceeded that of PBI when there was asufficient content of
imidazole per unit, in which a larger PA doping level waspossible. However, more imidazole per unit
negatively affects the oxidaticve stability. Furthermore, J. Yang et al. [36] studied the effects of blending
PVDF and PVDF-HP (poly(vinylidene fluoride-co-hexafluoride) with 1-methylimidazole-containing
BrPAEK (Melm-PAEK). The presence of PVDF and PVDF-HFP stabilized the membrane by reducing
the PA uptake and swelling, as well as enhancing the tensile strength, as the pristine MeIm-PAEK was
unstable due to the high bromination degree (45%). Blends with PVDF-HP exhibited better PA uptake
and proton conductivity, yet a smaller mechanical strength, which was likely due to the presence of large
trifluoromethyl groups.

Polymer

1.0 —s=— SPEEK
—e&— PVDF

e, v 7 v 7 v 7 v r s v 4 0.0
OMAC 00 02 04 o6 o8 10 MO
Figure 1. Cloud point curves of SPEEK/dimethylacetamide (DMAc)/H,O (square plot) and
poly(vinylidene fluoride) (PVDF)/DMAc/H,O (circle plot) [32].

Table 3 summarizes some of the recent literature on the improvements to PAEK and PEEK
membranes. Focus is given tothe proton conductivity, as this influences the PEM performance, along
with IEC and water uptake, which affects proton transport. The electrochemical aspects do not show
exhibitdifferences between PAEK and PEEK, and upon functionalization to SPEEK and SPAEK or
other functionalities, they show a similar dependency to DS, IEC, water uptake, and PA uptake
(HT-PEMEC application). Their thermal strengths arewithin the range of fuel cell operations below
200°C. Furthermore, their mechanical stabilities also depend on the aforementioned factors, where
modifications that enhance the strong intermolecular interactions between polymer chains, such as
crosslinking and the use of fillers, can allow the utilization of SPEEK or SPAEK with a higher DS. It is
noted that more literature seems to be available for SPEEK compared to other SPAEK- or PAEK-type
polymers. SPEEK’s synthesis through the post-sulfonation of commercially available PEEK is likely
simpler and the DS is easier to control, while more complex polymerization reactions may be required
to prepare other PAEK-type polymers with differing structures.
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Table 3. Water uptake and electrochemical properties of PAEK-type PEMs.

PAEK-Type

Membrane Year %DS Modifications Fuel Cell Type Filler Content IEC (meq/g) Water Uptake (%) Proton Conductivity (S/cm) Peak Power Density (mW/cm?)

SPEEK/n-BuOH [37] 2015 : n-BuOH self-organization PEMFC ; 1.5 (mmol/g) 52 (80°C) 0.314 (80°C) ;

inducer
b-CPAEK ~0.11 (90°C, 95%RH)

[38] 2016 - PAEK block copolymers DMFC - 1.92 ~50 (90°C) -
SPEEK/AIT [39] 2016 68 A‘“met'ift‘;ﬂ:ttf(“;‘;fd tron PEMFC 2wit% AIT - 72 (25°C) 0.12 (80°C) 204 (80°C, 90%RH, Hy/O,)
Pore filling SPAEK [40] 2017 80 SPAEK-filled porous PAEK DMFC - 147 ~55 (90°C) ~0.11 (90°C, 90% RH) -
SPEEK-SrGO [41] 2017 - Sulfonated reduced PEMFC 1wt% SrGO 1.69 31.1 (80°C) 0.0086 (80°C 50%RH) 705 (70°C,80%RH, Hy/Air)
graphene oxide
BrP AE[;']MQIH‘ 2018 - Nitrogen-heterocycles HTPEMEC 1.6 imidazole/unit 1.95 - 0.091 (170°C, 0% RH) -
Melm-PAEK/PVDE-HFP [36] 2018 - Melm-P AS;/I I;VDF'HFP HTPEMEC 10% PVDE-HFP - 103 (60°C) 0219 (180°C, 0%RH) -
SPEEK/Bu/SPEEK/Im [42] 2018 47 spEEﬁg’ng}{’f}iﬁbmlm HTPEMFC - - - 0.103 (160°C, 0%RH) N
GO-g-SPEEK/Nafion-33 [30] 2018 80 GO, Nafion-33 blended PEMFC - 145 136.3 (90°C) ~0.23 (90°C) 213 (60°C, 50% RH, Hy/Air)
XSPEE(]/CNC 2019 70 EG + CNC PEMFC 67:33 (SPEEK:EG) 4wt% CNC 1.72 78.2 (95°C) 0.186 (95°C,95%RH) -
SPEEK embedded
SPEEK/PDA@PVDF [32] 2019 767 PDA-containing PVDF DMEFC 85.7 wt% PDA@PVDF - ~60 (80°C) 0.06 (80°C, 100%RH) 104 (5 M MeOH/O,, 70°C)
nanofibers
SS"G%S]PEEK 2019 - SPEEK nanofibers/SSi-GO DMEC 2.5wt% 1.65 (mmol/g) ~90 (70°C) 0.1566 (70°C,100% RH) ;
PAEK-b-KSPAEK/OSPN [34] 2019 ; PAEK-b-KSPAEK PEMEC 24wit% OSPN ; 84.01 (90°C) ~0.11 (90°C, 100%RH) 410 (80°C, 100%RH, H »/O,)

copolymer/OSPN
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Figure 2. TEM image of a co-spinning sulfonated organosilane graphene oxide (SSi-GO)/SPEEK and
aschematic representation of methanol and hydrogen diffusion through the cambiform-like structure of
the core-shell nanofibers [33].

2.2. Polyimide (PI)

The formation of charge transfer interactions between the dianhydride and diamine functionalities
of the polyimide (PI) backbone provides the polymer withexcellent thermal stability. PI
membranes also exhibithighmechanical strength and chemical stability. The structure and
properties are tailorable by using different dianhydride and diamine monomers. Sulfonic
acid-containing sulfonated polyimides (SPIs) synthesized by using sulfonated precursors, such
as 4,4’-diaminodiphenyl ether-2,2’-disulfonic acid (ODADS), 4,4-diaminostilbene-2,2-disulfonic acid
(DSDSA), and 4,4’-Diamino-2,2’-biphenyldisulfonic (DAPS), result in PI membranes with proton
conductive properties [12,43,44] Final structures of Pls are tailorable and block copolymers may also
be formed.Aside from thechallenges related to ahigh DS and IEC, it has also been highlighted that the
imide rings are very sensitive to water, sothe unit is prone to hydrolysis, negatively impacting the
hydrolytic stability [45].

Improvements to SPI PEMs

In recent years, several studies have investigated the potential of SPIs with varying molecular
structures, while polymer blending and filler additives have also been attempted. Z. Yao et al. [46]
aimed to improve the hydrolytic stability of SPIs by synthesizing perylenediimine-containing,
aliphatic-type SPIs with different chain lengths, through the mild polyacylation of a sulfonated
diarene monomer and aliphatic perylenediimide dicarboxylic acid monomers. Both short and long
aliphatic SPIs showedimproved hydrolytic stability, compared to normal SPIs, under tests in hot water
at 80 °C for 300 h, where the likely factors included the rigid perylene structures that helped strengthen
the polymer. However, the long-chain AL-SPI-10 became a bit fragile after the test. Furthermore,
shorter-chain AL-SPI-5exhibited better IEC and water uptake than the long-chain counterpart, while its
proton conductivity was higher than that ofNafion 115 at 80 °C. K. Liaqat et al. [47] characterized a novel
sulfonated polyimide (NSPI) with a unique structure inwhich the -SO3H groups wereattached to a
phenylene side chain rather than the main chain, via the copolymerization of novel sulfonated diamine
(NSDA) with 4,4’-oxydianiline (ODA) and 4,4’-oxydiphthalic anhydride (ODPA). The relocation of
-SOsH groups to the side chain was suggested to improve the hydrolytic stability of NSPI under the test
at 140 °C with pressurized steam, by lowering the risk of the nucleophilic attack of hydroxyl ions on
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the imide rings. The power density of the NSPI with a 10/90 ratio of NSDA/ODA exhibited a slightly
elevated peak power density of 28.7 mW/cm? compared to Nafion 117 (25 mW/cm?) in DMFC MEA at
70 °C. These reports highlight that a better hydrolytic and oxidative stability of SPI ispossible if there is
a distinct separation between the -SO3;H groups andthe imide rings.

S. Feng et al. [48] applied the charge transfer (CT) complex method to prepare CT complex
blend membranes using electron-accepting SPIs and electron-donating polyethers (PEs). The SPI/PE
CT complexes were subjected to heat treatment. While the heat-treated membranes displayed
improvements in thetensile strength, elongation at break (EB), and Young’s modulus compared to
non-heat-treated membranes and normal SPI, other properties were characterized for non-heat-treated
membranes due to issues with heat treatment and reproducibility. The thin CT complex membranes
with a thickness from 13 to 28 microns displayed hydrogen permeabilities that were 4.1 and 5.4 times
smaller than those of Nafion 212, which wasconsidered as an advantageous characteristic for thin
membranes. Despite the smaller values of IEC, proton conductivity, and peak power density, the thin
SPI/PE was found to be stable under the 10 h MEA test. Nanofibers based on different structures of
SPIs were investigated by G. Ito et al. [49]. Block-types SPIs and graft-type SPIs both exhibited the
properties of self-assembling hydrophilic/hydrophobic microphase structures in a membrane state. It
was found that the fluorine-concentrated SPI nanofibers hadlower proton conductivities that were
attributed to their fragility when dehydrated. On the other hand, less-fluorinated sulfonated random
polyimide (S-r-PI) nanofibers achieved mechanically stable, low gas permeation, and high proton
conductive characteristics. Hence, the S-r-PI nanofibers were integrated into a sulfonated block-graft
polyimide (S-bg-PI) polymer matrix to form a Nanofiber Framework (NfF) composite membrane with
a 12 micron thickness. The nanofibers reinforced the membrane mechanically and improved the thin
membrane’s gas permeability. Furthermore, the composite’s proton conductivity was comparable to
and even exceeded that, of Nafion NR212 at temperature range between 30 to 90 °C and 95% RH.

Aside from structural modifications, filler addition to the SPI matrix has also shownseveral
improvements. Recently, P. Y. You et al. [50] incorporated rice husk ash (RHA) biofillers into the SPI
matrix. A suitable concentration of RHA resulted in stiffer membranes and higher water uptake than
normal SPIs. Ata 15 wt% RHA content, the proton conductivity was found to be double that of Nafion.
This improvement canlikely be attributed tothe Lewis acid-base interaction between SPI chains, and
the hydroxyl groups of RHA, which attract water molecules (high water retention). However, it should
be expected that alarge amount of RHA can block the continuous proton transfer channels.

Some of the recent studies onSPI membranes are summarized in Table 4. DS is not normally
specified for SPI, yet the trend of water uptake and conductivity still follows that of IEC, as reported.
SPI membranes are physically stable enough, even under conditions of HTPEMFEC, providing that the
PEM'’s water or PA retention, mechanical strengths, and hydrolytic stabilities are controlled.
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Table 4. Water uptake and electrochemical properties ofpolyimide(PI)-type PEMs.

Pl-type
Membrane Year %DS Modifications Fuel Cell Type Filler Content IEC(meq/g) Water Uptake (%) Proton Conductivity (S/cm) Peak Power Density (mW/cm?)
SPIFGO [43] 2015 - Tonic liquid-functionalized HTPEMFC 5wi% FGO - 473 0.0772 (160°C, 40%RH) -
graphene oxide
CSiSPIBI [51] 2016 ~ Sllane—‘cr(')sshnked' sglfonated HTPEMEC 60 m(?l frgctlon sulfonated 054 R ~0.1 (150°C,50%RH) B
poly(imide benzimidazole) diamine monomer
Crosslinked SPI with
CSPI [44] 2017 - pendant alkyl side chains DMFC 70 mol% DAPS groups 2.02 (mmol/g) 73.4 (80°C) ~0.13 (80°C,100%RH) 84.3 (2M MeOH/air, 60°C)
containing trimethoxysilyl
. . Aliphatic SPI with o o o o N
Aliphatic SPI [46] 2018 - perylenediimide units PEMFC B 1.79 (mmol/g) 80 (80°C) 0.1864 (80°C, 100%RH) 931.88 (80°C, 100% RH, H/O5)
NSPI [47] 2018 - Novel SPI from NSDA/ODA DMEFC 50/50 (wt NSDA/wt ODA) 125 38.21 (35°C) -
SPI-PE charge transfer . o o .
SPI-PE [48] 2018 - complex PEMFC 0.33 molar ratio PE 2.16 (mmol/g) 45.9 (RT) 0.0201 (80°C, 90%RH) ~150 (80°C, 95%RH, Hy/Air)
SPINanofiber framework 5 g - S-block graft (bg) PI/S-x-PI PEMFC 80/20 (wt S-bg-P/wt S-r-PI) 1.8 73.9 (RT) >0.1 (80°C, 85%RH) -
[49] nanofibers
SPI-RHA [50] 2019 - SPI-rice husk ash biofillers Passive-DMFC 15 wt% RHA (rgiill/gg) 55.24 0.2058 (RT) 13 (2M MeOH, RT)
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2.3. Polyether Sulfones (PESs) and Polysulfones (PSFs)

Polysulfones (PSFs or PSUs) are polymers consisting of sulfone and ether linkages. PSF refers to
apolymer that also contains an alkyl group, while the shorter chain polyethersulfone (PES) refers to
apolymer chain with only sulfone and ether groups. Similar to PAEK and PI, PSF and PES polymers
possess high mechanical, thermal, and chemical strengths. PES is denser, with a higher glass transition
temperature (~220 °C) compared to PSF (~185 °C) [52]. A number of research studies are available
for AEMs based on PSFs, although PSF membranes are also utilized as PEMs. The synthesis of
proton conducting sulfonated polyether sulfone (SPES) may be done through using precursors such
as 4,4’-Dichlorodiphenylsulfone (DCDPS), or the sulfonation of commercial SPES [53,54]. Related
durability issues, particularly theloss in mechanical strength upon a higher degree of sulfonation,
limit this polymer’s long-term lifetime under an actual fuel cell environment, requiring necessary
modification strategies to tailor the morphological and molecular aspects.

Improvements to PES- and PSF-type PEMs

Improvements inPSF and PES membranes are also focused on increasing theirconductivity
and durability. S. Matsushita and J. D. Kim [55] attempted the thermal crosslinking of sulfonated
poly(phenylsulfone) (SPPSU) with ethylene glycol and glycerol crosslinkers using water as a solvent,
with annealing temperatures ranging from 80 to 200 °C. SPPSU prepared with 6 mol/rpu ethylene
glycol at 200 °Cwas the membrane with optimized dimensional properties, with an acceptable proton
conductivity, despite being lower than 0.1 S/cm. Nevertheless, this study suggested the possibility
of using water instead of organic solvents in membrane preparation, as well as the importance of
controlling the membrane’s physical stability, as there are concerns that it may be damaged during
MEA preparation. N. Urena et al. [56] attempted the “one-pot two-step synthesis” approach
to synthesize high molecular weight, multiblock copolymers composed of PSU and PPSU using
commercially available monomers, followed by sulfonation using trimethylsilyl chlorosulfate. This
approach is suggested to be less complex than the polycondensation of monomers forproducing
high molecular weight polymers, which may be better for industrial-scale processes. The obtained
sulfonated multiblock copolymers (SPSU/SPPSU) had no obvious phase separation but achieved a
higher hydration level than Nafion 117. The tensile strengths of the dry membranes exceeded that of
Nafion 112, which increased with IEC. Tensile drop was more prominent for the high IEC membrane
in a wet state, but still considered as acceptable (55 MPa for the membrane with 1.58 meq/g IEC). The
maximum power density of the multiblock SPSU/SPPSU was ~400 mW/cm?, which was in between
Nafion 112 (729 mW/cm?) and Nafion 117 (310 mW/cm?) at 70 °C and 100% RH.

S.Gahlotetal. [57]studied the effects of sulfonated mesoporous silica (S-MCM-41) on SPES. Similar
to most inorganic-organic composites with porous, hygroscopic fillers, the presence of S-MCM-41 in
the SPES matrix increased thewater uptake and tensile strength. The content of bound water was
0.51% for the filler-containing SPES and 0.2% for normal SPES, showing the filler’s ability in water
retention. While IEC showed an increasing trend forthe SSMCM-41 content in SPES, the highest proton
conductivity was achieved with 2 wt% S-MCM-4, due to the uniform filler distribution, higher porosity,
and proper ion channel formation. X. Xu et al. [58] prepared cellulose whiskers (CW) functionalized
with various Fmoc-amino acids (Glycine, 5-amino-Valeric acid, L-serine, L-Aspargine, and r-Leucine).
The Fmoc-protecting groups were removed and incorporated into the SPSF matrix to form a proton
conductive mixed-matrix membrane. SPSF containing 10wt% of r-serine-functionalized CW achieved
the highest conductivity at 0.234 S/cm at 80 °C. The highly hydrophilic functionalized CW and presence
of -NH, from amino acids provided the membrane with more water and conductive groups. Moreover,
the methanol resistance was improved. The power density of SPSE/CW-Ser projected a peak power
density of73.757 mW/cm?, whereas for Nafion 117, thevalue was 51.323 mW/cm?, at 60 °C and 100%
RH in single-cell DMFC MEA with 2M methanol.

A few recent studies have also characterized modified PES-type polymers as PEMs for HTPEMFCs.
N. Anahidzade et al. [59] utilized an amino-functionalized metal organic framework (MOF)
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(Cr-MIL-101-NH3;) on chlorosulfonatedpoly(ether sulfone) (PES-SO,Cl), resulting in crosslinking
(Figure 3). While the PA uptake was less, the PA retention, proton conductivity, and thermal and
mechanical strengths werebetter for the MOF-containing membrane. The conductivity achieved
was 0.041 S/cm at 160°C, in an anhydrous state. Moreover, a 14 day durability test under the same
conditions also highlighted a less significant drop in conductivity within two days, before remaining
stable until the end of test, showing the advantage of the acid-stable, porous MOF towards PEM
stability. H. Bai et al. [60] introduced graphitic carbon nitride (CN) nanosheets into a poly(ether
sulfone)-poly(vinyl pyrrolidone) (PES-PVP) matrix. CN nanosheets raised the PA uptake and proton
conductivity of the composites to a 0.5 wt% nanosheet content. The proton conductivity increased by
36% for the composite with 0.5 wt% CN, compared to the pure PES-PVP at 160°C, in an anhydrous state.
The CN nanosheets weresuggested to interact with PA molecules and improve the rate of ionization of
free PA and protons from PVP.
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Figure 3. Schematic of the procedure for the synthesis of PES-50,Cl with Cr-MIL-101,metal organic
framework (MOF), utilized as PA-doped PEM for HTPEMFC [59].

Table 5 provides asummary ofseveral improvements to the sulfone group-containing PES, PSF,
and phenyl sulfone (PSU). There are similarities inthe performance of sulfone-containing PEMs
when compared to that of ketone-containing PEMs, where DS and IEC affect the water uptake and
conductivity. It is also worth noting that the ketone and sulfone groups can be combined into
one polymeric chain, which has beenreported in several studies. An example is the recent study
conductedby J. Xu et al. [61] on crosslinked sulfonated poly(aryl ether ketone sulfone) (C-SPAEKS)
with multiple sulfonic acid side chains. The existence of interaction by crosslinking restricted swelling
and controlled the methanol permeability, whereas the IEC being larger than Nafion 117 offered better
conductivities. Despite the positive outcome forkey properties, the power density was lower than
that of Nafion 117, which may be due to the compatibility of the membrane within the components in
the MEA.
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Table 5. Uptake and electrochemical properties of PES- and PSF-type PEMs.

PES- and PSF-type

Membrane Year %DS Modifications Fuel Cell Type Filler Content IEC (meq/g) Water Uptake (%) Proton Conductivity (S/cm) Peak Power Density (mW/cm?)
SPES-PBI [53] 2015 - Tonic crosslinked with p-PBI PEMFC 3wt% p-PBI 146 42.9 (80°C) 021 (80°C, 100%RH) -
Imidazolium PSF[62] 2015 - PSE W‘;};?a‘gtasz"h“m HTPEMFC - - - 0.04 (180°C, 0%RH) 269 (160°C, 0%RH, Hp/O,)
SPES/CNW [54] 2016 - Chitin nanowhiskers PEMFC 7 wt% CNW - ~19 (80°C) ~0.014 (80°C,100%RH) -
SPES/NPHC [63] 2016 35  N-phythaloyl chitosan blend DMFC 1wt% NPHC 1.29 415 (80°C) 0.0121 (80°C) -
SPSF-SGO [64] 2017 71.55 Sulfonated graphene oxide DMFC 3 wt% SGO - 22.33 0.00427 (RT, 100%RH) -
Sulfonated poly(fluorenyl
dsPFES-imPES[65] 2017 100 ether sulfone)/imidazolium PEMFC 2wt% imPES 117 89.7 (80°C) 0.35 (80°C,100%RH) -
PES blend
SPPSU crosslinked with o o
SPPSUJEG [55] 2018 224 ethylone glycol (EG) PEMFC 12 molecule EG/rpu 2.79 199 (RT) 0.23 (120°C,90%RH) -
SPES-MOF [59] 2018 19 PESSOCH ﬁé‘gIL'wl'NHz HTPEMFC 0.1 g MOF 3.18 35 (80°C) 0.041 (160°C, 0%RH) 238 (160°C, 0%RH, Hy/O;)
g _ PES-PVP/graphitic carbon o _ _ o o o Mo
PES-PVP [60] 2018 nifride (ON) nanosheets HTPEMFC 0.5 wt% CN 0.12 (180°C, 0%RH) 634 (180°C, 0%RH, Hy/O;)
SPES/S-MCM-41 [57] 2018 - S-MCM-41 silica PEMFC 2 wt% S-MCM-41 14 21.76 0.0694 -
Serine-modified cellulose o o " 73.757 (60°C, 100%RH, 2M
SPSF/CW-Ser [58] 2019 40 e whiskens DMFC 10wt% CW-Ser - ~65 (80°C) 0.234 (80°C) MeOH/O,)
SPSU/SPPSU [56] 2019 - M“lgﬁf;’fjl;;;’lfs‘%yme‘ PEMFC 1:9 (PSU:TMSCS ratio) 1.58 31.2 (60°C) 0.025 (80°C, 95%RH) 400 (70°C,100%RH, Hp/O,)
Am-SPAEKS/C-SPAEKS [61] 2019 Crosslinked SPAEKS with PEMFC 2 molar ratio of AMPS to 209 146 (80°C 0.135 (80°C, 100%RH) 121.09 (80°C,100%RH, Hy/air)

multiple sulfonic acid groups

Am-SPAEKS-DBS
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2.4. Polybenzimidazole (PBI)

Mechanically and thermally strong polybenzimidazole (PBI) is of interest foruse as a PEM in
HTPEMEC that operates in the temperature range 0f120 to 180 °C. Unlike PAEK-, PI-, or PES-type
polymers that require additional functionalization to allow binding to PA molecules, the benzimidazole
rings that naturally exist in the PBI backbone play this important role, enabling proton conduction to
take place via both the Grotthuss and vehicular mechanism, between PA molecules (free and bounded
to the -NH of benzimidazoles) and water molecules. The key properties, including the acid doping level
(ADL) (or percentage PA uptake (%PA)), mechanical and thermal strengths, and proton conductivity,
change with respective PBI types. The proton conductivity of PA-doped PBI membranes depends
on the ADL, where more acid retained in the membrane leads toincreased conductivity. At a high
ADL, the membrane’s tensile strength is lowered due to the plasticizing effect of PA, despite the better
conductivity achieved. Furthermore, as PA remains in liquid-form embedded within the membrane’s
free volume, leaching occurs over its lifetime of usage. In the MEA, PA leakage appearsto be more
prominent on the cathode side of the membrane; in which water vapor produced from the cathode
reaction canfacilitate the removal of PA. The leakage rate increases at a higher current density. Acid
loss subsequently leads tohigher cell resistance and conductivity drop [66]. It is worth mentioning that
several types of PBI, namely meta-PBI and ABPBI, dissolve poorly in common organic solvents, such as
dimethylacetamide (DMACc), dimethylformamide (DMF), and N-methyl-2-pyrollidone (NMP), affecting
the processability and membrane formation, due to their rigid structure and high glass transition
temperature [67]. However, alternative acidic solvents may be utilized. N. Ratikanta et al. [68] studied
the effect of methane sulfonic acid (MSA), trifluoroacetic acid (TFA), formic acid (FA), and sulfuric acid
(SA) as solvents for ABPBI. The polymer casted from TFA displayed the highest PA absorption and
proton conductivity at 150 °C, but had the weakest mechanical strength. The MSA-casted membrane
offered the best cell performance with a small electrolyte resistance.

Improvements to PBI-Type PEMs

Under HTPEMFC conditions, the PEM is subjected to a faster rate of thermal and chemical
degradation, mechanical stress, and PA loss. Researchers have followed similar strategies to improve
the properties of PA-doped PBI similar to that of other hydrocarbon-based ion exchange membranes,
aiming to balance the acid uptake and proton conductivity with their physical properties, as well
asovercome the solubility issue and slow down the acid leaching rate. Aside from meta (m)- or para
(p)-PBI and short-chained ABPBI, several PBI-based polymers with varying backbone structures have
been synthesized in past studies. By the polymerization of different monomers, sulfonated PBI (SPBI),
pyridine PBI (Py-PBI), PBI with ether bonds (OPBI), fluorinated PBI (F6-PBI), and branched PBI each
have specific properties. Some have exhibited a better solubility, PA uptake, mechanical properties, and
proton conductivity compared to m-PBls [67,69]. They may also be modified further by crosslinking,
introducing additional side-chains, blending, filler additives, and so on. Recently, the effects of new
materials and modification techniques have been investigated.

X. Lietal. [70] grafted additional benzimidazole groups onto the backbone of aryl-ether PBI
(Ph-PBI) through an N-substituted reaction without catalysts. The polymer solubilities of Ph-PBI and
grafted Ph-PBI wereexcellent for most of the common solvents. The ADL and proton conductivity
increased with a highergrafting degree. At 200 °C, the conductivity of the Ph-PBI with the maximum
grafting degree reached 0.235 S/cm. However, the tensile stress wasparticularly low for the membrane
due to the high ADL (3.2 MPa, slightly higher than OPBI, which was 2.5 MPa). For operation under
the temperature concerned, it is important to consider how stable the membrane would be in the long
term. H. Chen et al. [71] proposed a concept of dual proton transfer from a crosslinked membrane
consisting of PBI with proton-donating and -accepting properties with polymeric ionic liquid (PIL)
based on Bul-PBI and anion BF" as proton acceptors. The anionic part of PIL wasable to accept
protons to enhance the PA capacity, at the same time accepting protons through electrostatic interaction.
The anions of PIL facilitated proton transfer; therefore, the conductivity increased. In contrast, the PIL
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caused a slight reduction in Young’s modulus and the ultimate tensile strength (undoped), likely
due to the destruction of hydrogen bonds in PBI during the N-quaternization reaction, forming PIL.
With the inclusion of crosslinking, some —-NH sites were important for PA absorption and proton
transfer. L. Wang et al. [72] attempted tospare the -NH sites from the crosslinking reaction by the
synthesis of branched F6-PBI with bis(3-phenyl-3,4-dihydro-2H-1,3-benzoxazinyl) isopropene (BA-a)
as the polymeric covalent crosslinker. The unrestricted -NH sites, branched structure, and amine
groups of crosslinkers helped in PA absorption and retention. The stability wasmaintained as a more
rigid membrane was produced as a result of crosslinking; beneficial for the membrane in terms of
itretaining its strength in a doped state and at high temperatures. Moreover, the membrane achieved a
690 mW/cm? peak power density at 160°C in Hy/O, HTPEMFC MEA tests. Long-term stability tests
for 200 h also recorded stable open circuit voltage (OCV)(Figure 4), owing to the low H; permeability
and internal resistance, high stability, and acceptable oxidative stability.

a) 750 ) 08 100
g C10F6-R2-6 (8.7 mOhm)
1.04 + C10F6-PBI (31.7 mOhm) oo ocv =
600 ~ e | oo E
" g 0.6 =— \ (o]
0.8 =2 £
4450 P -
s - E S {60 :
5 0.6 {300 > &04 s
g N .z’ g 140 3
S Jisog = / e
0.4- - 0.2 o R P
(<] —— 4120 c
Jo § §
[~
024 __ . — 0.0 v . v y -
0 300 600 9S00 1200 1500 0 40 80 120 160 200
Current (mA/cm®) Test times (h)

Figure 4. Outcomes of the crosslinked fluorinated PBI (F6-PBI) with unrestricted -NH sites (a) and the
change in OCV of the membrane during a 200 h durability test, under 160°C, and in an anhydrous state
(b) [73].

Conducting multiblock copolymerization to produce strong, phase-separated membranes is
common among aryl ether ketone- and sulfone-type polymers. Recent attempts have been made to
produce PBI-type block copolymers. L. Wang et al. [74] synthesized block copolymers consisting of
varying ratios of OPBI and p-PBI segments. The resulting copolymer showed a nanophase-separated
morphology that provided a larger free volume; hence, at equal ratios of OPBI and p-PBI, the ADL
value was?7.9 PA/rpu, which was higher than that of the individual segments (5.8 PA/rpu for OPBI and
4.7 PA/rpu for p-PBI). Furthermore, the equal ratios in the block copolymers exhibited the maximum
phase separation degree. Therefore, there was alarge continuous channel for proton transfer. In turn,
the proton conductivity achieved is stated to be five times higher than that of the individual segment.
The peak power density reached 360 mW/cm?, which is an obvious improvement (p-PBIL: 250 mW/cm?
and OPBI: 268 mW/cm?) under Hp/air at 160°C, in an anhydrous state. Although there are advantages
on the electrochemical side, the phase separation in a copolymer’s microstructure may cause the
membrane to be more susceptible to cracks because of the presence of nanocracks. This will make the
membrane more likely to rupture under continuous stress.

Compatible fillers like silica, metal oxides, and graphene oxide are still utilized to enhance PBI
properties. Functionalized fillers potentially provide stronger intermolecular interactions to minimize
swelling due to a high PA uptake, while maintaining the conductivity. E. Abouzari-Lotf et al. [73]
have shownthe enhancement of PA retention and proton conductivity of 2,6-Py-PBI phosphonic
acid-functionalized graphene oxide (PGO). The PGO appeared to reduce the crystallinity of the
polymer matrix while being able to maintain a sufficient mechanical strength. The more amorphous
structure, which, according to the authors, provided stronger sites for PA retention and proton hopping
pathways, increased the conductivity of the composite. The conductivity was also observed to increase
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with a small level of humidity (10% RH), where it was thought that the humidity reduced the contact
resistance between the gas diffusion layer (GDL) and the membrane. A slower drop in conductivity
was observed for the composites with PGO, shown in a 20 h durability test at 140 °C, without hydration,
indicating a potentially stable membrane.

Table 6 provides asummary ofPBI-type membranes. Even recent studies have highlighted the
advantages of PA-doped PBI membranes as solid electrolytes for HTPEMEFCs that operate above the
boiling point of water. At an appropriate ADL, it is feasible for PBIs to reach conductivities similar to
those of Nafion in a temperature range of 160—200°C. Similarly, for the case of water-retaining SPEEK,
SPI, and SPES, strengthening the PBI molecular chain interactions to minimize swelling and the risk of
fast disintegration at a large ADL and high temperatures is necessary, especially when a high proton
conductivity is desired. On the other hand, effective single-cell performance of the membranes would
also rely on the PBI’s compatibility with the MEA components, gas permeability, oxidative stability,
and degradation rate over its lifetime.
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Table 6. Uptake, acid doping level (ADL), and electrochemical properties of PBI-type PEMs.

PBI-type
e . - Peak Power Density
Membrane Year Modifications Fuel Cell Type Filler Content PA Uptake (%) ADL (PA/rpu) Proton Conductivity (S/cm) (mW/cm?)
4 mole o 5o °C 09 i
PBI-4BPO[75] 2015 Boron phosphate HTPEMFC BPO,/mole PBI - - 0.045 (150°C,5%RH) ~500 (150°C,0%RH,H,/air)
Ph-PBI [76] 2016 Phenyl pendants HTPEMEC } } 19.1 (160°C, 108 h) 0.138 (200°C,0%RH) 279 (160°C,0%RH,Hp/air)
Me-PBI [76] Methylphenyl pendants 17.6 (160°C, 108 h) 0.123 (200°C,0%RH) 320 (160°C,0%RH,Hy/air)
PBIOH-ILS [77] 2017 Tonic liquid-functionalized silica HTPEMEFC 5% ILS - 9.65 (110°C, 72 h) 0.106 (170°C,0%RH) -
PBI-GO [78] 2017 Graphene oxide HTPEMFC 2wt% GO - 12 (336 h) 0.1704 (180°C, 0%RH) 380 (165°C, 0%RH, Hy/Air)
P-b-O-PBL[73] 2018 p-PBI/OPBI multiblock copolymer HTPEMFC (p_I?;Iﬁ%iBD ; 7.9 (80°C) 0.1 (180°C, 0%RH) 360 (160°C,0%RH, Hy/Air)
s-PBI [79] 2018 Azide naphthalene sulfonic acid-PBI PEMFC 40wt% azide - - 0.006593 (RT, 0%RH) -
PBI/lignin [80] 2018 Lignin HTPEMFC 20wt% lignin - 27 (RT, 24 h) 0.152 (160°C, 0%RH) -
Radiation grafted sulfonated GO-PBI/Porous o o o o
PBI-RGO/PPBI/PPBI-RGO [81] 2018 HTPEMFC 80% PPBI 500 20.4 (80°C, 48 h) 0.1138 (170°C, 0%RH) -
PB I three layer membrane
g-PBI[70] 2018 Ph-PBI grafted with benzimidazolyl pendants ~ HTPEMFC 20 /c"l fg‘:;mg - 221 (120°C, 72 h) 0.212 (200°C, 0%RH) 443 (160°C, 0%RH, Ha/O,)
ABPBI/S-Sep [82] 2019 Sulfonated sepiolite HTPEMFC 2 wt% S-Sep - ~3.5 (RT, 72 h) 0.051 (180°C, 0%RH) 230 (180°C, 0%RH, Hy/O,)
cPBI-BF, [71] 2019 Crosslinked PBI with PBI-Bul PIL HTPEMFC 40wt% PIL 362.5 19.7 0.117 (170°C, 0%RH) -
CF6PBI-R2-6 [72] 2019 Crosslinked branched F6-PBI with BA-a HTPEMFC - ~69.5 (120°C) - ~0.07 (180°C, 0%RH) 690 (160°C, 0% RH, Hy/O,)
2,6-Py-PBI/PGO [73] 2019 Phosphonated graphene oxide HTPEMEC 1.5 wt% PGO - 5.8 (45°C, 168 h) 0.0764 (140°C, 0%RH) 359 (120°C, 0%RH, Hp/Air)
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2.5. Polyphenylene Oxide (PPO)

Polyphenylene oxides (PPOs), also referred to as polyphenylene ethers (PPEs), are ether-containing
aromatic polymerswithelectrical insulation properties, high mechanical strengths, and good chemical
resistance. In terms of their thermal aspects, the glass transition temperatures of PPO may reach as high
as 210°C, although this varies, depending on their grade and modifications. The excellent dimensional
stability of PPO is related to itslow moisture absorption, even when exposed to boiling water [83].
Modified PPO or PPE-based AEMs for fuel cells have beenwell-studied in past years; however, several
recent studies have also reported the potential use of modified PPOs as PEMs.

Improvements to PPO-Type PEMs

Similar to other sulfonated aromatic PEMs, SPPO’s IEC, water uptake, and conductivity relieson
its degree of sulfonation. However, the weaker thermal stability and mechanical strength of the SPPO
membrane may shorten its lifetime. I. Petreanu et al. [84] incorporated silica particles into the SPPO
matrix and reported a higher ultimate tensile strength for the silica-containing membrane in a hydrated
state, compared to pristine SPPO. Other key properties, including IEC and water uptake, lowered in
the presence of silica. Beside SPPOs, the bromomethylated PPOs (BPPOs) with hydrophobic properties
caneffectively improve the methanol resistance and DMFC cell performance of SPEEK, as investigated
by X. Liu et al. [85], who employed a SPEEK-BPPO blend membrane. While the water uptake and
conductivity wereaffected in the presence of BPPO, the excellent methanol resistance and selectivity
contributed to the better DMFC single-cell performance at a 5M methanol concentration, achieving a
power density five times higher than that of Nafion 117.

Recently, there havealso been attempts toutilize PPOs atoperating temperatures above 100 °C.
X. Zhu et al. [86] prepared a crosslinked methylimidazole-functionalized PPO incorporated with
phosphonic acid-functionalized siloxane as a PEM for high-temperature and low-humidity conditions.
The effective proton conductive properties of the functionalized siloxane allowed the conductivity to
further elevate after 100 °C at 5% RH, while crosslinking strengthened the membrane’s mechanical
properties and oxidative stability. This suggests that a crosslinker functionalized with effective
proton conductive functional groups has a positive role in simultaneously enforcing the membrane
and improving the electrochemical properties. Furthermore, an investigation of a crosslinked PPO
containing a triazole side chain, synthesized by J. Jang et al. [87], showed that the highly crosslinked
structure wasable to minimize PA leaching, whilstimproving the mechanical and thermal strength,
but also suppressed high PA absorption, leading to lower conductivities. The addition of more
triazole side chains raises the PA uptake. Since the PA uptake still has a significant effect on theproton
conductivity, the membrane must retain a suitable amount of PA for better conductivities. Therefore,
this would require the optimization of both the degree of crosslinking and triazole content to balance
out the key aspects to function as effective PEM.

Table 7 summarizes several of the recently investigated PPO-type PEMs. While the number of
studies for PPO-type fuel cell PEMs seems limited compared to AEMs, there is still good potential for
the utilization of PPO as membrane material. Much like the other aromatic-based membranes, the
optimization of individual aspects of the membrane is an important step in achieving electrochemical
and durability balance.
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Table 7. Water uptake, PA uptake, and the electrochemical properties of PPO-type PEMs.

PPO-type
Membrane Year Modifications Fuel Cell Type Filler Content IEC(meq/g) Water Uptake (%) PA Uptake (%) Proton Conductivity (S/cm)  Peak Power Density (mW/cm?)
SPPO-HGM-SPPO[88] 2015 _ Hollow glass DMFC 9wt% HGM 2.164 19.31 - 0.0318 (20°C, 100%RH) 81.5 (RT, 2M MeOH/O,)
microspheres (HGMs)

PPO-MeIM[89] 2017 Memyhlr,‘;doaz"h“m HTPEMFC 4:10 (MeIM:BPPO) - - 135 (30°C, 24 h) 0.0679 (160°C, 0% RH) 280 (160 °C, 0%RH, Hy/O,)
SPEEK/BPPO [85] 2017 SPEEK/BPPO blend DMFC 20wt% BPPO 1.21 (mmol/g) 11.76 - 0.064 (60°C, 100%RFH) 23.9 (60 °C, 10M MeOH/O,)
SPPO+TEOS [84] 2017 TEOS-based silica PEMFC - 1.75 66 - - -

nanoparticles
QPPO-MImy/ Phosphonic
2019 acid-functionalized HTPEMFC 15wt% ATMP-APTES  1.04 (mmol/g) 38.91 (80°C) - 0.0848 (160°C, 5%RH) 638 (160 °C, 5%, Hp/Os)
ATMP-APTES [90] RN
Crosslinked triazole 40% bromination
XTPPO [87] 2020 HTPEMFC degree, 10% degree of - - 211 (120°C, 15 h) 0.064 (180 °C, 0%RH) -

PPO

crosslinking
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3. Challenges and Future Perspectives

As seen from the extensive research conductedin past and recent years, PEMs derived from various
hydrocarbon-based polymers hold a lot of potentials to be applied as solid electrolyte alternatives to
Nafion for LTPEMFCs, HTPEMFCs, and DMFCs. The different modification methods employed to
enhance these PEMs have observed that improvements intheir electrochemical characteristics and
durability are possible, taking into account thecontrol, adjustment, and optimization of individual key
properties. While several studies have recorded the performance of hydrocarbon-based membranes
and their modified forms in long-term MEA tests, knowledge on characteristic changes in long-term
durability under fluctuating temperatures, pressures, and fuel flows in actual fuel cell stacks could be
more comprehensive.

Nafion has been widely commercialized as it has a role as the standard in fuel cell systems and their
production has been achieved at anindustrial scale. PEEK, PES, PI, PBI, and PPO polymers are already
manufactured atlarge scales to cater for their diverse applications besides PEMs. However, suitable
proton or ion conducting PEEK, PES, P, PBI, and PPO specifically for fuel cell applications have yet to
enter the competitive market alongside Nafion. The difficulty incommercializing these alternative
PEMs is due to the durability issue and stability related to their electrochemical properties, which
still requires further optimization. Hydrocarbon-based PEMs synthesized from individual monomers
may hold some advantages in long-term durability compared to those derived from commercial
polymers. However, the polymerization reaction process can be complex, andthe stoichiometric
ratios, reaction conditions, purification, recovery, and film formation process must be specified at
an upscale level, sothe economic feasibility needs consideration. Using commercial polymers that
undergo functionalization reactions, blending, or filler inclusion may be a more viable option. Again,
the functionalization level (ex: DS), MEA compatibility, and durability should be optimized. The cost
of secondary materials (blended polymer, fillers, etc.) also needs to be included.

4. Conclusions

In summary, aromatic-based membranes consisting of strong aryl rings, ether, ketones, sulfones,
imides, and benzimidazole linkages, along with the optional inclusion of fluorinated structures,
followed by functionalization with strong ionic conducting groups, provide the membrane with
the mechanical, thermal, and chemical strengths; water or PA retention abilities; and ionic/protonic
conductive properties required for them to function as PEMs for fuel cells operating in the temperature
range fromambient to around 200°C. Furthermore, the low methanol and gas permeation of these
alternative PEMs even offer benefits toward better MEA performances. Larger IEC and water absorption
of high DS SPEEK, SPES, and SPI would lead to higher proton conductivities, that would otherwise
be lower than those of Nafion due to smaller hydrophobic/hydrophilic phase separation and the less
effective ion transport channel of hydrocarbon-based PEMs. On the other hand, high PA uptake or
ADL- of PBI-type membranes, as well as imidazole or ionic liquid-functionalized PAEK, PES, Pi, or PPO,
facilitate conductivity under anhydrous conditions. However, the excessive accumulation of water or
PA molecules within the free volumes of these polymers can cause large swelling, deterioration in
the mechanical strength, easier fuel permeation, and faster degradation that may becaused bypoor
oxidative stability, which is adisadvantage in terms ofthe hydrocarbon-based PEM’s durability, thus
affecting their lifetime under fuel cell operating conditions.

To this day, there have been various strategies and methods adopted by researchers to enhance
the PEM characteristics of aromatic-based polymers. Crosslinking, multiblock-copolymerization,
the introduction of inorganic/organic fillers/nanofillers, the addition of branching or pendant structures,
and morphological modifications through the inclusion of nanofibers within the polymer matrix have
beenproven to improve the mechanical, thermal, oxidative stability, fuel resistance, and electrochemical
performance of these alternative PEMs, especially concerning the utilization of the benefits of PEMs
with a high DS and water/PA uptake. However, some challenges still remain for these PEMs,
even as they have been further modified. Crosslinking could lead to brittleness. Filler/nanofiller
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addition may form more tortuous proton conductive pathways. The compatibility of these modified
aromatic-based PEMs forthe MEA components may be different fromthat of Nafion and more elaborate
investigations are needed, such as explorations on the electrolyte-electrode contact, catalyst quantity,
and flowrates of reactants and oxidants. Nevertheless, aromatic-based PEMs still hold great potential
as effective and low-cost alternative PEMs for fuel cells. The success of producing PEMs with excellent
performances dependson the balance between the electrochemical properties, physical characteristics,
MEA compatibility, and durability, which requires a careful in-depth understanding of the fundamental
characteristics of the polymers and the optimization of individual aspects of the membrane.
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