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Abstract: A fuel cell is an electrochemical device that converts the chemical energy of a fuel and
oxidant into electricity. Cation-exchange and anion-exchange membranes play an important role
in hydrogen fed proton-exchange membrane (PEM) and anion-exchange membrane (AEM) fuel
cells, respectively. Over the past 10 years, there has been growing interest in using nanofiber
electrospinning to fabricate fuel cell PEMs and AEMs with improved properties, e.g., a high ion
conductivity with low in-plane water swelling and good mechanical strength under wet and dry
conditions. Electrospinning is used to create either reinforcing scaffolds that can be pore-filled with
an ionomer or precursor mats of interwoven ionomer and reinforcing polymers, which after suitable
processing (densification) form a functional membrane. In this review paper, methods of nanofiber
composite PEMs and AEMs fabrication are reviewed and the properties of these membranes are
discussed and contrasted with the properties of fuel cell membranes prepared using conventional
methods. The information and discussions contained herein are intended to provide inspiration for
the design of high-performance next-generation fuel cell ion-exchange membranes.

Keywords: fuel cell; electrospinning; nanofiber; proton-exchange membrane; anion-exchange membrane

1. Introduction

With the inevitable depletion of fossil fuels, such as coal and oil, and the increasingly
stringent requirements for reduction of greenhouse gas emissions, it is urgent to seek
environmentally friendly, renewable energy sources that can replace conventional carbon-
based systems. Green energy such as solar, tidal, wind, biomass, geothermal, hydro, nuclear,
and hydrogen (H2) can be used to address our future needs, for addressing climate change
and mitigating global warming. Some green energy sources such as tidal, wind, and solar,
however, fluctuate over time resulting in intermittent power generation. Electrochemical
batteries can be coupled to green energy sources to address this problem [1]. Fuel cells have
important applications in the automotive and heavy-duty vehicle transportation sector, as
an environmentally clean alternative to the internal combustion engine and a long drive-
distance alternative to Li-ion batteries. Fuel cells convert the chemical energy of a fuel and
oxidant into electrical energy at efficiencies that are typically higher than those achieved
in an internal combustion engine. One type of fuel cell uses H2 as the fuel, with only
water as the reaction product. Such a carbon-free and potentially reversible energy system
(where hydrogen is regenerated by water electrolysis) is highly desirable. Hydrogen fuel
cells are being considered for a variety of different applications, including power plants in
passenger and heavy-duty vehicles and for distributed electricity generators [2].

According to the type of electrolyte, fuel cells can be divided into proton-exchange
membrane fuel cells (PEMFCs), anion-exchange membrane fuel cells (AEMFCs, which are
sometimes referred to as hydroxide-exchange membrane fuel cells), solid oxide fuel cells
(SOFCs), molten carbonate fuel cells (MCFCs), and phosphoric acid fuel cells (PAFCs) [3].
In this article, various types of polymeric membranes used in H2 gas-fueled PEMFCs and

Energies 2021, 14, 6709. https://doi.org/10.3390/en14206709 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-2754-0720
https://orcid.org/0000-0001-5115-7276
https://doi.org/10.3390/en14206709
https://doi.org/10.3390/en14206709
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14206709
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14206709?type=check_update&version=2


Energies 2021, 14, 6709 2 of 21

AEMFCs will be described, with a focus on their composition, methods of fabrication, and
those properties that are most relevant to fuel cell operation.

2. Background

The most widely used and studied fuel cell is the proton-exchange membrane fuel
cell (PEMFC). PEMFCs first became popular in the aerospace field during the 1960s [4] and
continue to be attractive due to their high power density capability, fast start-up times, and
easily adjustable stack size to meet a variety of different power needs. The most common
PEMFC utilizes H2 as the fuel with Pt-containing catalyst powder electrodes. H2 gas is
oxidized to H+ at the anode and O2 from air is reduced to form water at the cathode [5], as
shown in Figure 1. A thin proton-exchange membrane (polymer electrolyte membrane)
physically separates the anode and cathode to prevent an electrical short circuit and
minimize mixing of the reactant gasses. The membrane also provides pathways for proton
conduction between the anode and cathode. Many fuel cell proton-exchange membranes
(henceforth denoted as PEMs) are used in redox flow batteries, water electrolyzers for H2
gas production, electrodialysis separations, and industrial processes, such as the chlor-alkali
membrane process for producing Cl2 and concentrated NaOH [1], but these applications
will not be addressed in this review paper.
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Figure 1. Schematic diagrams of a PEMFC and an AEMFC, with the relevant electrode reactions. For
PEMFCs, the O2 source is air. For AEMFCs pure O2 or CO2-free air is used as the cathode feed.

Ideally, a fuel cell PEM should have a high H+ conductivity at low and high relative
humidity (RH) conditions for a temperature typically at or near 80 ◦C. They must also
exhibit good chemical and mechanical stability, with minimal water swelling variations
during fuel cell operation. The most common membrane in PEMFCs is composed of a per-
fluorosulfonic acid (PFSA) ionomer [6]. PFSA ionomers and membranes are manufactured
by a number of companies. The most well-known PFSA membrane has the trade name
NafionTM. It was first manufactured in the 1970s by DuPont (now The Chemours Company,
Wilmington, DE, USA) for chlor-alkali cells. Other companies that make PFSA fuel cell
ionomers and membranes include Asahi Glass Company (Flemion® products, Chiyoda,
Japan), 3M Company (Saint Paul, MN, USA), W. L Gore (GORE-SELECT® membranes,
Newark, DE, USA), and Solvay S.A. (Aquivion® products, Brussels, Belgium). Nafion has
a very high proton conductivity of ~0.1 S/cm at fuel cell operating conditions of 80 ◦C and
100% RH and the membrane can be made very thin (20–25 µm) with good mechanical prop-
erties. The high proton conductivity and mechanical characteristics of Nafion are attributed
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to a combined superacidity of the sulfonic groups and the phase-separated morphology
where proton-conducting sulfonic groups are aggregated into hydrophilic domains that
are dispersed within its hydrophobic PTFE backbone matrix [7]. Commercial PFSA mem-
branes still require further development, which is the subject of many present-day research
projects. The process of synthesizing PFSA is complicated and costly and the membrane
mechanical properties of neat ionomer films need to be improved with better control of
water uptake to eliminate undesirable cracks, which form during repeated water swelling
and dehydration cycles [8]. Fluorine release due to polymer degradation by peroxide
and/or hydroxide radicals in an operating PEMFC represents a serious durability issue as
well as an environmental pollution concern [9]. In addition to Nafion PFSA membranes,
a number of other PFSA-based PEMs have been developed, including those with short
side-chain, high IEC PFSA ionomers from Solvay (Aquivion) and 3M Company [10].

Due to the high cost of PFSA ionomers, researchers have examined a variety of
less expensive hydrocarbon-based PEMs with sulfonic acid fixed charge groups, such as
sulfonated poly(ether ether ketone) [11], sulfonated polybenzimidazole [12], sulfonated
polyimide [13], sulfonated polysulfone [14], sulfonated poly(aryl ether ketone) [15], and
poly(phenylenesulfonic acid) [16]. Composite membranes where sulfonated inorganic
particles, e.g., sulfonated silica, are added to a proton conducting ionomer have also been
prepared and characterized [17–19].

In contrast to a PEMFC, an anion-exchange membrane fuel cell (AEMFC) utilizes a
membrane that transports OH− ions during power generation. The OH− negative charge
carrier is generated at the cathode and migrates to the anode where it reacts with H2 gas
to form water, as shown in Figure 1. In an AEMFC, non-platinum group metals such as
nickel or silver can be used as the cathode catalyst, which will lower the fuel cell capital
cost [20]. Anion-exchange membranes (AEMs) have been widely used for desalination [21],
as a component of bipolar membranes [22], and in electrodialysis separations [23]. Until
recently, they have not been developed specifically for use in a fuel cell. Commonly used
anion-exchange polymers for fuel cell membranes include crosslinked polystyrene [24] or
some other hydrocarbon polymer such as poly(arylene ether) [25], poly(ether ketone) [26],
poly(ether imide) [27], and poly(phenylene ether) [28], with quaternary ammonium fixed-
charged groups. Unfortunately, these materials are chemically unstable in the alkaline
environment of an operating H2/O2 AEMFC. Recently, the degradation problem associated
with quaternary ammonium groups has been rectified to some extent, with the synthesis of
new OH− conducting ionomers with more chemically stable anion-exchange groups based
on quaternary phosphonium [29], guanidine [30], imidazolium [31,32], metal cations [33],
and benzimidazole [34].

The most commonly used PEM is Nafion, which has an ion exchange capacity (IEC)
of 0.91 mmol/g. Its conductivity is close to 80 mS/cm at 30 ◦C and 100% relative humidity
(RH). Under similar conditions, anion-exchange membranes have a much lower OH−

conductivity, due to the intrinsically lower mobility of hydroxide ions compared to H+,
e.g., a commercially available AEM, Fumasep® FAA3 from FumaTech GmbH (Baden-
Württemberg, Germany), has an IEC of 1.85 mmol/g, but a OH− conductivity half that of
H+ in Nafion [35]. The IEC of an AEM is normally higher than that of PEM materials to
compensate for the reduced mobility of OH− ions, as compared to that of H+. The high
IEC of AEMs results in a decline in their mechanical properties due to excessive swelling
in water and brittleness in the dry state [36,37]. To control water swelling, polymer
crosslinking [38] is utilized, but this often exacerbates the dry polymer brittleness issue.
Moreover, AEMs with quaternary ammonium ion fixed charge sites suffer from potential
loss of IEC due to hydrolysis of the fixed charge groups during fuel cell operation [39]. For
fuel cell applications, the gas permeability of ion-exchange membranes (IEMs) must be
very low. Thus, the AEMs and PEMs in fuel cells must be dense with no macroporosity
and no pinhole defects.

As compared to PFSA-base PEM materials, no AEM ionomer has been identified as
being clearly superior to all others, i.e., most AEM polymers require further development
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to improve durability and lower raw material and fabrication costs. Table 1 compares the
general characteristics and shortcomings of the two fuel cell types.

Table 1. Characteristics and components of PEMFC and AEMFC.

Fuel Cell Types PEMFC AEMFC

Conductive ion H+ OH−

Typical membrane ionomer PFSA Quaternized polyphenylene oxide (QPPO)
Anode catalyst Pt Pt, PtRu, Ni alloy

Cathode catalyst Pt, Pt/C, PtCo/C, PtNi/C Pt, Ag
Disadvantage Expensive Poor durability, very expensive

Availability Widely available as bulk polymer, in films, and
in liquid dispersions Limited availability in bulk quantities

Ion-exchange membranes (IEMs) are normally fabricated by either hot melt extrusion
or solution casting. Originally, Nafion membranes were made by melt extruding the
sulfonyl fluoride precursor of PFSA, followed by a hydrolysis step to create sulfonic acid
fixed charges [40]. With this technique, the fabrication of thin membranes was a challenge,
but the method did not require the use of environmentally unfriendly solvents [41]. A
solution casting method is used today to make most fuel cell PEMs and AEMs. The
method requires the identification of a suitable solvent for ionomer dissolution/dispersion,
which may be problematic, but it does allow for the fabrication of ultrathin films (<20 µm
for PEMs) from pristine ionomers and from composites via impregnation of an ionomer
solution into a pre-formed porous polymer scaffold.

3. Polymer Nanofiber Electrospinning

The remainder of this review paper will focus on the use of nanofiber electrospinning
to fabricate high-performance fuel cell PEMs and AEMs. Since 1995, electrospinning has
received increased attention as a viable commercial manufacturing technology [42,43]. It is
by far the easiest and fastest way to produce nonwoven polymer fiber mats, when the fiber
diameter must be <500 nm [44]. The main components of a fiber electrospinning apparatus
are a high-voltage power supply, pump, one or more spinnerets, and a fiber collector (see
Figure 2). Typically, a polymer solution is pumped through the spinneret or spinneret array,
which is connected to a high voltage power supply. When the generated surface charge on
the solution at the spinneret tip overcomes surface tension a Taylor cone forms from which
a liquid jet is ejected. The jet travels toward the collector and undergoes stretching and
bending instabilities while solvent evaporates, resulting in deposited dry polymer fibers of
submicron diameter.
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Electrospinning is affected by polymer molecular weight and molecular weight dis-
tribution, the polymer solution properties, the applied voltage, the spinneret to collector
distance, the external environment (air temperature and humidity), the collector movement,
and the spinneret type/shape. Polymer molecular weight and molecular weight distribu-
tion have a significant impact on the rheological behavior and electrical properties of the
electrospinning solution. Generally, due to limited chain entanglement, polymers with a
low molecular weight or an excessively broad molecular weight distribution tend to form
beads during electrospinning rather than fibers [45]. Similarly, if the polymer concentration
in solution is too low, the electrospinning jet will break up into droplets without forming
fibers. High polymer concentrations may also present problems when electrospinning,
where viscous forces inhibit Taylor cone formation or fiber jet stretching. The solvent in the
electrospinning solution should not evaporate too quickly in order to avoid solution clog-
ging, or too slowly to prevent fusion of fibers on the collector. When the applied voltage is
low, a Taylor cone will not form because the surface charge on the solution at the spinneret
tip cannot overcome surface tension forces. As the electric field strength increases, it is
easier to form, stretch, and bend the polymer solution jet, resulting in nanofibers of smaller
diameters [46]. In a typical electrospinning process, the spinneret-to-collector distance
is 10–20 cm, which usually gives the polymer solution jet a sufficient time-of-flight for
solvent evaporation (where the actual time-of-flight distance of a jet is extended beyond
the spinneret-to-collector distance by bending instabilities). The effect of humidity on
fiber diameter depends on the interaction between the spinning solution and surrounding
water vapor. For some polymers, a high relative humidity may result in a decrease in fiber
diameter, whereas water-soluble fibers are best prepared at low humidity to prevent fiber
melting or beaded fibers. Small inner diameter spinnerets can reduce clogging (by reducing
exposure of the electrospinning solution to air) and create smaller diameter fibers (less
surface tension for smaller droplets at the spinneret tip) with fewer bead-on-fiber defects.
Spinnerets with special shapes can also be used to make electrospun fibers with special
structures such as hollow or core-shell fibers. Electrospinning can produce high specific
surface area and high porosity fiber mats with an average fiber diameter often approaching
200 nm or less [47].

Nanofiber electrospinning is cost-effective for a number of commercial products and
has been employed in the fabrication of composites [48], filtration media [49], biomedical
and pharmaceutical products [50], textiles [51], and sensors [52]. It has recently been used
to prepare fuel cell and battery electrodes, as either particle/polymer fiber mats or carbon
fiber mats (from pyrolyzed polymer fibers) [53,54].

In Sections 4 and 5 of this review, nanofiber-based PEMs and AEMs are discussed
in detail. Tables 2 and 3 list the composition, thickness, and properties of these fuel cell
membranes. In some cases, the electrospun fibers are the ionomer component of the
membrane while in other cases, nanofibers are used to reinforce an ionomer matrix.

Table 2. Summary of electrospun PEMs and their properties.

Nanofiber Matrix Membrane
Thickness (µm)

Ionomer
Fraction (%)

Effective
IEC

(mmol/g)

H+ Conductivity
(mS/cm)

H2 Crossover
(mA/cm2) Reference

- Nafion 1 25 100 0.91 100 (at 80 ◦C, 90% RH)

4.1 (at 80 ◦C,
200 kPa

backpressure,
100% RH)

[55]

sPAES NOA 63 39 70 1.65 86 (at 25 ◦C, liq. water) - [56]
733 EW PFSA NOA 63 75 70 1.36 160 (at 80 ◦C, 80% RH) - [57]

Nafion 1 PPSU 31 70 0.63 70 (at 25 ◦C, liq. water)
1.3 (at 80 ◦C,

ambient pressure,
100% RH)

[58]

660 EW PFSA PPSU 51 72 1.23 166 (at 80 ◦C, 80% RH) - [59]

PSUT Aquivion
2 30 70 0.98 180 (at 80 ◦C, 95% RH) - [60]

PVDF Nafion 1 48 60 0.54 55 (at 25 ◦C, liq. water) - [61]
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Table 2. Cont.

Nanofiber Matrix Membrane
Thickness (µm)

Ionomer
Fraction (%)

Effective
IEC

(mmol/g)

H+ Conductivity
(mS/cm)

H2 Crossover
(mA/cm2) Reference

PAI 825 EW
PFSA 20 80 0.97 91 (at 25 ◦C, liq. water)

4.9 (at 80 ◦C,
200 kPa

backpressure, 100%
RH)

[55]

PPSU cPPSA 100 75 4.70 429 (at 80 ◦C, 90% RH) - [62]
sPAES/sPOSS NOA 63 70 70 2.24 94 (at 30 ◦C, 80% RH) - [17]
825 EW PFSA

/sPOSS NOA 63 - 74 2.41 357 (at 80 ◦C, 90% RH) - [18]

NU6@PPNF SPEEK 96 97 - 133 (at 60 ◦C, 100% RH) - [63]

Sulfated SnO2 SPPESK 80 93 1.72 227 (at 80 ◦C, 80% RH)
1.7 (at 80 ◦C,

ambient pressure,
100% RH)

[64]

PVDF
825 EW
PFSA

/S-SiO2

40 80 1.46 89 (at 20 ◦C, liq. water) - [19]

P(VDF-
TrFE)/S-SiO2

Nafion 1 108 - - 102 (at 70 ◦C, 100%RH) - [65]

1 1100 EW PFSA (0.91 mmol/g IEC). 2 830 EW PFSA (1.20 mmol/g IEC).

Table 3. Summary of electrospun AEMs and their properties.

Nanofiber Matrix Membrane
Thickness (µm)

Ionomer Fraction
(%)

Effective IEC
(mmol/g)

OH− Conductivity
(mS/cm) Reference

- FAA-3-50 47–53 100 1.85 40 [35]
QAPS PPSU - 63 1.56 40 (at 23 ◦C, liq. water) [66]
QAPS PDMS - - 1.81 69 (at 80 ◦C, 90%RH) [67]

QAPS/crosslink PPSU - 65 2.05 65 (at 23 ◦C, liq. water) [68]
IMPS/crosslink PPSU - 65 1.99 49 (at 23 ◦C, liq. water) [69]
QPPO/crosslink PPSU 40 50 2.00 66 (at 23 ◦C, liq. water) [70]

QPAES QPAES - 100 1.51 83 (at 30 ◦C, liq. water) [71]
IMPS/MWCNT IMPS/MWCNT 79 99 1.53 68 (at 30 C, liq. water) [72]

IMPS IMPS 100 100 1.78 38 (at 20 ◦C, liq. water) [73]
QPAES/crosslink QPAES - 100 3.31 66 (at 23 ◦C, liq. water) [74]

PES-G-OH VBTC - 100 - 46 (at 20 ◦C, liq. water) [75]

4. Electrospun Proton-Exchange Membranes
4.1. Nanofiber-Reinforced Composite Proton-Exchange Membranes

There are two major benefits in using electrospinning for the fabrication of IEMs for
fuel cells. First, electrospinning allows for the easy fabrication of high-quality reinforcing
nanofiber scaffolds of controlled porosity from various mechanically and chemically robust
polymers. Second, by using multiple spinnerets fed with different polymer solutions,
electrospinning enables one to obtain multicomponent, macroscopically homogeneous
polymer blends or composites that cannot be made using other methods, e.g., direct
solution casting of polymer blends or melt extrusion methods.

Three kinds of electrospun nanofiber composite PEMs have been reported in the litera-
ture. The first was made by pore filling of electrospun nanofiber mats composed of ionomer
or uncharged polymer with either uncharged polymer or ionomer [76]. Frequently, an
additional carrier polymer was added to the ionomer solution to enable its electrospinning.
Typically, poly(ethylene oxide) (PEO), poly(acrylic acid) (PAA), poly(vinyl alcohol), or
polyvinylpyrrolidone carriers have been employed [77,78]. The second kind of membrane
was fabricated through dual fiber electrospinning, where the ionomer and reinforcing
(uncharged) polymer solutions were concurrently electrospun onto a common collector as
a mixed fiber mat. After mat densification, which lead to interfiber pore closure, a dense
two-component membrane was obtained, where either ionomer fibers or the reinforcing
polymer fibers were retained [79]. Membranes of the third kind were fabricated using
single-fiber electrospinning, where a mixed solution of ionomer and uncharged polymer



Energies 2021, 14, 6709 7 of 21

was electrospun to form a mat of blended polymer nanofibers, which upon mechanical
densification led to a dense membrane [80].

Choi et al. [56,57] prepared electrospun fiber mats of either sulfonated poly(arylene
ether sulfone) (sPAES) nanofibers or 825 EW PFSA nanofibers by using PEO or PAA as
the carrier polymer [58]. The mats were exposed to solvent vapor to weld the fibers,
thus creating an interconnected 3D proton-conducting fiber network. The mats were then
impregnated with a UV curable liquid urethane prepolymer (Norland Optical Adhesive
63, henceforth abbreviated as NOA 63), followed by exposure to ultraviolet light. The
tensile strength for a fully dense sPAES nanofiber composite membrane with a fiber volume
fraction of 50% was 28 MPa at 25 ◦C and 35% RH, almost twice that of Nafion 117. The
structure of this composite membrane is shown in Figure 3a. The membrane had a low H2
crossover (a necessary requirement for a fuel cell membrane) and a high proton conductivity,
e.g., for a film with 70 vol.% ionomer, the proton conductivity in liquid water at 25 ◦C was
86 mS/cm. The high conductivity was attributed to the high concentration of fixed charges
in the nanofibers and the ability of the ionomer fibers to retain water under low humidity,
where the equilibrium water vapor content of the membrane at 80% RH was 3.8-times
higher than that of a commercial Nafion film. For a second type of composite membrane,
Choi et al. used an electrospun mat of either 825 EW or 733 EW PFSA nanofibers that
was embedded in NOA 63, where the nanofiber volume fraction was 0.74 or 0.70. The
swelling of the 825 EW membrane in liquid water was very low (<20%) because the inert
NOA 63 binder which surrounded the PFSA fibers minimized fiber swelling. The presence
of NOA 63 also improved the mechanical properties of this membrane relative to a neat
solution cast PFSA film, with a 3.5-fold increase in Young’s modulus and about a 2-fold
increase in the proportional limit stress for a water equilibrated sample at 25 ◦C. The proton
conductivity of two different nanofiber composite membranes (with 825 or 733 EW PFSA and
NOA 63) is shown in Figure 3b. As can be seen, the conductivity of both membranes is very
high, e.g., a conductivity of 160 mS/cm at 80 ◦C and 80% RH for a film with 70 vol% 733 EW
ionomer, and uniformly higher than that of Nafion 212 over a wide relative humidity range.

One disadvantage of the impregnation (pore filling) method is the difficulty in filling
the smallest pores. Thus, multiple impregnations are required to eliminate through-hole
defects (such defects are undesirable because they allow for H2 and air crossover during
fuel cell operation). Ballengee and Pintauro [58,79] took the lead in developing a dual
fiber electrospinning method to fabricate composite membranes which did not require an
impregnation step. In this technique, ionomer and uncharged polymer are simultaneously
electrospun onto a common collector surface and then the dual fiber mat is converted
into a dense membrane. In one study [79], PFSA and poly(phenyl sulfone) (PPSU) fibers
were simultaneously electrospun and the resulting mat was processed into two differ-
ent membrane types: PPSU reinforcing nanofibers embedded in PFSA polymer and an
interconnecting PFSA nanofiber network surrounded by uncharged PPSU polymer, as
shown in Figure 3c. Both membrane structures exhibited similar volume/weight water
expansion and proton conductivity, where the conductivity was linearly proportional to
the membrane’s PFSA volume fraction. The in-plane liquid water swelling of compos-
ite membranes reinforced by PPSU nanofibers was always smaller than that of alternate
structure. For a composite membrane with 660 EW PFSA (IEC of 1.5 mmol/g) from 3M
Co. and PPSU reinforcing fibers (28 wt.% reinforcement), the in-plane (areal) liquid wa-
ter swelling at room temperature was low (only 5%) which is a necessary condition for
membrane longevity in a fuel cell during on/off (hot-wet/cold-dry) operation. Figure 3d
showed polarization curves for a MEA with this type of composite membrane and a MEA
containing a Nafion 211 membrane at 80 ◦C and different operating relative humidities.
The nanofiber composite membrane MEA performed much better, e.g., a power density for
H2/air operation of 630 mW/cm2 at 0.6 V at 80 ◦C at 93% RH versus 485 mW/cm2 for a
Nafion membrane MEA at the same operating conditions [59].
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The inherent incompatibility of charged and uncharged polymers in a nanofiber
composite membrane may reduce the membrane’s mechanical strength and may increase
gas crossover due to small gaps, for example, between PPSU reinforcing fibers and the
PFSA matrix. To address that issue, Sood, et al. [60] prepared reinforced membranes
with low equivalent weight (EW) Aquivion PFSA and reinforcing nanofibers of 4-heptyl-
1,2,3-triazole functionalized polysulfone (PSUT). Improved adhesion was observed of the
two polymer components through ionic and hydrogen bonds between sulfonic acid sites
of the ionomer and the triazole groups of PSUT. Water swelling, dimensional stability,
mechanical strength and Young’s modulus of the resulting composite membrane in room
temperature water was improved, as compared to a composite membrane with non-
functionalized polysulfone reinforcing fibers, without a reduction in proton conductivity,
i.e., although some sulfonic acid groups were interacting with triazole moieties on the
reinforcing fibers, there was a sufficient number of fixed charges in the Aquivion ionomer
matrix for facile proton conduction. An open circuit voltage durability testing of this
membrane was performed in a membrane-electrode-assembly (MEA) with Pt/C electrodes
at 90 ◦C. Durability data are shown in Figure 3e, where a drop in open circuit voltage
(OCV) is indicative of membrane pinhole or crack formation. Test results showed that the
PSUT reinforced membrane was 5-times more durable than a neat Aquivion film, with no
sign of membrane degradation or failure during the 450 h test.

Another way to increase interfacial compatibility between a reinforcing nanofiber
scaffold and the ionomer is to employ a scaffold that is thermodynamically compatible with
the ionomer. For example, PVDF has good mechanical strength, low water and gas perme-
ability, good thermal stability, and creep resistance with increasing temperature. It also has
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excellent chemical resistance and is quite compatible with Nafion [81]. Park et al. [61,82]
prepared Nafion/PVDF and Nafion/PPSU composite membranes for use in a regenerative
H2/Br2 fuel cell using dual fiber electrospinning. Two membrane structures were studied:
(1) Nafion nanofibers embedded in an uncharged PVDF or PPSU matrix, and (2) uncharged
polymer (PVDF or PPSU) nanofibers embedded in a Nafion matrix. The conductivity of
membranes made from the dual fiber mats was slightly higher than that of solution cast
membrane made from a blend of Nafion and PVDF, with a lower Br2/Br3- permeability
(crossover) and significantly improved mechanical properties. Furthermore, the in-plane
conductivity of a Nafion (fiber)/PVDF (matrix) membrane in water was lower than that of a
Nafion (matrix)/PVDF (fiber) membrane at the same Nafion content. For example, a 48-µm
thick Nafion (fiber)/PVDF (matrix) membrane containing 40 vol% Nafion had the same
area specific resistance (ASR, defined as thickness/conductivity) as Nafion 115 (127 µm
dry thickness, 0.13 Ω-cm2), but its steady-state bromine species crossover flux was 3-times
lower than that in the Nafion film (1.43 × 10−9 mol/s/cm2 vs. 4.28 × 10−9 mol/s/cm2).

The compatibility of PFSA and PVDF also enabled Park et al. to fabricate single fiber
PFSA/PVDF membranes with Nafion ionomers [80]. Solution blends of Nafion and PVDF
were electrospun into nanofiber mats and then the mats were hot-pressed into dense films.
TEM images of the fibers and hot-pressed films showed an unusual fiber morphology
with individual 2–5 nm fibrils of Nafion and PVDF oriented parallel to the fiber axis.
These membranes also showed good performance in an H2/Br2 fuel cell. Due to its low
ASR, an 18-µm thick blended fiber membrane was significantly better than a commercial
Nafion 212 membrane (55 µm dry thickness) in H2/Br2 fuel cell tests, where the maximum
power density during discharge was 1.31 W/cm2 vs. 0.90 W/cm2 for a fuel cell MEA with
Nafion 212. The blended fiber membrane also exhibited lower bromine species crossover,
as compared to a Nafion (fiber)/PVDF (matrix) membrane (5.15 × 10−10 mol/s/cm2 vs.
1.43 × 10−9 mol/s/cm2).

The important advantage of the dual-fiber electrospinning technique is that it is pos-
sible to continuously vary the mat composition in the membrane thickness direction by
changing the relative flow rates of the ionomer and uncharged polymer solutions during
electrospinning. In doing so, one can create layered or gradient membrane morphologies
in the membrane thickness direction, which cannot be mimicked by polymer impregnation
into a pre-formed fiber mat. Powers et al. [55] were the first to fabricate multilayer and gra-
dient fuel cell membranes by this technique. Membranes containing 3–9 layers were made
with 825 EW PFSA where the reinforcing uncharged fibers were spun from polyamidimide
(PAI, with the trade name Torlon® from Solvay Specialty Polymers, Greenville, SC, USA).
Figure 4a,b show SEM cross-section images of layered and gradient composite membranes.
The outer layers of the membrane were PFSA-rich with inner layers that contained more
PAI reinforcement. The thickness of the inner layers was adjusted so that the composition
of the entire membrane was 80 wt.% PFSA and 20 wt.% PAI. A three-layer 20 µm membrane
exhibited significantly reduced in-plane swelling as compared to a solution cast unrein-
forced 825 EW PFSA membrane (11% vs. 29%). As compared to a single layer membrane
with a uniform distribution of PAI fibers in a PFSA matrix, the tri-layer membrane exhibited
dramatically less in-plane swelling with no loss in proton conductivity. Gradient structures
may be particularly important in some applications because such a morphology eliminates
the step-change in ionomer content between sub-layers, thus minimizing the possibility
of delamination. Powers et al. showed that membranes with a symmetric gradient distri-
bution of PAI fibers in a PFSA matrix (high PAI fiber content at the membrane centerline
and low fiber content at the membrane surface) also exhibited excellent properties, with
a through-plane proton conductivity of 0.092 S/cm and an in-plane swelling of 6% (data
measured in room temperature water), where the stress at break for an air-dried film was
19.9 MPa.
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Due to the potential of environmental pollution associated with the degradation
of PFSA ionomers, the preparation of robust, highly conductive all-hydrocarbon IEMs
has received some interest. There is concern in the fuel cell community, however, re-
garding the long-term chemical stability of hydrocarbon-based membranes. One class
of hydrocarbon ionomers that has shown good chemical stability is based on sulfonated
poly(phenylsulfonic acid), due to the absence of heteroatoms in the basic polymer struc-
ture. As an example of this type of membrane, Hossain et al. [62] fabricated pore-filled
PEMs using a PPSU fiber mat scaffold that was impregnated with a high-IEC crosslinkable
poly(phenylenesulfonic acid) (cPPSA). The resulting membrane had a very high effective
ion-exchange capacity of 4.7 mmol/g. The cross-section of the final composite membrane
is shown in Figure 4c (what appear to be defect holes in the membrane are actually depres-
sions created by PPSU fibers during freeze fracturing). To prevent ionomer dissolution
in water, cPPSA was thermally crosslinked at 210 ◦C and welded PPSU fibers provided
better mechanical strength to the final membrane versus unwelded fibers. This membrane
exhibited excellent proton conduction properties, with a H+ conductivity 5-times higher
than that of Nafion 211 at 80 ◦C at relative humidity in the 40–90% range. The membrane
also exhibited excellent mechanical properties with a tensile strength of 29 MPa at 25 ◦C
and 50% RH.

4.2. Nanofiber Composite Proton-Exchange Membranes with Functional Nanoparticles

In order to increase the water retention properties and proton conductivity of elec-
trospun composite films, nanoparticles with functional groups have been added during
membrane preparation. One example of this type of fuel cell membrane was developed by
Choi et al. [17,18] where sulfonated polyhedral oligomeric silsesquioxane (sPOSS) with a
high concentration of sulfonic acid ion-exchange groups was added to either a sulfonated
polyarylene ether sulfone (sPAES) or PFSA electrospinning solution. A photo-crosslinkable
polyurethane prepolymer liquid (Norland Optical Adhesive 63) was embedded between
the ionomer fibers after electrospinning, followed by UV light exposure. A membrane
composed of 2.1 mmol/g ion-exchange capacity sPAES with 40 wt% sPOSS had a con-
ductivity of 94 mS/cm at 30 ◦C and 80% RH, which was 2.4-times higher than that of
Nafion 212 under the same conditions. At 80 ◦C and 90% RH, the proton conductivity
was 357 mS/cm and the equilibrium water swelling was 32%. Facile H+ transport in this
membrane was due to the high IEC and water retention properties of the sPAES-sPOSS
nanofibers, where, for example, the equilibrium adsorption of water vapor at 80% RH was
3.8-times higher than that of a commercial Nafion film.
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Another example of this membrane morphology was reported by Zhu et al. [63] who
fabricated membranes from nanofibers that were coated with functional metal-organic
frameworks (MOFs). MOF NH2-UiO-66 (NU6) with -NH2 ligands was used in this study to
modify pre-oxidized polyacrylonitrile nanofibers (PPNF) which were sandwiched between
two dense layers of sulfonated poly(ether ether ketone) (SPEEK) to form a composite
membrane. Figure 5a shows the fabrication process and the proton transport mechanism
in the presence of -NH2 and -SO3 interactions. The amino groups of modified PPNF
fibers (denoted as NU6@PPNF) formed acid-base pairs with the –SO3H fixed-charge
groups of SPEEK. H+ could easily hop through continuous low energy barrier channels
formed by these acid-base pairs. Thus, at 60 ◦C and 100% RH, the in-plane expansion
and conductivity of a membrane with 1.3% NU6-PPNF/SPEEK fibers were 14.0% and
132.8 mS/cm, respectively.
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Nanoparticles with multiple types of acid sites (Brönsted or Lewis type) can be used
in the fabrication of nanofibers with a high concentration of strongly acidic proton carriers
and enhanced hydrogen bonding for rapid proton transport. Chen, et al. [64] electrospun
sulfated SnO2 hollow nanofibers through a single-spinneret from a PAN/PVP/SnCl2/DMF
mixture. The resulting fiber mat, where PAN spontaneously migrated to the fiber core,
was annealed in the presence of H2SO4 to produce sulfated SnO2. Figure 5b shows the
fabrication process. Nanofibers were heated at 350 ◦C and then 550 ◦C to eliminate
PAN and PVP. Hollow fibers containing sulfated SnO2 were obtained and added to a
sulfonated poly(phthalazinone ether sulfone ketone) (SPPESK) membrane casting solution.
The hydrogen bonding interactions at the interface between sulfated SnO2 and SPPESK
promoted the formation of ion conducting channels in solution cast films. One membrane,
denoted as SPPESK-SF-7.5, had excellent characteristics, with proton conductivity of
226.7 mS/cm at 80 ◦C and mechanical strength of 31.4 MPa (for a film in its hydrated form).

There have been numerous attempts at improving the low humidity and high tempera-
ture proton conductivity of Nafion by addition of hydrophilic silica particles. The rationale
for this approach, that silica would increase water retention and thus improve proton
conductivity at low relative humidity, was proven to be flawed. While silica increases
the membrane water content, it also dilutes the charges in Nafion resulting in a drop in
proton conductivity as compared to neat Nafion film [83]. The membrane/method of
Choi et al. [56,57] discussed above, where sPOSS is added to electrospun fibers was one
approach to address this problem. More recently, Dos Santos et al. [19] fabricated dual
fiber PFSA/PVDF composite membranes with sulfonated silica, denoted as S-SiO2, formed
in-situ from 2-(4-chlorosulfonylphenyl)ethyltrichlorosilane and tetraethyl orthosilicate via
a sol-gel reaction before/during/after fiber electrospinning. The sol-gel chemical reaction
is shown in Figure 5c. The sol-gel precursors were added to either PFSA or to PVDF. The
proton conductivity of a membrane (PVDF fibers/PFSA matrix) made with sulfonated
silica in PFSA matrix (Type A) was higher than that of a membrane where the sulfonated
silica was in the reinforcing PVDF fibers (Type B). A Type-A membrane containing 65%
PFSA with 15% sulfonated silica and 20% reinforcing PVDF fibers and an effective mem-
brane IEC of 1.45 mmol/g had a proton conductivity of 210 mS/cm at 80 ◦C and 90% RH,
which was similar to a neat 660 EW film with a comparable IEC, but the water swelling
and mechanical strength of the nanofiber composite membrane were much improved, i.e.,
less water swelling (12% vs. 35% in liquid water 25 ◦C). A type-B membrane containing
65 wt.% PFSA and 20 wt.% reinforcing PVDF fibers with 15 wt.% sulfonated silica with
an effective IEC of 1.42 mmol/g also exhibited low in-plane water swelling (12%), but its
conductivity was quite low at only 59 mS/cm in liquid water at 20 ◦C.

A hydrophobic poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)), which
has a similar structure to PVDF, was examined as a new electrospinning carrier polymer
for sulfonated silica. Mojarrad et al. [65] prepared nanofiber-based hybrid PEMs from
sulfonated silica/PVDF and from sulfonated silica/P(VDF-TrFE) fibers, embedded in
Nafion. Electrospun fiber mats of PVDF/S-SiO2 and of P(VDF-TrFE)/S-SiO2 were prepared
and densified by hot-pressing at 110 ◦C under 2000 psi pressure, followed by Nafion
impregnation. The final dense composite membrane with Nafion and P(VDF-TrFE)/S-SiO2
fibers had a proton conductivity of 102 mS/cm at 70 ◦C and 100% RH, which was higher
than that in a membrane with Nafion and only PVDF/S-SiO2 fibers (43 mS/cm) and was
also higher than a solution cast Nafion membrane with conductivity of 95 mS/cm.

5. Electrospun Anion-Exchange Membranes

Anion-exchange membranes (AEMs) contain fixed positively charged sites and neg-
atively charged mobile counter-ions (anions). As compared with cation-exchange mem-
branes, there are fewer studies on alkaline membranes (i.e., AEMs with mobile OH−

anions) for fuel cells, although in recent years, research on these types of membranes has
accelerated greatly. Most AEMs exhibit poor stability in alkaline media as their degradation
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is induced by the strongly nucleophilic hydroxide ion, which can attack both the polymer
backbone [84,85] and cationic fixed-charge groups [86].

Polysulfone is frequently used as the backbone polymer during the synthesis of al-
kaline membrane materials, largely due to its excellent mechanical strength and chemical
stability, combined with its capability of forming flexible, thin films [87]. Polysulfone
ionomers with quaternary ammonium or methyl imidazolium anion-exchange sites (hence-
forth abbreviated as QAPS and IMPS, respectively) have been extensively studied due to
their ease of synthesis, i.e., the ability to vary the IEC of the final polymer. Both ionomer
types can be obtained by chloromethylation of the base polysulfone polymer followed
by soaked in an aqueous solution of trimethylamine (TMA), 1-methylimidazole or 1, 2-
dimethylimidazole to convert the chloromethyl moieties to quaternary ammonium or
methyl imidazolium fixed-charge sites. To achieve an acceptable OH− conductivity for
fuel cell applications, the IEC of QAPS or IMPS must be very high which leads to ex-
cessive swelling in water and the loss of mechanical properties. Consequently, these
ionomers are excellent candidate materials for composite membranes using a dual fiber
electrospinning approach.

The first electrospun composite AEM was reported by Pintauro’s research group
in 2011 [66], which was followed by the work of Roddecha and co-workers [67]. The
two groups independently prepared heterogeneous composite AEMs based on QAPS
electrospun nanofibers, where the membranes were composed of OH− conductive fibers
embedded in an uncharged/inert polymer matrix. Such a structure led to a significant
reduction of ionomer water uptake and to an enhancement of the mechanical properties of
the membrane.

Roddecha et al. [67] electrospun QAPS solutions into nanofibers, which were then
pressed, solvent welded to form an interconnected fiber mat, and then filled with poly-
dimethylsiloxane (PDMS) to obtain a composite membrane. The IEC of the fibers was
as high as 1.81 mmol/g and the resultant membranes had a conductivity of 69 mS/cm
and a tensile strength of 4.9 MPa. Instead of the pore-filling approach, Park et al. [66]
from Pintauro’s group co-electrospun chloromethylated polysulfone precursor and PPSU,
then performed an amination step followed by exposure to chloroform and mechanical
compression to obtain dense AEMs where an interconnected network of QAPS fibers was
embedded in an uncharged PPSU matrix. Membranes with 37 wt.% PPSU had very good
characteristics: an IEC of 1.27–1.56 mmol/g, a OH− conductivity of 40 mS/cm, water
swelling of 93%, and a tensile strength (22.3 MPa) which was much higher than that of
Roddecha’s membranes (4.9 MPa).

To further reduce the water swelling of a dual-fiber AEM, Park et al. [68] crosslinked
electrospun ionomer fibers in a composite membrane. Before solvent exposure and com-
pression, nanofibers with chloromethyl groups were briefly soaked in a solution of diamine
crosslinker and then left in trimethylamine (TMA) solution to fully quaternize the remain-
ing chloromethyl sites. The crosslinked ionomer fibers had an IEC of 1.52–2.05 mmol/g
and were completely insoluble in water. The resultant AEMs showed excellent OH− ion
conductivity in water (65 mS/cm). In chemical stability tests, the conductivity ofa compos-
ite membranes in the OH−-form did not change over 5 days of immersion in 50 ◦C water,
but there was some loss in conductivity during a 70 ◦C water soak experiment.

To improve the alkaline stability of AEMs, Park et al. incorporated imidazolium ion-
exchange sites into their nanofiber composite membranes [69]. Compared with quaternary
ammonium fixed cations, imidazolium cations have shown greater alkaline stability due
to their cyclic-conjugated structure. They also have excellent thermal stability and high
ionic conductivity, which make them one of the most suitable groups for the synthesis of
OH− conductive ionomers. In his work, Park et al. replaced diamine crosslinker with diol
crosslinked in dual-fiber AEMs. A membrane containing 35 wt.% poly(phenyl sulfone)
and 65 wt.% crosslinked polysulfone fibers with 1, 2-dimethylimidazolium fixed charge
sites and 8% crosslinking had a room temperature OH− ion conductivity of 49 mS/cm, a
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gravimetric swelling of 96%, and an ultimate stress of 16 MPa. Its chemical stability was
moderately good with only 20% loss of conductivity after 3 days in 1.0 M KOH at 50 ◦C.

Poly(phenylene oxide) (PPO) ammonium derivatives showed a slower degradation
rate and thus a longer life in strong alkaline media, so they were also considered good
candidates for AEM. Park et al. [70] prepared and evaluated dual fiber electrospun compos-
ite membranes with PPSU and brominated PPO fibers, where the latter were crosslinked
and aminated with trimethylamine or methylimidazole. Figure 6a shows the crosslinking
reaction of brominated PPO with hexamethylenediamine. After crosslinking, the remaining
bromide sites were converted to benzyl trimethylammonium or 1,2-dimethylimidazolium
fixed charges. The degree of crosslinking and the ratio of uncharged PPSU to functional-
ized poly(phenylene oxide) were varied to give an effective IEC in the 1.2–2.8 mmol/g
range. A membrane with benzyl trimethylammonium groups, 15% crosslinks and 50 wt.%
uncharged PPSU matrix showed a high hydroxide ion conductivity (66 mS/cm in water at
23 ◦C), reasonable water swelling (96%), good mechanical strength (15 MPa in the hydrated
state), and good chemical stability in 1.0 M KOH at 60 ◦C. Initial hydrogen/oxygen fuel
cell testing with a 40-µm thick membrane gave a peak power density of 320 mW/cm2.
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Reproduced with permission from Ref. [71]. (c) TEM image of an MWCNT-embedded in an electrospun nanofiber and a
possible mechanism of hydroxide transport in a MWCNT/IMPS co-electrospun composite membrane. Reproduced with
permission from Ref. [72].

In order to achieve better compatibility of cationic fibers and uncharged matrix,
Gong et al. [73] prepared membranes using the pore-filling method, where electrospun
fibers and the interfiber void filler were made from the same ionomer—an imidazolium-
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functionalized polysulfone (IMPSF). The researchers utilized solubility difference of IMPSF
in different solvents, where DMF was used as the electrospinning solvent and hot gly-
col/water mixture was used to prepare the pore-filling solution. The conductivity of a
compositeIMPS membrane (IEC 1.78 mmol/g) equilibrated with room temperature water,
was 38.4 mS/cm, which was higher than that of a solution cast film (31.8 mS/cm). The
water swelling was reduced from 62.7% to 40.6%, and the tensile strength was increased
from 14.8 MPa to 21.4 MPa, as compared to the solution cast membrane. A similar ap-
proach was employed by Watanabe et al. [71] who prepared composite membranes using
a single-type of alkaline ionomer, quaternized poly(arylene ether sulfone) (QPAES), for
both electrospinning and pore impregnation. Figure 6b showed the fabrication process for
making a pore-filled composite membrane. Ionomer was first electrospun into a fiber mat
and then impregnated using the same ionomer solution. The conductivity of the composite
membrane (with an IEC of 1.51 mmol/g) in water at 30 ◦C was 83 mS/cm and the water
uptake was 104%. In comparison, a solution cast membrane had half the conductivity. In
another study, Wang et al. [74] prepared AEMs from electrospun and crosslinked high IEC
QPAES impregnated with a lower IEC QPAES. A fiber mat from QPAES-90/10 (10 mol.%
quaternary amine groups and 90 mol.% residual tertiary amine groups) was first soaked
in a solution of p-xylylene dichloride in dichloromethane to crosslink the ionomer. Then
the mat was impregnated with a DMAc solution of QPAES-70/30 containing p-xylylene
dichloride. A flexible membrane was obtained after solvent evaporation and heat treatment
(80 ◦C for 12 h). A composite membrane with an IEC of 3.31 mmol/g had a hydroxide ion
conductivity of 66 mS/cm and a water uptake of 23% at 20 ◦C, with excellent mechanical
characteristics (a tensile strength of 54.5 MPa and an elongation at break of 22.5% for films
equilibrated in 50% RH air).

In an effort to improve the alkaline stability of AEMs, fixed charge groups other
than quaternary ammonium and imidazolium have also been examined in electrospun
AEMs. Due to their strongly basic character, guanidines are considered superbases and they
yield a higher concentration of mobile OH− ions as compared to quaternary ammonium
hydroxides. Wang et al. [75] electrospun poly(aryl ether sulfone) nanofibers with hexaalkyl
guanidinium groups side chains (PES-G-OH) and impregnated the resultant scaffold with
an aqueous solution of vinylbenzyl trimethylammonium chloride and N,N′-methylene
bisacrylamide crosslinker. After polymerization, water evaporation and conversion of the
chloride counterions to OH−, composite alkaline membranes with good characteristics
were obtained. For example, when the ratio of vinylbenzyl trimethylammonium chloride
and N,N′-methylene bisacrylamide was 16/1 wt/wt, the resultant membrane had a water
uptake of 20% and a hydroxide ion conductivity of 0.046 S/cm at 20 ◦C, which increased to
0.092 S/cm at 70 ◦C. The conductivity of the composite membrane was higher than that of
a solution cast PES-G-OH film, over a wide temperature range. Thermogravimetric data
revealed improved thermal stability of the composite membrane due to the presence of the
reinforcing matrix.

An interesting approach to improving the conductivity of electrospun composite
AEMs was demonstrated by Gong et al. [72], who utilized the tendency of carbon nan-
otubes (MWCNTs) to orient in an electric field. Electrospun fiber mats were prepared from
imidazolium-functionalized polysulfone, which also contained imidazolium-fiunctionalized
MWCNTs. The mats were exposed to DMF vapor at 60 ◦C for 10 min to weld intersecting
fibers and then compacted at 80 ◦C and 3 MPa for 15 min. Interfiber voids were filled
with imidazolium-functionalized polysulfone. Figure 6c shows that MWCNTs were able to
align along the axis of electrospun nanofibers, thereby solving the problem of MWCNT
agglomeration in solution cast membranes. Imidazolium functional groups on MWCNTs
and in the polysulfone matrix interacted with one another and contributed to forming
better ion transport channels (shown in Figure 6c). The maximum hydroxide conductivity
observed at a MWCNT additive content of 0.4 wt.% was 67.5 mS/cm at 30 ◦C, which was
3.3-times higher than that of a solution-cast neat ionomer membrane. A fuel cell test at
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60 ◦C generated a maximum power density of 102.5 mW/cm2, which was 12-times higher
than that with a solution cast film of imidazolium-functionalized polysulfone.

6. Summary and Future Challenges

There are many approaches to obtain the proper balance of conductivity, durability,
and mechanical properties of fuel cell proton-exchange membranes (PEMs) and anion-
exchange membranes (AEMs). A composite ion-exchange membrane (IEM) with one
or more nanofiber components is one such approach that provides a robust platform
to address this balance. In this review, various fuel cell IEMs are presented that utilize
nanofiber electrospinning-based fabrication. In most open literature studies, a nanofiber
morphology significantly improves the mechanical properties and dimensional stability
of the final membrane without sacrificing ion conductivity. In some cases, fiber mats
electrospun from uncharged polymers are used as a reinforcement that is embedded in
an ionomer matrix. In others, an electrospun mat of interconnected ionomer nanofibers is
used as the ion-conducting network, where uncharged polymer surrounds the nanofibers
to limit ionomer swelling in water and to improve the wet and dry mechanical properties
of the composite membrane. Membranes are fabricated by either embedding polymer in a
pre-formed electrospun nanofiber or by simultaneously electrospinning both the ionomer
and reinforcing polymers followed by a pore closure step in the resulting dual fiber mat.
Dual fiber electrospinning enables compatibilization of highly dissimilar polymers, where
after mat compaction (pore closure), a blended polymer film can be fabricated that could
not have been made by conventional solution casting. Additional levels of structural
sophistication can be easily added to nanofiber-based PEMs and AEMs. For example,
one can use dual fiber electrospinning of charged and uncharged polymer nanofibers to
create membranes with a layered morphology (high and low weight fractions of reinforcing
polymer) or a gradient composition (ionomer to reinforcing polymer) in the membrane
thickness direction. Similarly, one can add charged inorganic particles to electrospun fibers
to enhance ion conductivity, e.g., by the addition of sulfonated POSS to Nafion fibers.

At first glance, polymer nanofiber electrospinning may appear to be a complicated
and expensive membrane fabrication method, but there are presently available commercial
electrospinners for large-scale manufacturing (made by Elmarco s.r.o., Liberec, Czechia
and Inovenso Ltd., Istanbul, Turkey for example). Commercial products, e.g., in the areas
of filtration and biomedicine, are being produced today by nanofiber electrospinning, and
the cost of manufacturing membranes with electrospun nanofibers is quite reasonable. A
2018 study by Strategic Analysis, Inc. estimated the cost of manufacturing PFSA-based
nanofiber composite fuel cell membranes by: (a) PFSA ionomer impregnation into a
pre-formed electrospun mat of poly(phenyl sulfone) (PPSU) reinforcing fibers and (b)
dual fiber (PFSA and PPSU) electrospinning followed by interfiber pore closure [88]. As
expected, the analysis showed that the total membrane manufacturing cost (the sum of
raw material and fabrication costs) decreased with increased production rate (see Figure 7,
where systems refers to 80 kW fuel cell stacks). Figure 7 also shows that the two membranes
with electrospun fiber components have lower manufacturing costs versus that of a W.
L. Gore-type (Newark, DE, USA) expanded-Teflon® (ePTFE)-reinforced PFSA film. This
study found that the Gore-type membrane was dominated by materials cost (primarily
the ePTFE support material), whereas the manufacturing costs were dominant for the two
electrospun films.
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At present, electrospun ion-exchange membranes represent a minority of all fuel cell
PEMs and AEMs under investigation. The widespread commercialization of nanofiber-
based membranes will depend on how easy it will be to incorporate large-scale electro-
spinning equipment into traditional roll-to-roll membrane fabrication lines. Nevertheless,
the prospects for developing new high-performance nanofiber composite membranes are
very encouraging, which no doubt will contribute to the widespread manufacturing and
deployment of low-cost and high performance fuel cells. While scale-up and cost issues
will be resolved by industry adoption of electrospinning, there are numerous avenues for
further fundamental research regarding new nanofiber PEM and AEM morphologies. Prior
work focused on two-component nanofiber composite films, but multi-fiber electrospun
membranes may better address durability/properties issues. A membrane with three or
more different fibers, where each fiber performs a different function has yet to be investi-
gated, e.g., a multicomponent nanofiber mat embedded in an inert matrix where one fiber
provides mechanical properties, another provide ion conduction at low relative humidity,
and a third fiber conducts at high humidity. An improved understanding and better control
of the fiber/matrix interfacial morphology and the possible creation of ion transmission
channels at the surface of nanofibers is certainly a research area worthy of pursuit. Other
challenges for the electrospinning community include: (a) The creation of PEMs and AEMS
where most/all of the ion-conducting fibers are oriented perpendicular to the membrane
surface to eliminate tortuosity effects on ion migration; (b) spinning fibers with two or more
polymers or a polymer/particle mixture where the radial distribution of fiber components
is controlled; (c) spinning nanofibers with permanently aligned polymer chains in the
axial fiber direction, where such alignment leads to enhanced ion-conductivity; and (d) the
exploitation of core-shell nanofiber structures to create new composite membranes where,
for example, ionomer is located in the fiber shell and uncharged reinforcing polymer is in
the core.
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Abbreviations

AEM anion-exchange membrane
cPPSA crosslinkable poly(phenylenesulfonic acid)
EW equivalent weight (IEC with units of mol/g = 1/EW)
IEM ion-exchange membrane
IMPS imidazolium polysulfone
MWCNT multi-walled carbon nanotubes
NOA 63 Norland Optical Adhesive 63
NU6 NH2-UiO-66
PAI polyamidimide
PDMS polydimethylsiloxane
PEM proton-exchange membrane
PES-G-OH poly(aryl ether sulfone) with hexaalkyl guanidinium group side chains
PFSA perfluorosulfonic acid
PPNF pre-oxidized polyacrylonitrile nanofibers
PPSU poly(phenyl sulfone)
PSUT triazole functionalized polysulfone
PTFE polytetrafluoroethylene
PVDF poly(vinylidene fluoride)
P(VDF-TrFE) poly(vinylidene fluoride-co-trifluoroethylene)
QAPS quaternary ammonium polysulfone
QPAES quaternized poly(arylene ether sulfone)
QPPO quaternized poly(phenylene oxide)
sPAES sulfonated poly(arylene ether sulfone)
SPEEK sulfonated poly(ether ketone)
sPOSS sulfonated poly(hedral oligomeric silsesquioxane)
SPPESK sulfonated poly(phthalazinone ether sulfone ketone)
S-SiO2 sulfonated silica
VBTC vinylbenzyltrimethylammonium chloride
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