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Abstract
Proton exchange membrane fuel cells (PEMFCs) have garnered increasing attention as a
promising power source for use in portable electronic devices, electric vehicles, and residential energy
supplies, owing to their eco-friendly attributes and high energy efficiency. One of the key components
that significantly affect the performance of the PEMFCs is the proton exchange membrane (PEM), as
its primary roles are to allow proton conduction from the anode to cathode and also to maintain
electrical isolation between the electrodes.
Currently, most widely used PEM are based on water-swollen polymer electrolyte
membranes containing sulfonic acid groups (e.g., Nafion and sulfonated hydrocarbon copolymers).
Considering practical application to PEMFCs, these hydrated polymer electrolyte membranes have
many advantageous features, including excellent proton conductivity, mechanical strength, and
electrochemical resistance to membrane decomposition. However, serious issues (specifically, high
cost, limited ion conductivity, humidity-dependent mass transport/dimensional change and loss of
electrochemical activities at dehydrated conditions) still lie ahead in widening its application fields.
Therefore, development of advanced PEM to outperform the currently available materials is strongly
required.
Among various approaches to achieve this challenging goal, in addition to continuous pursuit
of synthesizing PEM with new chemical structures or combination of different material mixtures can
be suggested as a simple and efficient way. Recently, the design of nano-composite PEMs combined
organic/inorganic materials with electrospun materials have generated great interests in the fields of
PEMFCs due to their improved and enhanced properties and applicability. This electrospinning
technique, i.e., physical mixing of two or more individual material components, is a well-known
technique for making a nano-composite materials.
In this study, we demonstrate the new nano-composite PEMs take advantage of the
electrospun nonwovens reinforced, flexible proton-conductive phosphosilicate glass composite
membranes and dual electrospray (DES)-assisted forced polyelectrolyte blending membranes for use
in PEMFCs. The new reinforced composite membrane is fabricated via the impregnation of a 3glycidyloxypropyl trimethoxysilane (GPTMS)/orthophosphoric acid (H3PO4) mixture into a PI
nonwoven substrate followed by in-situ sol-gel synthesis and hydrothermal treatment. This unique
structural integrity enables the reinforced composite membrane to provide unprecedented
improvement in the mechanical properties (notably flexibility and thickness) over typical bulk
phosphosilicate glasses that are highly fragile and thick. At the same time, the reinforced composite
membrane is higher proton conductivity at dehumidified conditions, as compared to a hydrationdependent polymer electrolyte membrane such as sulfonated poly(arylene ether sulfone) (SPAES).

Also, we demonstrate a new class of dual electrospray (DES)-assisted forced polymer
blending membrans. As a model system to explore the feasibility of this blending approach, Nafion
and multiblock sulfonated hydrocarbon copolymer (denoted as sBlock) are chosen. The processing
uniqueness and simplicity of the DES blending technique enable the successful fabrication of
Nafion/sBlock blends (referred to as N/B blends) that are difficult to achieve with conventional
blending methods due to their large miscibility difference. More notably, during the DES blending,
nonsolvent-induced nanophase morphology reconstruction occurs in the N/B Blend, eventually giving
rise to some difference in proton conductivity between experimental values and theoretically predicted
ones.
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CHAPTER Ⅰ. Introduction
Ⅰ.1. Principle of the proton exchange membrane fuel cells (PEMFCs)
In the recent years, proton exchange membrane fuel cells (PEMFCs) are one of the most
promising clean energy technologies. PEMFCs have certain potential advantages, such as portable
applications, power generation, high efficiency, etc. 1, 2 By definition, PEMFC is an electrochemical
apparatus that the chemical energy of fuel without fuel combustion turned to electrical energy.
Therefore, in a PEMFC system, the chemical energy related to electrochemical reaction of the fuel
with oxidant directly change into the water, electricity and heat. Fuels such as H 2, methanol, ethanol,
and etc. have been usually used in fuel cells. In summary, the reactions have been done in a PEMFC
can be explained in following: Hydrogen in anode electrode change into a hydrogen ion and electrons
is released. These electrons move through foreign circuit towards the cathode and produce the
electrical current (Figure 1.1). 3 Anodic and cathodic reactions have been done in the PEMFC with H2
gas in anode in following:

At the anode electrode:
H2 →

2H+ + 2e−

At the cathode:
1/2 O2 +

2H+ +

2e− → H2O

Overall reaction:
H2 +

1/2 O2 →

H2O +

Electrical Energy +

Heat Energy

The key constituent of a PEMFC is a dense proton exchange membrane (PEM), which is
responsible for proton migration from the anode to the cathode. Hydrogen is catalytically oxidized in
the anode to produce protons. The PEM is generally placed between two electrodes, i.e. between the
anode and cathode. The protons thus produced can migrate from the anode to cathode where the
protons react with oxygen to produce water and heat with free electrons 4. The liquid electrolyte
systems can be overpowered by solid proton exchange membranes due to the unique features of the
solid proton exchange membrane, which include easy handling, compact, amenable to mass
production, and excellent resistance to the permeation of gaseous reactants. 5

1

Figure 1.1 Schematic design and working principle of the PEMFCs. 3

2

Ⅰ.2. Principle and ion transport mechanism of the proton exchange membranes
A proton exchange membrane (also termed “polymer electrolyte membrane”) (PEM) is a
semipermeable membrane. Generally PEM was made from ionomers and designed to conduct protons
while being impermeable to gases such as oxygen (O2) or hydrogen (H2) 6. This is permeable to
protons when it is saturated with water, but it does not conduct electrons. PEM have attracted
particular interest due to their wide range of potential applications in areas such as stationary power
generation (e.g., DMFCs, PEMFCs, SOFCs), energy storage systems (ESS) such as redox-flow
batteries (RFBs) and automobiles 7.
PEMs can be made from either pure polymer membranes or from composite membranes
where other materials are embedded in a polymer matrix. One of the most common and commercially
available PEM materials is the perfluorosulfonic acid polymer (PFSA) Nafion, a DuPont product 8.
Nafion (perfluorinated sulfonated polymers), used in the most mature PEMFCs, have a teflon-like
back-bone with sulfonated sidegroups (Figure 1.2a), and a microstructure in which hydrophobic and
hydrophilic regions phase separate on the nanoscale (Figure 1.2b) 9.

3

Figure 1.2. Structure of perfluorinated sulfonated polymers (i.e. Nafion and its close relatives). (a)
chemical structure; (b) nanoscale phase separated microstructure. 9

4

Proton exchange membranes (PEMs) are primarily characterized by high proton conductivity,
low electrical conductivity, low permeability to fuel and oxidant, oxidative and hydrolytic stability,
balanced water transport and good mechanical properties 7. The most important property of the PEMs
is, of course, the proton conductivity. Transport of protons in solid polymer electrolytes occurs
through water-swollen, hydrophilic channels that form as a result of nanophase separation of the
hydrophilic (acid-bearing functionality) and hydrophobic segments of the polymer

10-13

. Proton

conduction in these systems can occur via a combination of: a) Grotthus, b) vehicular, or c) surface
mechanisms, as schematically illustrated in Figure 1.3.
The vehicular mechanism is analogous to the movement of larger cations: i.e., the proton
moves as a water-solvated species (e.g., H3O+ , H5O2+ , H9O4+ , etc.). In contrast to other cations,
however, protons may also move via structural diffusion, more commonly known as the Grotthus
mechanism. The bound nature of the counter anion (–SO3− in the case of sulfonic acid-based polymer
electrolytes) also presents a third mode for proton transport, namely, surface transport. In this
mechanism, protons are believed to be transported between –SO3− groups located on the walls of
hydrophilic channels, but this model of transport has a high activation energy

14

. In systems with

relatively high water contents, it is likely that vehicular and Grotthus mechanisms predominate.
However, as water content diminishes, the ratio of surface to bulk water decreases, and the surface
mechanism becomes increasingly important 14, 15.
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Figure 1.3. Schematic illustration of different modes of proton conduction in a solid polymer
electrolyte where A = Grotthus; B = vehicular; and C = surface mechanisms. 15
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Ⅰ.3. Technology of electrospinning
During the past few decades, nanomaterials have attracted immense interest in
research/industrial applications because of their unique properties such as large surface area and
engineered properties such as high porosity. At the nanoscale, these nanomaterials provide abundant
opportunities to create unique material combinations by accessing new properties through the
exploitation of the unique synergy between these materials. 16
Nano-composites are considered as one of the most highly researched areas in nanomaterials
by the virtue of their improved mechanical properties, dimensional stability, thermal/chemical
stability, and electrical conductivity. Nano-composites usually comprise two or more phases of
different chemical constituents or structures, with at least one of the chemical and/or structural phases
having nanometric dimensions. These nano-composites, due to their improved physical/chemical
properties, establish applications ranging from energy, sensors, biotechnology, smart materials,
filtration, and regenerative medicine. These nano-composites contribute to producing light/efficient
batteries,17, 18 fuel cells,19-22 fabricating structural components with high strength-to-weight ratio,23, 24
lightweight sensors,25 as well as magnetic and fluorescent nano-composites for efficient viewing/
removing of the tumors.26, 27 The categorization in Figure 1.4 is designed to cover future/ ongoing
research/industrial trends pertaining to nanofiber based nano-composites.
Recently, the synthesis and design of nano-composites with blending nano-sized inorganic or
organic materials via electrospinning technique have generated great interests in the fields of material
sciences due to their improved and enhanced properties and applicability. Simple this technique used
for the production of these composites, due to their distinction from the conventional polymer nanocomposites (film or bulky fiber) in the physical size of host polymer matrix and embedded particles of
these inorganic–organic hybrid materials. The structure and the morphology of the electrospun nanocomposite materials, be it fibers or particles, are determined by a synergetic effect of solution
parameters and electrostatic forces (Figure 1.5).
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Figure 1.4. Fabrication and characterization of electrospun nano-composites on the basis of their
applications.16

8

Figure 1.5. Schematic of electrospinning and electrospraying set-up with nano-composites.16
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CHAPTER Ⅱ. Polyimide nonwoven reinforced, flexible phosphosilicate glass composite
membranes for high-temperature/low-humidity proton exchange membrane fuel cells (PEMFCs)
Ⅱ.1. Introduction
Proton exchange membrane fuel cells (PEMFCs) have garnered increasing attention as a
promising power source for use in portable electronic devices, electric vehicles, and residential energy
supplies, owing to their eco-friendly attributes and high energy efficiency.3, 28, 29 One of the key
components that significantly affect the physical/electrochemical performance of the PEMFCs is the
proton exchange membrane, as its primary roles are to allow proton conduction from the anode to
cathode and also to maintain electrical isolation between the electrodes. 10, 30, 31 Currently, most widely
used proton exchange membranes are based on water-swollen polymer electrolyte membranes
containing sulfonic acid groups (e.g., Nafion and sulfonated hydrocarbon copolymers). Considering
practical application to PEMFCs, these hydrated polymer electrolyte membranes have many
advantageous features, including excellent proton conductivity, mechanical strength, and
electrochemical resistance to membrane decomposition. However, when the water-swollen
membranes are exposed to harsh operation conditions such as high-temperature/low-humidity, they
tend to be easily dehumidified and thus substantially lose proton conductivity, because their proton
transport is strongly dependent on the degree of hydration.7, 31, 32
Among various approaches to overcome these drawbacks of hydrated polymer electrolyte
membranes, sol-gel derived proton-conductive glass electrolytes have been extensively investigated
due to their excellent thermal/chemical stabilities, high-temperature electrochemical performance, and
low manufacturing costs.33-41 The glass electrolytes generally consist of silicate networks and mixed
acid species. Tadanaga et al.37, 38 synthesized high-temperature proton-conductive glass electrolytes
(operating above 100 oC) from 3-glycidyloxypropyl trimethoxysilane (GPTMS), tetramethoxy silane
(TMOS), and orthophosphoric acid (H3PO4). Tung et al.39, 40 proposed new sol–gel processes for the
synthesis of SiO2-P2O5 glass electrolytes from tetraethoxysilane (TEOS) and trimethylphosphate
(TMP) by controlling the water/vapor composition ratio. Yogo et al.41 fabricated proton-conductive
inorganic-organic hybrid membranes from GPTMS and various hydroxyalkyl phosphonic acids,
which delivered high proton conductivity of 10-4 S cm-1 at 130 oC/dehumidified conditions.
Although the abovementioned silicate glass electrolytes exhibit good electrochemical
performance at high-temperature/low-humidity conditions, they still have critical challenges in
mechanical properties (more specifically, fragility and brittleness) and it is difficult to reduce the
membrane thickness, which in turn hampers their successful application to PEMFCs. In the present
study, as a new strategy to resolve these stringent limitations of typical silicate glass electrolytes, we
develop polyimide (PI) nonwoven fabric-reinforced phosphosilicate glass composite membranes
10

(hereinafter, referred to as “PI-GC membranes”). Here, the PI nonwoven fabric, which is
manufactured herein by an electrospinning process, 42-44 is employed as a mechanical reinforcing
framework endowing the PI-GC membrane with mechanical flexibility and toughness. The
phosphosilicate glass, which will act as a three-dimensionally interconnected proton-conducting
matrix in the PI-GC membrane, is fabricated directly inside the PI nonwoven framework via in-situ
sol-gel synthesis of GPTMS/H3PO4 followed by hydrothermal treatment. Due to this unusual
structural integrity, the PI-GC membrane is expected to provide substantial improvement in
mechanical properties (notably membrane thickness and flexibility), along with imparting favorable
pathways for proton transport.
Based on the comprehensive characterization of the morphology, chemical structures,
mechanical flexibility, and dimensional stability of the PI-GC membrane, the potential application of
the PI-GC membrane to high-temperature/low-humidity PEMFCs is explored in terms of proton
conductivity and the results are compared with those of a conventional polymer electrolyte membrane.
Here, sulfonated poly(arylene ether sulfone) (SPAES), which is suggested as a promising alternative
to Nafion due to its high ionic conductivity, thermal/electrochemical stability, and cost
competitiveness,7, 32, 45-47 is chosen as a control system. Meanwhile, the anomalous proton conductivity
(at harsh operation conditions) of the PI-GC composite membrane is further discussed with an indepth consideration of its structural uniqueness and Grotthuss mechanism-governed proton transport
behavior.
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Ⅱ.2. Experimental
Ⅱ.2.1. Fabrication of polyimide nonwoven fabric-reinforced phosphosilicate glass composite
membrane (PI-GC membrane)
Electrospun PI nonwovens (KFM-NT, average thickness = 20 m, average porosity = 77 %)
were provided from Kolon (Korea). For the preparation of phosphosilicate glass in the PI nonwoven
substrate, a solution mixture of GPTMS/H2O/HCl (mole-based composition ratio = 1/4/0.004) was
added into ethanol and subjected to vigorous mixing for 2 h at room temperature. Subsequently, an
orthophosphoric acid solution (H 3PO4, 85 wt% aqueous solution, Aldrich) was slowly added to the
aforementioned solution mixture and stirring was further continued for 2 h, where the molar ratio of
GPTMS/H3PO4 was 1/1. The obtained transparent solution was directly applied to the PI nonwoven
via a dip-coating process. The coating solution-immersed PI nonwoven was dried at room temperature
for 2 days and then hydrothermally treated under a saturated water vapor state at 150 oC for 24 h.34-36,
39, 40

Finally, a self-standing and highly-flexible PI-GC membrane (average thickness ~ 25 m) was

obtained. Schematic representations illustrating the overall fabrication procedure based on the in-situ
sol-gel synthesis/hydrothermal treatment and unique structure of the PI-GC membrane are shown in
Figure 2.1.
Meanwhile, a pristine SPAES membrane was manufactured as a control sample by casting
the 10 wt% SPAES solution onto a glass plate. The SPAES (degree of sulfonation = 49.3 %, inherent
viscosity = 2.02 dl g−1) was synthesized via nucleophilic aromatic substitution polymerization of 4,4’dichlorodiphenylsulfone, 3,3’-disulfonated 4,4’-dichlorodiphenylsulfone, and 4,4’-biphenol. The
detailed synthesis and characterization of the SPAES have been described in previous publications. 7, 32,
45

The chemical structure of the SPAES was presented below. The thickness of the SPAES membrane

was approximately 60 m.
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Figure 2.1. Schematic representations depicting the overall fabrication procedure and unique
morphology of PI-GC membrane, wherein conceptual pathways for proton transport and chemical
structure of three-dimensionally interconnected phosphosilicate glass matrix are also illustrated.
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Ⅱ.2.2. Characterization of polyimide nonwoven fabric-reinforced phosphosilicate glass
composite membrane (PI-GC membrane)
The morphological characterization of the PI-GC membrane was conducted using a field
emission scanning electron microscope (FE-SEM, S-4800, Hitachi) equipped with an energydispersive spectrometer (EDS). The chemical structure of the PI-GC membrane (focusing on the
phosphosilicate glass matrix) was examined using a FT-IR spectrometer (FT-3000, BIO-RAD) with a
spectral resolution of 4 cm-1. The X-ray powder diffraction (XRD) patterns of the PI-GC membrane
were acquired on a PANalytical diffractometer using CuKα radiation ( = 0.1541 nm), where the data
were collected from 0.61 to 3.99 (2) with a resolution of 0.02 o.
The mechanical flexibility of the PI-GC membrane was evaluated via a bending test using a
universal tensile tester (Lloyd LR10K, Lloyd Instruments), where samples were subjected to a
repeated bending stress until being mechanically ruptured, at a strain rate of 50 mm min -1.48-50 In this
measurement, the number of bending cycles before breakdown of the membranes provides
quantitative information on their mechanical flexibility.
In

order

to

measure

the

dimensional

change

(i.e.,

area-based

dimensional

expansion/shrinkage) of membranes with varying humidity, the PI-GC membrane and SPAES
membrane were placed in an oven at 25 oC/95 % RH (relative humidity) for 6 h. The samples were
then dried in a vacuum oven at 100 oC for 12 h. The area of the samples was recorded before (A wet)
and after (Adry) the vacuum drying step. The change in the area () of the samples was estimated
using the equation  (%) = [(Awet − Adry)/Adry] × 100.42-44
The in-plane proton conductivities of the PI-GC membrane and SPAES membrane were
evaluated with an impedance analyzer (VSP classic, Bio-Logic) using a four probe method over a
frequency range of 1 x 10-1 to 2 x 105 Hz,18-23 wherein the sample dimension is 3 cm x 1 cm (width x
length). Prior to measuring proton conductivity, the PI-GC membrane and SPAES membrane were
pre-equilibrated in a temperature/humidity control chamber (SH-241, ESPEC) under a given
condition of temperature and RH.
The state of water in the membranes was examined by a thermogravimetric analyzer (TGA,
SDT Q600, TA Instruments).39, 42, 43 The TGA experiment was performed in a temperature range from
room temperature (via isothermal heating at 100 oC for 40 min to ensure the evaporation of physically
adsorbed water) to 400 oC at a heating rate of 10 oC min-1 under a nitrogen atmosphere. Prior to the
TGA measurement, the membranes were placed in an oven at 30 oC/95 % RH for 4 h, and then
preequilibrated at 30 oC/50 % RH for 2 h. The fraction of physically adsorbed water was quantified by
measuring the weight loss below 100 oC. The amount of chemically adsorbed water was obtained by
subtracting the physically adsorbed water content from the total water content. In order to evaluate the
total water content in the membranes, the membranes preequilibrated at 30 oC/50 % RH for 2 h were
14

vacuum dried at 100 oC for 12 h. The total water content (W) was estimated by measuring the
weight difference of the samples before and after the vacuum drying step: W (wt%) = [(Wwet −
Wdry)/Wwet] × 100
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Ⅱ.3. Results and discussion
Ⅱ.3.1. Physical and chemical structural of PI-GC membrane
Prior to characterizing the proton transport behavior of the PI-GC membrane, its
structural/compositional uniqueness and mechanical toughness were investigated in detail. Figure 2.2a
shows that the PI nonwoven fabric has multi-fibrous layers with large-sized pores (approximately in
the range of less than 10 m) irregularly formed between the micro-diameter fibers. This is similar to
the morphology of conventional electrospun polymeric nonwovens. 42-44 A salient feature of the PI-GC
membrane, as compared to the bulk phosphosilicate glass, is the presence of the PI reinforcing
framework. Figs. 2(b) and (c) verify that the PI nonwoven substrate is incorporated in the PI-GC
membrane and is well-impregnated with the phosphosilicate glass. This is further confirmed by the
EDS images shown in Figure 2.2d, wherein the bright dots signifying the Si and P elements of the
impregnated phosphosilicate glass are uniformly dispersed in the thickness direction of the PI-GC
membrane. Meanwhile, it is known that proton conductivity of a reinforced composite membrane is
strongly dependent on porous structure of a reinforcing substrate, because the reinforcing substrate of
the composite membrane is inert to proton transport. 18-20 The morphological results shown in Figure
2.2 demonstrate that the highly porous structure (average porosity ~ 77 %) of the PI nonwoven
substrate exerts a positive influence on the formation of three-dimensionally interconnected
phosphosilicate glass networks in the PI-GC membrane. As a result, this unusual architectural feature
of the PI-GC membrane is expected to offer facile pathways for the fast proton transport, which is
conceptually illustrated in Figure 2.1.
Meanwhile, as a control sample, a TEOS (instead of GPTMS)/H3PO4 mixture was applied to
the PI nonwoven substrate. In contrast to the PI-GC membrane prepared from GPTMS/H3PO4, the
resulting composite membrane shows a number of large-scaled cracks and poor interfacial adhesion
between the TEOS/H3PO4-based phosphosilicate and PI nonwoven substrate (inset in Figure 2.2b),
because the TEOS-based silicate

51, 52

tends to be mechanically brittle and has no polar groups that

exhibit good affinity with the PI nonwoven substrate. This result underlines that the functional epoxy
ring and flexible organic chain (i.e., glycidoxypropyl group) of GPTMS play important roles in
successfully fabricating crack- (or defect-) free phosphosilicate glass electrolyte inside the PI
nonwoven substrate via the in-situ sol-gel synthesis followed by hydrothermal treatment.
Another notable achievement of the PI-GC membrane is its low thickness, which is found to
be approximately 25 m (Figure 2.2c). It is known that reducing the membrane thickness of typical
bulk phosphosilicate glass electrolytes poses a formidable challenge due to their fragile and brittle
attributes.33-41 Therefore, the significant reduction of the PI-GC membrane thickness demonstrates that
the incorporation of the PI nonwoven substrate is an effective means of overcoming the thickness
limitation of the bulk phosphosilicate glass electrolytes.
16

(a)

(b)

100  m

TEOS/H3PO4(1/1)

100  m

(d)

(c)

~ 25 m

Si
P

Figure 2.2. FE-SEM photographs (surface) of: (a) pristine PI nonwoven fabric; (b) PI-GC membrane,
wherein the inset depicts the PI nonwoven-reinforced TEOS/H3PO4-based phosphosilicate glass
composite membrane. (c) A FE-SEM photograph (cross-section) of PI-GC membrane. (d) EDS
images of PI-GC membrane, wherein the bright dots signify the Si and P elements of the impregnated
phosphosilicate glass matrix.
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The chemical structure of the PI-GC membrane was characterized by carrying out an indepth analysis of the FT-IR peaks. Here, the FT-IR peaks of the pristine PI nonwoven and bulk
phosphosilicate glass were also compared with those of the PI-GC membrane. Figure 2.3a shows that
a strong absorption peak (~ 993 cm-1, denoted as <1>) assigned to the stretching vibration of Si-O34, 39,
53

is found at the PI-GC membrane as well as the bulk phosphosilicate glass. This indicates that,

during the in-situ sol-gel synthesis performed in the PI nonwoven substrate, Si-O-Si linkages
belonging to SiO2 networks and Si-O-P linkages corresponding to chemical bonds between GPTMS
and H3PO4 are successfully generated in the phosphosilicate glass matrix of the PI-GC membrane.35,
37-39, 53

Another characteristic peak (~ 2325 cm-1, denoted as <2>) ascribed to the combination
vibration of P-O-H is found at the PI-GC membrane, which confirms that the phosphosilicate glass
matrix bearing the phosphate groups is formed in the PI-GC membrane. Meanwhile, the typical
stretching vibration of CH2 units is observed at around 2875 cm-1 (denoted as <3>), revealing that the
phosphosilicate glass matrix of the PI-GC membrane is synthesized from the GPTMS. The detailed
mechanism of the associated hydrolysis and condensation reaction of the phosphosilicate glass has
been described in previous studies.39, 41
It is already known that water molecules are readily adsorbed onto the oxygen atoms of the
phosphosilicate matrix via hydrogen bonding. 38-41 In the PI-GC membrane, the formation of a
hydrogen bonding network is verified by the broad absorption band appearing at 3360 cm−1 (denoted
as <4>), which is ascribed to the stretching vibrations of Si–O-H and P–O-H involved in the hydrogen
bonding with adsorbed water molecules. 34, 37, 39, 53 This hydrogen bonding between the phosphosilicate
glass matrix and water molecules is conceptually illustrated in Figure 2.1.
Meanwhile, the presence of PI nonwoven substrate in the PI-GC membrane is also
confirmed by a FT-IR analysis. The characteristic FT-IR peak (~ 1707 cm−1, denoted as <5>)
corresponding to the C=O bonds of the imide ring 54, 55 is clearly observed at the PI-GC membrane as
well as the PI nonwoven substrate.
The X-ray diffraction pattern of the PI-GC membrane was compared with that of the bulk
phosphosilicate glass (Figure 2.3b). In both membranes, a reflection peak assigned to typical
amorphous silicate glass is observed at around 20 o,34, 36 which indicates that, similar to the bulk
phosphosilicate glass, the phosphosilicate glass matrix of the PI-GC membrane is amorphous and has
no long-range order of crystalline phase.
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Figure 2.3. (a) FT-IR spectra of PI nonwoven substrate, bulk phosphosilicate glass, and PI-GC
membrane: Si-O linkage (denoted as <1>), P-O-H groups (denoted as <2>), CH2 units (denoted as
<3>), Si-O-H and P-O-H involved in the hydrogen bonding with adsorbed water molecules (denoted
as <4>), and C=O bonds of imide ring (denoted as <5>). (b) XRD spectra of bulk phosphosilicate
glass and PI-GC membrane.

19

Ⅱ.3.2. Mechanical toughness and dimensional stability of PI-GC membrane
The mechanical flexibility of the PI-GC membrane was evaluated using a bending test and
was compared with that of the bulk phosphosilicate glass incorporating no PI nonwoven substrate.
Figure 2.4 shows that the PI-GC membrane and bulk phosphosilicate glass are brownish, opaque, and
exhibit a solid-like appearance. Although both membranes are self-standing under static state, when
they were subjected to bending stress, the bulk phosphosilicate glass is easily broken down (Figure
2.4a). By contrast, the PI-GC membrane is highly bendable and shows strong tolerance to mechanical
breakage upon appreciable/repeated bending stress (Figure 2.4b). Notably, its dimensional stability
(specifically, micrometer-scaled structural stability of the phosphosilicate glass matrix) is not impaired
even after the 100th bending cycle (the lower inset in Figure 2.4b). Moreover, the PI-GC membrane is
not mechanically ruptured after being fully folded at a bending angle of 180

o

(the upper inset in

Figure 2.4b). This unprecedented improvement in the mechanical flexibility underlines the important
role of the PI nonwoven substrate as a mechanical framework. To date, the mechanical shortcomings,
such as fragility and brittleness, of most phosphosilicate glass electrolytes 33-41 have not been resolved.
The present work is, to the best of our knowledge, the first report that demonstrates a self-standing,
highly-flexible phosphosilicate glass electrolyte reinforced with a PI nonwoven substrate.
Figure 2.5 compares the dimensional change (i.e., area-based dimensional expansion/
shrinkage) of the PI-GC membrane with that of the SPAES membrane, after being dehumidified in a
vacuum oven (100 oC/12 h). The dimensional change of the PI-GC membrane (Figure 2.5a) appears to
be negligible (A ~ 0 %), whereas the water-swollen SPAES membrane (Figure 2.5b) shows a large
dimensional change (A ~ 50 %). This indicates that the components (i.e., phosphosilicate matrix
glass and PI nonwoven substrate) of the PI-GC membrane are highly resistant to humidity variationdriven dimensional deformation, as compared to hydrated polymer membranes such as SPAES. 43, 44

20

(a)
100th Cycle

1cm

3cm

50 um

(b)

Figure 2.4. (a) Photographs of bulk phosphosilicate glass electrolyte. (b) Mechanical flexibility of PIGC membrane after 100th bending cycle (the inset is a FE-SEM photograph demonstrating the
structural stability of the PI-GC membrane), where the samples were subjected to repeated bending
stress at a strain rate of 50 mm min-1.
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ΔA ~ 50%
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Figure 2.5. Comparison of dimensional change between (a) PI-GC membrane and (b) SPAES
membrane, where the (area-based) dimensional change () of the membranes was estimated using
the equation  (%) = [(Awet − Adry)/ Adry] × 100.
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Ⅱ.3.3. Temperature / humidity dependent proton transport of PI-GC membrane
Based on the abovementioned structural characterization, the proton conductivity of the PI-GC
membrane was investigated as a function of temperature and humidity, and was also compared with
that of the SPAES membrane. Unfortunately, the proton transport behavior of the bulk
phosphosilicate glass incorporating no PI nonwoven substrate (i.e., bulk phosphosilicate glass having
the same chemical structure and composition as those of the phosphosilicate glass matrix in the PI-GC
membrane) was difficult to characterize, as the phosphosilicate glass is too brittle and fragile to be
handled for proton conductivity measurement.
It is observed that, at a low-humidity condition of 30 oC/60% RH, the proton conductivities of
the PI-GC membrane and SPAES membrane tend to decrease as the measurement time is increased
and finally are equilibrated after a certain period of time (approximately 60 min) has passed (inset in
Figure 2.6). This decline of proton conductivity with elapsed time reveals that the membranes are
dehydrated under a low humidity condition. Meanwhile, the PI-GC membrane presents significantly
higher proton conductivity (~ 0.025 S cm-1), in comparison to the SPAES membrane (~ 0.007 S cm-1).
More notably, when ionic conductance ([S]) of proton-conducting membranes is concerned instead of
the abovementioned ionic conductivity ([S cm-1]) that is normalized by membrane thickness, the PIGC membrane (~ 30.2 S) with low thickness (~ 25 m) is expected to deliver much higher values than
the thick (~ 60 m) SPAES membrane (~ 3.1 S), in comparison to the results of proton conductivity.
Figure 2.6 compares the proton conductivities of the PI-GC membrane with those of the
SPAES membrane as a function of RH at 30 oC. In accordance with our expectations, the proton
conductivities of both membranes gradually decline as the RH is decreased from 80 to 50 %, which
clearly demonstrates the importance of membrane hydration in securing the proton conductivity. An
intriguing finding is that the PI-GC membrane exhibits higher proton conductivity than the SPAES
membrane over a wide range of RH. Notably, the difference in the proton conductivity between the
two membranes becomes more pronounced as the RH is decreased. Under these dehumidified
conditions, the SPAES membrane is easily dehydrated, which causes a considerable loss in the proton
conductivity. It is already known that the proton conductivity of water-swollen polymer electrolyte
membranes such as SPAES is strongly dependent on the degree of hydration in the membranes.

7, 32, 45-

47

The previous FT-IR results (Figure 2.3a) showed that a high content of hydroxyl groups exists
in the phosphosilicate matrix of the PI-GC membrane. This may indicate that the PI-GC membrane
exhibits strong affinity for water molecules and good water retention at a given RH condition. As a
supplementary experiment, water uptake of the membranes was measured at a condition of 30 oC/60%
RH. The PI-GC membrane provides larger water uptake (~ 25 %) than the SPAES membrane (~18 %).
As a result, it is expected that, at the low RH condition, a relatively larger amount of adsorbed water
23

molecules is engaged in the proton transport of the PI-GC membrane. It is known that, in the
phosphosilicate glass electrolytes, the dependence of the proton conduction on the Grotthuss
mechanism becomes more significant as the RH is decreased. 33, 35, 41, 52 Here, the Grotthuss mechanism
involves water-cooperative proton conduction, where a proton dissociates from a hydroxyl group (SiOH or P-OH) to form H3O+, H5O2+ or H9O4+ cluster ions with adsorbed water molecules and migrates
via hopping between neighboring water cluster sites.

35, 41, 51

Thus, owing to these advantageous

functions of the phosphosilicate matrix, the PI-GC membrane can impart superior proton conductivity
relative to the SPAES membrane, particularly at low RH conditions.
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Figure 2.6. (a) Time evolution of proton conductivities of SPAES membrane and PI-GC membrane at
a condition of 30 oC/60 % RH. (b) RH-dependent proton conductivities of SPAES membrane and PIGC membrane at 30 oC.
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As the next step, the temperature-dependent proton conductivity of the PI-GC membrane was
examined at a condition of 60 % RH and compared with that of the SPAES membrane. Figure 2.7a
shows that the proton conductivities of both membranes increase as the temperature is increased from
30 to 70 oC. This is ascribed to the boosted mobility of hydrated protons at higher temperatures.
Consistent with the aforementioned results of RH-dependent proton conductivity, the PI-GC
membrane delivers higher proton conductivity than the SPAES membrane over a wide range of
temperature. This indicates that, at the low RH condition of 60 %, the temperature-dependent proton
transport of the PI-GC membrane is also driven by the Grotthuss mechanism.
In addition, for the purpose of exploring the applicability of the PI-GC membrane to harsher
fuel cell operation conditions, its proton conductivity was measured at high-temperature (above 100
o

C)/dry-out states. Figure 2.7b shows that the proton conductivity of the SPAES membrane falls

sharply with increasing temperature, which reveals that the membrane is considerably dehydrated
during the measurement. A notable finding is that the PI-GC membrane exhibits substantially retarded
decline in the proton conductivity. For example, at 120 oC/dry-out state, the proton conductivity ( ~
0.01 S cm-1) of the PI-GC membrane is observed to be approximately two orders of magnitude higher
than that ( ~ 0.0003 S cm-1) of the SPAES membrane.
This remarkable improvement in the proton conductivity of the PI-GC membrane can be
explained by considering the proton transport phenomena of the phosphosilicate glass matrix. At
extremely dehumidified conditions where few water molecules are engaged in proton transport,
proton hopping driven by structural diffusion of protonic defects (i.e., protonation/deprotonation
process) between phosphate ions 41, 52, 53 may become influential. Thus, it can be speculated that proton
hopping between phosphate ions may exert a beneficial influence on the mitigated decline in the
proton conductivity of the PI-GC membrane at high-temperature/dry-out states (the detailed
mechanism is not provided in this study). Moreover, the PI-GC membrane can strongly hold water
molecules even under high-temperature/dry-out states, due to the polar groups (i.e., hygroscopic
characteristics) of the phosphosilicate glass matrix. This strong water retention capability would
contribute to the water-cooperative proton conduction of the PI-GC membrane.
Here, in order to attain a better understanding of the proton conductivity at dehumidified
conditions, an in-depth investigation of the state of water in the membranes was conducted. Previous
studies39, 43, 44 reported that the state of water in water-swollen membranes could be classified into two
groups from an analysis of TGA thermograms: physically adsorbed water (i.e., free and slightly bound
water) and chemically adsorbed water (i.e., strongly bound water). More specifically, the weight loss
below 100 oC can be attributed to the vaporization of physically adsorbed water in membranes, and
the weight loss above 100 oC (= total water content in membranes – the weight loss below 100 oC) can
be ascribed to the desorption of chemically adsorbed water. Meanwhile, Zawodzinski et al. 56 raised a
cautionary note on the quantitative use of thermodynamic data for elucidating the state of water in
26

water-swollen membranes. Thus, in the present study, the TGA thermogram-based characterization of
water molecules has been restricted to carrying out a relative comparison between the samples, rather
than providing the absolute value of the state of water.
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Figure 2.7. Temperature-dependent proton conductivities of SPAES membrane and PI-GC membrane:
(a) at 60 % RH; (b) at high-temperature (above 100 oC)/dry-out states.
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Figure 2.8a depicts the weight loss profiles of water molecules for the PI-GC membrane and
SPAES membrane as a function of temperature. In this TGA measurement, isothermal heating of 100
o

C/40 min was additionally introduced to allow sufficient time for evaporation of physically adsorbed

water.

43, 44

By analyzing these TGA profiles, the physically adsorbed water and chemically adsorbed

water in the total water content were quantitatively evaluated. Figure 2.8b shows that that the total
water contents are 10.7 wt% for the SPAES membrane and 17.0 wt% for the PI-GC membrane,
respectively. Here, in terms of the state of water, for the SPAES membrane, the weight loss attributed
to physically adsorbed water is 10.0 wt% and the weight loss corresponding to chemically adsorbed
water is 0.7 wt%. On the other hand, in the PI-GC membrane, the weight loss for physically adsorbed
water is 12.7 wt% and the weight loss for chemically adsorbed water is 4.3 wt%. These results
confirm that the PI-GC membrane can hold a larger amount of chemically adsorbed water than the
SPAES membrane, owing to the presence of the hygroscopic phosphosilicate glass matrix. A
conceptual illustration depicting the presence of chemically adsorbed water, which strongly adheres to
the phosphosilicate matrix via hydrogen bonding, is displayed in Figure 2.1. It is known that, under
dehumidified conditions, the contribution of chemically adsorbed water to proton transport of
membranes becomes more influential.18-21 Therefore, the larger amount of chemically adsorbed water
molecules in the PI-GC membrane (Figure 2.8) could be solid evidence to explain the significantly
improved proton conductivity at the harsh measurement conditions of high-temperature/dry-out states.
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Figure 2.8. Characterization of state of water for SPAES membrane and PI-GC membrane: (a) TGA
thermograms at a heating rate of 10 oC min-1, wherein an isothermal heating of 100 oC/40 min was
additionally introduced to allow sufficient time for evaporation of physically adsorbed water; (b)
analysis of physically adsorbed water and chemically adsorbed water in the total water content of the
membranes.
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Ⅱ.4. Conclusion
The PI nonwoven fabric-reinforced, flexible phosphosilicate glass composite membrane (PIGC membrane) has been fabricated as a promising proton conductor for use in high-temperature/lowhumidity PEMFCs. The in-depth characterization of the morphology, EDS spectra, FT-IR peaks, and
XRD patterns exhibited that the phosphosilicate glass matrix, which acted as a three-dimensionally
interconnected proton-conducting network, was successfully formed inside the PI reinforcing
framework via in-situ sol-gel synthesis followed by hydrothermal treatment. A notable achievement of
the PI-GC membrane was unprecedented improvement of the mechanical flexibility (no breakage
even after the 100th bending cycle) and the membrane thickness (~ 25 m), in contrast to bulk
phosphosilicate glasses that were highly fragile and thick. In addition, at harsh measurement
conditions of high-temperature/low-humidity, the PI-GC membrane showed higher proton
conductivity than the hydration-dependent SPAES membrane. This superior proton conductivity of
the PI-GC membrane was interpreted by considering the Grotthuss mechanism-governed proton
transport behavior in the hygroscopic phosphosilicate matrix, which includes water-cooperative
proton conduction promoted by strong water retention capability (i.e., a larger amount of chemically
adsorbed water) and the structural diffusion of protonic defects between the phosphate ions. In
conclusion, this new structural design concept based on a porous nonwoven fabric-reinforced glass
composite membrane is highly versatile and thus is readily applicable to other proton-conductive glass
electrolytes having various electrochemical characteristics.
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CHAPTER Ⅲ. Dual electrospray-assisted forced blending of thermodynamically immiscible
polyelectrolyte mixtures for proton exchange membranes
Ⅲ.1. Introduction
Polyelectrolytes, defined as functional macromolecules bearing ionic/ionizable groups, have
garnered a great deal of attention as a key electrochemically-active component in a wide variety of
energy-related industry fields such as proton exchange membrane fuel cells (PEMFCs) 7, redox-flow
batteries (RFBs) 57, ionic polymer-metal composite (IPMC) actuators 58 and chlor-alkali production 59.
Currently, one of the most widespread ionomers is Nafion, a perfluorosulfonic acid polymer. Nafion
has many advantageous characteristics including electrochemical performance, mechanical strength
and chemical stability

30-32

, however, serious issues (specifically, high cost, limited ion conductivity

and humidity-dependent mass transport/dimensional change) still lie ahead in widening its application
fields. As a potential polyelectrolyte alternative to Nafion, sulfonated hydrocarbon copolymers

60-63

have attracted considerable interests mainly due to simple synthesis, ionic conductivity and cost
competitiveness. However, they have still suffered from the large water uptake (detrimental to
dimensional stability), chemical instability and loss of electrochemical activities at dehydrated
conditions. Therefore, development of advanced polyelectrolytes to outperform the currently available
materials is strongly required.
Among various approaches to achieve this challenging goal, in addition to continuous pursuit
of synthesizing polyelectrolytes with new chemical structures, blending of different polyelectrolyte
mixtures can be suggested as a simple and efficient way. Polymer blending, i.e., physical mixing of
two or more individual polymer components, is a well-known technique for making a material
superior to its component polymer itself
polyelectrolyte blends have been reported

64

. To date, numerous attempts for development of

65-70

, including the mixtures of Nafion, sulfonated

hydrocarbon polymers, sulfonated or phosphonated acidic polymers and non-conductive engineering
thermoplastic polymers. However, unavoidable thermodynamic immiscibility between the blend
components has often caused stringent restriction on the selection of polyelectrolyte components,
which thus remains a serious challenge in the versatile fabrication of polyelectrolyte blends with
desirable membrane properties 71.
Here, as an unprecedented mixing strategy to overcome the thermodynamic limitations of
immiscible polyelectrolyte mixtures, we demonstrate a new class of dual electrospray (DES)-assisted
forced polymer blending. As a model system to explore the feasibility of this blending approach,
72

Nafion and multiblock sulfonated hydrocarbon copolymer (denoted as sBlock)

comprising

sulfonated hydrophilic poly(arylene thioether sulfone) blocks and hydrophobic poly(arylene ether
sulfone) blocks are chosen. Multiblock sulfonated hydrocarbon copolymers
32

72-74

, which were

extensively investigated by McGrath’s group, have unique phase-separated structures and highlyinterconnected water channels, thus enabling superior performance in proton conductivity and
dimensional change compared to randomly sulfonated hydrocarbon copolymers. Moreover, at a fully
hydrated state, they tend to present the higher proton conductivity than the Nafion. For this reason,
multiblock sulfonated hydrocarbon copolymers with these beneficial characteristics can be suggested
as a promising component to be blended with Nafion. In this study, the sBlock was chosen as a
representative example of the multiblock sulfonated hydrocarbon copolymers owing to its welldefined block structure and chemical functionality.
The electrospray technique is a well-known manufacturing process for tailoring
nanoarchitecture of materials, which includes nano-sized particles/capsules, nanoporous web and
functional thin film deposition

75

. Enormous efforts have been devoted to controlling the

nanostructure and morphology of polymers through varying electrospray processing conditions (such
as polymer concentration, voltage, flow rate and so on). Most of conventional electrospray processes
use a single capillary spinneret, which is suited for making materials with simple structure and
compositions

75-78

. By comparison, in the DES blending process presented herein, two different

polymer solutions are independently prepared and simultaneously electrosprayed onto a common
collector, which could remove the critical constraint on the use of co-solvents that dissolve the
immiscible polymer components at once. As a result, we can easily tune morphology of the resulting
blends by independently adjusting electrospray conditions of each polymer solution. Most notably,
these processing uniqueness and simplicity of the DES blending technique allow us to be free from
the restriction of choosing blend components and also to successfully fabricate thermodynamically
immiscible polymer blends far beyond those achievable with conventional blending techniques.
Taking into account that Nafion and sBlock respectively employ different solvents because of
their large solubility parameter difference, nonsolvent-induced nanophase morphology reconstruction
can be anticipated in the Nafion/sBlock blends (referred to as N/B blends) when they get in close
contact with each other on the common collector during the DES blending. This morphological
uniqueness of the N/B blends is expected to make a difference between experimental proton
conductivity and theoretically predicted values.
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Ⅲ.2. Experimental
Ⅲ.2.1. Materials
Nafion 521 solution (5 wt%, EW 1100, counter ion = Na+, DuPont) was used after
solidification by solvent evaporation. sBlock 72 bearing K+ ions was synthesized via polycondensation
reactions of sulfonated and non-sulfonated oligomers, followed by coupling reactions between these
oligomers. Detailed information on the chemical structure and 1H NMR spectra of the sBlock was
provided in Figure 3.1. N, N-dimethylformamide (DMF, 99.8 %), n-butanol (BtOH, 99.0%), acetone
(99.8%) and isopropyl alcohol (IPA, 99.7%) were purchased from DAEJUNG Ltd. (Korea) and used
as received.
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Figure 3.1. Chemical structures and 1H NMR spectra of sBlock

72

(= multiblock sulfonated

hydrocarbon copolymer comprising sulfonated hydrophilic poly(arylene thioether sulfone) blocks and
hydrophobic poly(arylene ether sulfone) blocks).
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Ⅲ.2.2. Fabrication of DES-assisted fabrication of N/B blend membranes
To prepare polymer solutions for the DES blending process, Nafion dispersion was prepared
using n-butanol (as a dispersing agent) and sBlock was dissolved in DMF/acetone (= 8/2 v/v), where
the polymer concentration was 6 wt%. Each polymer solution was poured into a syringe connected to
a high-voltage DC supplier (NanoNC, Korea). Nafion dispersion solution and sBlock solution were
simultaneously electrosprayed at the following processing conditions: Nafion/sBlock = 45/5 [μL min/μL min-1] for N/B (83/17) blend; 21/6 [μL min-1/μL min-1] for N/B (66/34) blend. The experimental

1

details on the DES process used herein were described in Figure 3.2 and Table 3.1 The mixtures of the
electrosprayed Nafion and sBlock wet-beads were collected onto a stainless steel plate positioned at a
distance of 7 cm from the nozzle and then was exposed to IPA vapor in a sealed chamber at 50 oC for
30 min to further densify Nafion matrix and then subjected to hot-roll pressing at 120 oC, followed by
annealing at 130 oC for 1 h.
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Figure 3.2. A schematic representation depicting the dual electrospray (DES) process used for the
fabrication of N/B blend membranes.
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Table 3.1. Summary of DES experimental conditions for the fabrication of N/B blend membranes.

a)

6 wt% Nafion (N) solution
Sample

Injection

Flow rate

Volume
(mL)

-1

(μL min )

b)

6 wt% sBlock (B) solution
Injection

Flow rate

volume
(mL)

Distance between

Distance between

needles and collector

two needles

(cm)

(cm)

Voltage
(kV)

-1

(μL min )

N/B (83/17)

18.0

45

2.0

5

7

9

20

N/B (66/34)

14.0

21

4.0

6

7

9

20

Solvent = a)n-butanol and b)DMF/acetone.
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Ⅲ.2.3. Characterization of N/B blend membranes
Physicochemical properties: Surface and cross-sectional morphologies of the N/B blend
membranes were characterized using field emission scanning electron microscopy (FE-SEM, S-4300,
Hitachi) and also tapping mode AFM (NX10, Park Systems). To obtain the cross-sectional specimen
for the AFM measurement, epoxy-molded samples were carefully cut using an ultramicrotome (CR-X,
RMC). The tensile properties of the membranes were assessed on a dynamic mechanical analyzer
(DMA Q800, TA Instruments) using a DMA-strain rate mode with a stretching speed of 5 mm min-1 at
room temperature. Water uptake and (volume-based) dimensional changes of the membranes were
estimated by measuring the weight difference and length variation before and after the hydration.
Details on the measurement condition were described in the previous publications

42, 44

. The

aforementioned characterization of the membranes was conducted prior to acidification treatment
(specifically, counter ions were respectively Na+ (Nafion) and K+ (sBlock)).
Proton conductivity: As a prerequisite for the measurement of proton conductivity, the N/B
blend membranes, in addition to the pristine Nafion and sBlock membranes, were acidified in a 1N
boiling sulfuric acid solution for 2 h and subsequently rinsed with distilled water for 24 h. In-plane
proton conductivities of the membranes were evaluated as a function of temperature (30 - 90 oC) in a
temperature/humidity control chamber (SH-241, ESPEC) at 100 % RH using a four-probe method
with an impedance analyzer (VSP classic, Bio-Logic) over a frequency range of 1 x 10–1 to 2 x 105 Hz,
where the sample dimension is 3 (= width) x 1 (= length) (cm x cm)
membranes were measured using a conventional titration method

79-81

. IEC values of the

42, 44, 79-81

. Hydration number (λ),

which is the number of water molecules absorbed per sulfonic acid group, was calculated from the
mass water uptake and the IEC of the dry membrane 73.
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Ⅲ.3. Results and discussion
Ⅲ.3.1. Fabrication of N/B blend membranes
Overall procedure depicting the DES-assisted fabrication of N/B blend membranes was
schematically presented in Figure 3.3 The polymer solutions (polymer concentration = 6 wt%) for the
DES blending process were prepared by respectively dispersing Nafion in n-butanol and dissolving
sBlock in dimethylformamide (DMF)/acetone (= 8/2 v/v), where the acetone was incorporated as a
processing aid (due to its high volatility (boiling point (b.p.) = 56 oC)) to facilitate the electrospray
process. Nafion dispersion solution (transparent) and sBlock solution (yellowish) were simultaneously
electrosprayed onto a stainless steel plate. At the initial stage of the electrospray process, biconcaveshaped Nafion wet-beads and spherical sBlock ones were observed (Figure 3.4). Such a
morphological difference between the Nafion and sBlock wet-beads can be explained by considering
evaporation kinetics of solvents in the polymer solutions. It is known that faster evaporation rate of
solvent than diffusion rate of polymer toward center of shrinking wet-beads induces the formation of
biconcave-like particles

82, 83

. In this work, the dispersing agent (n-butanol, b.p. = 117 oC) of Nafion

has lower boiling point than that (DMF, b.p. = 153 oC) of sBlock. With increasing the electrospraying
time, the Nafion/sBlock wet-bead mixtures continued to be accumulated on top of the previouslyelectrosprayed ones, eventually leading to a dense-structured intermediate film after eliminating
solvents (Figure 3.3a). Subsequently, the electrosprayed intermediated film was exposed to isopropyl
alcohol (IPA) vapor in a sealed chamber to further densify Nafion matrix and then subjected to hotroll pressing at 120 oC (Figure 3.3b). Finally, the N/B blend membranes were annealed at 130 oC for 1
h to enhance their structural robustness 84.
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Figure 3.3. Schematic representation depicting overall procedure for DES-assisted fabrication of N/B
blend membranes. Nafion dispersion solution (transparent, dispersing agent = n-butanol) and sBlock
solution (yellowish, solvent = DMF/acetone (= 8/2 v/v)) were simultaneously electrosprayed onto a
stainless steel plate., yielding wet-bead mixtures of Nafion/sBlock. The electrosprayed Nafion/sBlock
intermediate film, which was obtained after eliminating solvents, was exposed to IPA vapor in a
sealed chamber to further densify Nafion matrix and then subjected to hot-roll pressing at 120 oC,
followed by annealing at 130 oC for 1 h. SEM images (surface & cross-section) of: (a) electrsprayed
Nafion/sBlock intermediate film; (b) Nafion/sBlock film prepared through the exposure to IPA vapor
and hot-roll pressing.
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Figure 3.4. SEM images of electrosprayed polymer wet-beads at the initial stage of the electrospray
process: (a) biconcave-shaped Nafion wet-beads; (b) spherical sBlock ones.
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Ⅲ.3.2. Structural and physicochemical characterization of N/B blend membranes
Through this DES blending process, a self-standing N/B (= 66/34 v/v) blend membrane
(thickness ~ 30 ± 3 µm) was successfully fabricated (Figure 3.5a). The N/B blend membrane can be
wound along a glass rod (diameter = 5.0 mm) and also is not mechanically broken even after being
folded (Figure 3.5b). Meanwhile, tensile properties of the N/B blend membranes were found to be
affected by their composition ratio, in overall. The elongation at break of the N/B blend membranes
tended to increase at the higher Nafion content, while the tensile strength and modulus decreased
(Figure 3.6).
Neither appreciable defects nor pinholes were observed in the N/B blend membrane (Figure
3.5c). A cross-sectional SEM image (Figure 3.5d) exhibits that submicron-sized sBlock particles are
uniformly dispersed in the Nafion matrix. By contrast, a control sample solution (Figure 3.5e), which
was prepared by dissolving the Nafion/sBlock mixture with the same polymer content and
composition ratio in a cosolvent of DMF, failed to make a self-standing blend membrane (Figure 3.5f)
due to the thermodynamic immiscibility between Nafion and sBlock. Figure 3.5e also verifies that the
Nafion/sBlock mixture solution is phase separated (upper yellowish layer = sBlock-rich solution,
bottom transparent layer = Nafion-rich solution). This result underscores the process novelty and
superiority of the DES-assisted forced blending as an efficient mixing strategy for overcoming the
thermodynamic limitations of immiscible polymer blends.
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Figure 3.5. Structural characterization of N/B (= 66/34 v/v) blend membrane: (a) a photograph
showing physical appearance of the self-standing N/B blend membrane; (b) photographs
demonstrating mechanical flexibility of the N/B blend membrane upon winding (rod diameter = 5.0
mm) and folding; (c) a FE-SEM image (surface view); (d) a FE-SEM image (cross-sectional view, the
inset is a low-magnification image). Comparative results of a control sample produced from a
conventional mixing method: (e) a photograph of a control sample solution (Nafion and sBlock were
dissolved in a cosolvent of DMF), exhibiting the phase separation of the Nafion/sBlock mixture
solution (upper yellowish layer = sBlock-rich solution, bottom transparent layer = Nafion-rich
solution); (f) a photograph showing the failure in fabrication of a self-standing Nafion/sBlock blend
film.
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Figure 3.6. Tensile properties of pristine Nafion, pristine sBlock and N/B blend membranes: (a)
stress-strain curves; (b) summary of tensile properties.

45

Physicochemical properties of the N/B blend membranes as well as the pristine Nafion and
pristine sBlock membranes were characterized (Table 3.2). In overall, the membrane properties
(including density, water uptake-induced volume change, ion exchange capacity (IEC), water uptake,
hydration number and proton conductivity) of the N/B blends seem to follow composition ratiodependent relationship. Here, the composition ratio of N/B blends was varied by changing the ejected
volume of each solution during the DES blending process. As the sBlock content was increased, the
sBlock characteristics in the N/B blends became more pronounced. For example, the larger sBlock
content contributed to improving the proton conductivity at a fully hydrated state (= 100 % relative
humidity (RH)), while impairing the water uptake-induced volume change.
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Table 3.2. Physicochemical properties of pristine Nafion, pristine sBlock and N/B blend membranes. The membrane properties (such as density, water
uptake-induced volume change, IEC, water uptake, hydration number and proton conductivity) of the N/B blends seem to follow composition ratiodependent relationship.

c)

density

Samples

-3

[g cm ]
a)

Nafion
b)

N/B (83/17)
b)

N/B (66/34)
a)

sBlock

d)

e)

f)

volume change

IECw

(ΔV) [%]

[mmol g ]

-1

g)

water uptake

hydration number

proton conductivity

(ΔW) [wt %]

(λ) [liquid water]

[S/cm ] (30 oC /100 % RH)

-1

1.96

49.1

0.89

32.2

20.2

0.100

1.86

51.2

1.17

46.7

22.1

0.120

1.43

69.8

1.51

77.8

28.7

0.127

33.1

0.152

1.19

119.5

2.07

123.1

fabricated via a) recast and b) DES process.
c)

from weight and volume of membranes at dry state.

d)

from an equation of ΔV (%) = [(Vwet − Vdry)/ Vdry] ⅹ 100, where Vdry and Vwet are the volumes of dried and wet membranes.

e)

from an equation of IEC = (VNaOH ⅹ CNaOH) / Wdry, where VNaOH is the added titrant volume at the equivalent point (mL), CNaOH is the molar

concentration of the titrant, and Wdry is the dry membrane weight (g).
f)

from an equation of ΔW (wt %) = [(Wwet − Wdry)/ Wdry] ⅹ100, where Wdry and Wwet are the weights of dried and wet membranes.

g)

from an equation of λ = [(W wet − Wdry) / Mw H2O]/ (Wdry ⅹ IEC), where Mw H2O is the molecular weight of water (18.01 g mol –1), and IEC (mmol g –1)

of the dry membrane.
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Ⅲ.3.3. Morphological uniqueness and nanophase formation of N/B blend membranes
An in-depth analysis of atomic force microscopy (AFM) images demonstrates morphological
uniqueness of the N/B (= 66/34 v/v) blend. A cross-sectional tapping mode AFM phase image of the
N/B blend membrane shows that the sBlock particle (indicated by a dotted line) exists in the Nafion
matrix (Figure 3.7a). The sBlock particle appears to be less than 500 nm in diameter, which is
consistent with the previous SEM result (shown in Figure 3.5d). In the AFM image, the bright brown
regions represent hydrophobic nanophases and the dark brown ones indicate hydrophilic nanophases
(bearing water channels)

68-70, 72

As control samples, pristine Nafion and pristine sBlock films were

fabricated and their the AFM images were also examined. The pristine Nafion film (Figure 3.7b)
shows the more developed water channels than the pristine sBlock one (Figure 3.7c). It is known that,
in comparison to sulfonated hydrocarbon copolymers, Nafion presents the larger hydrophilicity
difference between (hydrophobic) polymer backbone and (hydrophilic) side chains, which thus boosts
hydrophilic/hydrophobic nanophase separation inside the Nafion 10. Contrary to the results of pristine
Nafion and pristine sBlock films, in the N/B blend membrane (Figure 3.7a), the size and shape of
hydrophilic nanophases in the sBlock particle are larger than those of the Nafion matrix.
To attain better understanding of this unusual morphology in the sBlock particle, a
supplementary experiment was conducted. A sBlock film was prepared by a typical solution (solvent
= DMF) casting method. To mimic the DES blending process (focusing on intrusion of nonsolvent (nbutanol, in Nafion wet-beads) toward sBlock wet-beads), the sBlock film, prior to complete drying of
DMF, was soaked into a n-butanol bath. As a result, the highly-reticulated nanoporous structure was
formed in the sBlock film (Supporting Information Figure 3.8a). Meanwhile, as another control
sample, sBlock particles were prepared via a single spray process without exposure to n-butanol and
their morphology was compared with that of a conventional sBlock film fabricated from a solution
casting method without exposure to n-butanol. The AFM images (cross-sectional view) exhibit no
significant difference in the nanophase structure between the sBlock particle (indicated by a dotted
line, Supporting Information Figure 3.8b) and sBlock film (Figure 3.8c). These results confirm that
the unusual morphological evolution in the sBlock particles of the N/B blends mainly arises from the
Nafion wet-beads coexisting during the DES blending process.
Schematic illustrations explaining the nanophase morphology of sBlock particles prepared via
different electrospray processes were depicted in Figure 3.7d,e. In general, sBlock wet-beads
(containing DMF solvent) that are produced from single electrospray process, after undergoing
solvent evaporation, lead to sBlock particles having normally phase-separated (i.e., hydrophilic and
hydrophobic) nanodomains (Figure 3.7d). In comparison, sBlock wet-beads obtained by the DES
blending process (in the presence of neighboring Nafion wet-beads), go through different
drying/phase separation routes (Figure 3.7e). The n-butanol (= a dispersing agent for Nafion) shows
48

poor affinity (i.e., acting as a nonsolvent) for hydrophobic block domains of sBlock and also high
compatibility for its hydrophilic block domains. Therefore, during solvent (= DMF) evaporation of
sBlock wet-beads, Nafion wet-beads (containing n-butanol as a dispersing agent) that surround the
sBlock wet-beads could force sBlock wet-beads to undergo nonsolvent-induced morphology
reconstruction

85, 86

. In the sBlock wet-beads, while the solvent (= DMF) is being evaporated, their

hydrophilic block domains could be swelled by n-butanol coming from Nafion wet-beads and, at the
same time, their hydrophobic block domains tend to be morphologically frozen by the intrusion of
nonsolvent (= n-butanol), eventually leading to the formation of highly developed/enlarged
hydrophilic block domains (Figure 3.7a) compared to those of the sBlock particles (Figure 3.8b)
generated from typical single electrospray process. Previous works

87, 88

reported the effect of

nonsolvent-driven phase separation during single electrospray process on the microstructure variation
of resulting polymer particles.
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Figure 3.7. Tapping mode AFM phase images (cross-sectional view) demonstrating the phase
morphology of the membranes: (a) N/B (= 66/34 v/v) blend, where the bright brown regions represent
hydrophobic nanophases and the dark brown ones indicate hydrophilic nanophases (bearing water
channels); (b) pristine Nafion; (c) pristine sBlock. Schematic illustrations explaining the
morphological evolution of sBlock particles produced: (d) via single electrospray process ( leading
to conventional phase morphology); (e) via dual electrospray process ( more developed hydrophilic
block nanodomains).
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Figure 3.8. Structural characterization of control samples (sBlock film or sBlock particle). (a) A FESEM image (cross-sectional view) of sBlock film, where the sBlock film, prior to complete drying of
DMF, was soaked into a nonsolvent (n-butanol) bath. Tapping mode AFM phase images (crosssectional view) of: (b) sBlock particle prepared via a single spray process without subsequent
exposure to n-butanol; (c) sBlock film (after complete evaporation of DMF) without subsequent
exposure to n-butanol.
51

In the DES blending process, besides n-butanol, another nonsolvent for sBlock was IPA,
which was used to further densify Nafion matrix in the N/B blends. To check whether nonsolvent
(here, IPA)-induced morphology reconstruction could occur during the IPA-driven densification
process, a self-standing sBlock dry film (not sBlock wet-beads containing DMF solvent), which is a
mimic of sBlock dispersed phases in the dry-state N/B blend membranes, was prepared and then
dipped into IPA bath. No appreciable morphological change was observed between before (Figure
3.9a) and after (Figure 3.9b) being placed inside IPA bath, demonstrating that there is little possibility
of nonsolvent-induced nanophase morphology reconstruction after the hydrophilic and hydrophobic
block domains in the sBlock are morphologically frozen. This is an indirect evidence to confirm that
the nonsolvent-induced nanophase morphology reconstruction in the sBlock particles of the N/B
blends occurs predominantly via the intrusion of n-butanol coming from neighboring Nafion wetbeads during the DES blending process.
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Figure 3.9. SEM images (surface view) exploring the possibility of nonsolvent (IPA)-induced
morphology reconstruction in the dry-state sBlock film during the densification process: (a) before
being dipped into IPA bath; (b) after being dipped into IPA bath.
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Ⅲ.3.4. Experimental and theoretical proton conductivities of N/B blend membranes
Proton conductivity (at 100 % RH) of the N/B blend membranes was investigated as a
function of temperature (Figure 3.10a) and discussed with an in-depth consideration of their structural
uniqueness. As expected from the basic properties of the membranes (Table 3.2), the proton
conductivities of the N/B blend membranes lay between those of the pristine Nafion and pristine
sBlock membranes over a wide temperature range.
Intriguingly, the experimental proton conductivities of the N/B blend membranes were
observed to deviate from the theoretical predictions (right side of Figure 3.10a). Here, the MaxwellEucken model

89

, which is known to be a proper structural model to estimate permeability of a

composite material that comprises continuous and dispersed phases, was chosen to predict proton
conductivity behavior of the N/B blend membranes. The Maxwell-Eucken structural model is
described as σmodel = [σc ϕc + σd ϕd {3σc / (2σc + σd)}] / [ϕc + ϕd {3σc / (2σc + σd)}], wherein σmodel is the
theoretical proton conductivity of N/B blend membrane, σc and σd are the experimental proton
conductivities of continuous phase (= Nafion) and dispersed one (= sBlock) themselves, respectively.
ϕc and ϕd are the volume fraction of continuous phase and dispersed one, respectively. In Figure 3.10a,
the theoretical proton conductivities (σmodel, dotted lines) of the N/B blend membranes were plotted
and compared with the experimental data. At both N/B (= 83/17, 66/34 v/v) blend membranes, the
experimental proton conductivities (solid lines) were found to be higher than the theoretical values.
This intriguing behavior of proton conductivity at the N/B blend membranes can be explained
by considering the morphological uniqueness (AFM images, Figure 3.7). During the DES-assisted
fabrication of N/B blend membranes, driven by the nonsolvent (n-butanol)-induced nanophase
reconstruction, the more developed hydrophilic block nanodomains were formed inside the sBlock
particles that were dispersed in the Nafion matrix. The larger-sized/highly-percolated hydrophilic
block nanodomains in the sBlock particles are expected to act as effective proton-conducting
pathways, thus providing the higher proton conductivity than the theoretical value (predicted from the
Maxwell-Eucken structural model). Conceptual illustrations describing the relationship between the
structural uniqueness and the transport behavior of N/B blend membranes were presented in Figure
3.10b.
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Figure 3.10. Proton transport phenomena of the membranes: (a) temperature-dependent proton
conductivities of the N/B blend, Nafion and sBlock membranes at 100 % RH, where solid lines
indicate the experimental data and dotted lines correspond to theoretical values predicted from the
Maxwell-Eucken structural model (σmodel = [σc ϕc + σd ϕd {3σc / (2σc + σd)}] / [ϕc + ϕd {3σc / (2σc +
σd)}]); (b) Conceptual illustrations describing the relationship between the structural uniqueness and
transport behavior of N/B blend membranes, underscoring the effect of nonsolvent (n-butanol)induced morphology reconstruction during the DES blending on the formation of facile protonconducting pathways.
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Ⅲ.4. Conclusion
In summary, we demonstrated the DES-assisted forced polymer blending as an
unprecedented mixing opportunity to overcome the thermodynamic limitations of immiscible
polyelectrolyte mixtures. The DES blending process allowed us to be free from the constraints for
using co-solvents of blend components, which thus enabled the successful fabrication of immiscible
polymer blends (here, the Nafion/sBlock (N/B) blend system was chosen) that lie far beyond those
achievable with conventional blending methods. During the DES blending, the nonsolvent-induced
nanophase morphology reconstruction occurred exclusively in the sBlock wet-beads by the intrusion
of nonsolvent (n-butanol) coming from the neighboring Nafion wet-beads. As a consequence, the
more developed hydrophilic block nanodomains were formed inside the sBlock particles. This
structural uniqueness of the sBlock particles contributed to establishing the facile proton-conducting
pathways, thereby providing the higher proton conductivity than the theoretical values predicted from
the Maxwell-Eucken structural model. We envision that the DES-assisted forced blending strategy
holds a great deal of promise as a versatile and scalable manufacturing technology to breakthrough the
deadlock of thermodynamically immiscible polymer blends and also can be easily applicable to a
wide variety of polymer blend systems.
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