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INVESTIGATION OF THE USE OF POLYPYRROLE AND
PEDOT:PSS COATED ELECTROSPUN POLYMER
NANOFIBERS AS GAS DIFFUSION LAYERS IN PEM FUEL
CELLS

ABSTRACT
The aim of this study is to produce novel gas difusion layers for proton exchange
membrane fuel cells with high performances and consisting entirely of nanofibers
without the need of traditional macroporous substrate and microporous layer. Another
objective is to overcome the negative impacts of the interface between macroporous
substrate and microporous layer inducing some resistance to the system and decreasing
the cell performance. For this purpose, polymethyl methacrylate nanofiber mats were
produced by electrospinning. These layers were coated with polypyrrole and poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate conjugated polymers by oxidative
polymerization. Polypyrrole nanofiber gas diffusim layer and poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate nanofiber gas diffusion layer were
produced. According to the results, cylindrical and homogeneous polymethyl
methacrylate nanofibers were obtained. In polypyrrole nanofiber gas diffusiin layer,
the polymethyl methacrylate nanofibers were perfectly well coated by polypyrrole
whereas voids are observed at the interface between poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate and polymethyl methacrylate
nanofibers. Bulk porosity measurements at twenty four hours of water immersion also
revealed that no dimensional variation was observed for the novel polypyrrole
nanofiber gas diffusiin layer which presents a better dimensional stability in wet
conditions. = The  highest conductivity @ was obtained for poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate nanofiber gas diffusion layer. Cell
performance tests revealed a remarkable power density for novel polypyrrole
nanofiber gas diffusion layer. For the first time in the literature, high-performance gas
diffusion layers totally made of conductive polymer coated nanofibers are proposed as

low cost alternatives to commercial systems.

Keywords: Electrospinning, conjugated polymers, proton exchange membrane fuel

cells, gas diffusion layers.
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POLIPIROL VE PEDOT:PSS KAPLANMIS VE
ELEKTROEGIRME YONTEMI iLE URETILEN POLIMER
NANOLIFLERIN PEM TiPi YAKIT HUCRELERINDE GAZ

DIFUZYON KATMANI OLARAK KULLANIMININ
ARASTIRILMASI

074

Bu calismanin amaci, geleneksel makro gozenekli substrat ve mikro gozenekli
katmana ihtiya¢ duymadan, proton degisim membranli yakit hiicreleri i¢in yiiksek
performanslt ve tamamen nanofiberlerden olusan yeni gaz difiizyon katmanlari
tiretmektir. Diger bir amag, makro gozenekli substrat ve mikro gozenekli katman
arasindaki arayiizlin sisteme karsi bir miktar diren¢ olusturup hiicre performansini
diisiiren olumsuz etkilerinin tistesinden gelmektir. Bu amagla elektroegirme
yontemiyle polimetil metakrilat nanofiber matlar tiretilmistir. Bu katmanlar, oksidatif
polimerizasyon yoluyla polipirol ve poli(3,4-etilendioksitiyofen):polistiren siilfonat
konjuge polimerleri ile kaplanmistir. Polipirol nanofiber gas difiizyon katmani ve
poli(3,4-etilendioksitiyofen):polistiren siilfonat nanofiber gaz difiizyon katmani
tiretilmistir. Sonuglara gore, silindirik ve homojen polimetil metakrilat nanoliflerinin
elde edildigini gostermistir. Polipirol nanofiber gaz diflizyon katmaninda, polimetil
metakrilat nanofiberleri polipirol ile miikemmel bir sekilde kaplanmistir, fakat
poli(3,4-etilendioksitiyofen):polistiren siilfonat ve polimetil metakrilat nanofiberleri
arasindaki arayiizde bosluklar gézlenmistir. Yirmi dort saatlik suya daldirma sirasinda
yapilan y18in gézeneklilik 6l¢iimleri, 1slak kosullarda daha iyi boyutsal stabilite sunan
yeni polipirol nanofiber gaz difiizyon katmani igin hi¢cbir boyutsal degisimin
gozlemlenmedigini  ortaya cikarmistir. En  yiiksek iletkenlik  poli(3,4-
etilendioksitiyofen):polistiren siilfonat nanofiber gaz difiizyon katmani i¢in elde
edilmistir. Hiicre performans testleri, polipirol nanofiber gaz difiizyon katmaninin
yiiksek bir giic yogunlugunun oldugunu ortaya ¢ikarmistir. Literatiirde ilk kez, tamam1
iletken polimer kapli nanoliflerden olusan yiiksek performanslt gaz difiizyon

katmanlari, ticari sistemlere diisiik maliyetli alternatifler olarak onerilmektedir.

Anahtar Kelimeler: Elektroegirme, iletken polimerler, proton degisim membranli

yakat hiicreleri, gaz difiizyon katmani.
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CHAPTER 1

INTRODUCTION

The increase in the world population induces a greater need for energy. Energy from
renewable sources or not, powers equipments used in many aspects of daily life such
as housing, communication, and transportation. Renewable energy sources are diverse
and are classified depending on their origin as solar, wind, or biomass energies.
Concerning non-renewable energy sources, coal, natural gas, and oil, are converted
into thermal or electrical energy. While the electrical energy generated by electron
movement demonstrates a country's presence in defense and the world economy, it
also has a significant impact on people's social lives. For this reason, every opportunity

available in a country is used to produce electrical energy.

Figure 1.1 shows the shares of different energy sources in the world’s energy
production in 2021. While the most used resource is coal (35.12%), non-renewable

resources are still dominant [1].

11,73%0,86% 2,83% oil

| 23,37% Natural Gas
Coal
Nuclear Energy

16,02%

%\\\\\\

= Hydroelectric
10,07% Renewables

35,12% s Other

Figure 1.1 Shares of different energy sources in electricity generation of the world

in 2021 [1]

Nowadays, although non-renewable energy sources are mainly used for electricity
production, their disadvantages such as limited access, rapid consumption, and long

production time increase the incentive to use renewable resources [2]. Moreover, it has



bad effects on human health and the environment as greenhouse gases are released
during their burning. These gases are dangerous for the ozone layer which traps
harmful rays such as ultraviolet rays from the sun, UV-B and UV-C [3]. On the
contrary, the reserves of renewable energy resources are constantly renewed by the

functioning of nature. If processed, they do not harm nature or human life.

Historically, the foundations of electricity production, discovered by Michael Faraday,
an English chemistry and physics scholar, between 1820 and 1830, have survived to
this day. Faraday worked on electromagnetic induction and electrolysis and invented
the electric motor and dynamo [4]. He also defined the unit of current, the "ampere",
and used terms such as "electrolyte", "electrode", "anode", "cathode" and "ion". During
his studies, he focused a lot on the fact that electricity appeared in different forms,

which revealed new theories about electricity [4].

One of the current emerging technologies for the production of electricity is fuel cells.
These energy devices are composed of anode and cathode electrodes separated by an
electrolyte. In the first fuel cell model developed by William Robert Grove in 1838
and called the Grove Cell, a zinc electrode immersed in zinc sulfate and a platinum
electrode immersed in nitric acid were separated by a porous ceramic pot [5]. A current
of 12A and a voltage of around 1.8V were observed with this preliminary device [5].
In 1842, Grove developed a gas voltaic battery that produced electrical energy using
hydrogen and oxygen [6]. Another important study was Friedrich Wilhelm Ostwald's
experimental determination of the functions of fuel cell components in 1893. These
findings, which are the pioneers of many important studies, have contributed to the

development of fuel cells and allowed them to gain a place in different fields today.

Fuel cells are systems where the chemical energy is continuously converted into
electrical energy under conditions where a fuel and an oxidizer are provided. Although
their principle is similar, different types of fuel cells exist. Depending on the nature of
their electrolyte, fuel cells are classified as proton exchange (or polymer electrolyte)
membrane fuel cell (PEMFC), phosphoric acid fuel cell (PAFC), alkaline fuel cell
(AFC), molten carbonate fuel cell (MCFC) or solid oxide fuel cell (SOFC) as
illustrated in Figure 1.2.



Basically, the fuel sent to the anode undergoes an oxidation reaction and breaks down
into protons and electrons. Protons pass through the electrolyte and electrons circulate
through an external circuit to the cathode layer. As a result of the reduction reaction
that takes place at the cathode, the oxidant combines with protons and electrons

coming from the anode to form water [7].

Fuel cells emit low levels of harmful gases, resulting in almost zero emission values.
In addition, since the energy is obtained electrochemically, their efficiency is as high
as 60% or above [8]. They are also reliable as they are not affected much by power
outages or fluctuations. Hydrogen is usually used as fuel, but gases such as methane,

methanol, and ethanol can also be used.

Fuel — <«——— Oxidizer
PEMFC T=80°C
PAFC T=200°C
AFC T=80°C
[cos2 |
€02 | H20 S
T=1000°C
Product ——

Anode
Electrolyte |&
Cathode

Figure 1.2 Schematic summarizing the different types of fuel cells and their

characteristics [9]

Fuel cells can operate at different temperatures and provide energy at different
efficiencies allowing their use in various areas. The power ranges of the different fuel

cells are presented in Figure 1.3.
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Figure 1.3 Fuel cells and their power ranges [10]

This thesis is particularly focused on proton exchange membrane fuel cells and
therefore, the next section is dedicated to PEMFCs to give an overview of these

devices.
1.1 Proton Exchange Membrane Fuel Cells (PEMFCs)

Proton exchange membrane (PEM) fuel cells are technological devices that provide
electrical energy with high efficiency in clean ways, using hydrogen and oxygen as
fuels, which are abundant on earth, and produce only water and heat as waste. PEM
fuel cells which stand out with their advantages such as high efficiency obtained at
low operating temperature (typically 80°C), with a fast start-up thanks to a simple
design and lightweight, have a wide range of application areas such as in hydrogen
fuel cell vehicles [11, 12], power supply in portable electronic devices [13, 14] large-

scale power generation [15] and energy storage systems [16].

The working principle of PEMFCs is summarized in Figure 1.4. As the Figure
indicates, in these devices, the fuel supplied to the system from the anode electrode is
hydrogen gas, which is split into protons and electrons [17]. Protons pass through a
polymer electrolyte membrane, which gives the device its name. They reach the
cathode electrode and reduce oxygen and thus water is formed [17]. The electrons, on
the other hand, travel through the external circuit and reach the connected converter
[17]. This simple reaction at low operating temperatures increases the probability of

choosing the PEM type among fuel cells.
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Figure 1.4 Schematic of the working principle of PEMFCs

As mentioned, PEMFCs are composed of an anode and a cathode separated by a
porous membrane. Both electrodes are composed of a bipolar plate (BP), a gasket, a
gas diffusion layer (GDL), and a catalyst layer (CL) [18]. The membrane only allows
protons to pass through, not the electrons. BPs, which are an expensive and heavy
component of the system, take part in reactant gas distribution, water transmission,
and electrical-thermal conductivity. GDLs are two-layer graded porous components
that are between the BPs and CLs. Lastly, the CL, located between the membrane and
the GDL, is where the hydrogen oxidation (HOR) and the oxygen reduction (ORR)

reactions occur at the anode and cathode, respectively.
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Figure 1.5 Components of a traditional PEMFCs

1.1.1 Bipolar Plates (BPs)

Bipolar plates, which are an expensive and heavy component of the system, take part
in reactant gas distribution, water transmission, and electrical-thermal conductivity.
Generally, materials such as stainless steel, aluminum, and titanium are used in their
production. Besides, the design of the flow field, they act on the diffusion and
distribution of the gas in the system, the rate of chemical reactions, the current
distribution, and the removal of liquid water [19]. Due to the chemical and physical
working conditions they are exposed to, studies are carried out to increase the strength

of their structure.

Figure 1.6 shows a comparison of different flow field designs from the literature. The
first one (a), shows a design that contains parallel or serpentine plates with capillary
columns. Others are a pin type (b), a metal mesh (c), parallel (d), modified (e), single

serpentine (f), parallel serpentine (g), mirror serpentine (h), radial (i) and 3D model
-
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Figure 1.6 Several types of flow field design [8], a) parallel or serpentine plates
with a capillary columns [20], b) pin type [21], ¢) metal mesh [22], d) parallel [23],
e) modified [24], f) single serpentine [24], g) parallel serpentine [25], h) mirror
serpentine [26], radial [27], j) 3D flow field [28]

1.1.2 Gas Diffusion Layers (GDLs)

GDLs are two-layer graded porous components that are between the bipolar plates and
catalyst layers. They are responsible for the homogeneous distribution of reactant
gases from the flow field to the anode catalyst layer [19]. They also provide pathways
for the produced water and heat from the cathode catalyst layer to the bipolar plates
[19]. As this thesis is focused on the replacement of this component by a novel

nanofiber layer, this component is detailed in the next section.
1.1.3 Catalyst Layer (CL)

The catalyst layer, located between the membrane and the GDL, is where the hydrogen
oxidation reaction (HOR) at the anode and the oxygen reduction reaction (ORR) at the
cathode occur. The most commonly used catalyst for PEMFCs is platinum. Small
platinum particles with a large surface area are finely dispersed on the surface of the
catalyst support, which is commonly made of carbon powder such as Vulcan XC72R
by Cabot, Black Pearls BP 2000, Ketjen Black International, or Chevron Shawinigan
[29].



1.1.4 Membrane

The membrane, one of the main components of the system, has a porous structure and
consists of perfluorocarbonsulfonic acid (PSA) ionomer [30]. It allows hydrogen ions

to pass through but not the electrons.

As Figure 1.7 shows, the most used membrane material is Nafion™, manufactured by

Dupont and based on perfluorosulfonylfluoride ethyl-propyl-vinyl ether (PSEPVE).

—cr,- c»=2)x—(c<|:)F2 - CF)y—
1

Figure 1.7 Structure of PFSA polymer known as Nafion™ [30]

1.2 A Closer Look at the Gas Diffusion Layers (GDLs)

Basically, a macroporous layer or substrate (MPS) and a microporous layer (MPL)
form a GDL’s two-layer graded structure [31]. Carbon felt, carbon cloth, carbon fiber
paper, and metal-based foams can be used as MPS, but their corrosion is observed in

metal-based ones (Figure 1.8).

The most frequently used MPS is carbon fiber paper. Its thickness varies between 200-
400 pm and it has a porous structure [19]. It is electrically and thermally conductive
and chemically stable. The diameters of the carbon fibers vary between 5-15 um [19].
Another widely used MPS is carbon fiber cloths. Their structure resembles a woven
fabric and they present a high gas permeability and high electrical and thermal
conductivities. The characteristics of both MPLs are gathered in Table 1.1.
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Figure 1.8 Gas diffusion layer substrates [31]

Table 1.1 Features of carbon fiber paper and carbon fiber cloth MPLs

Carbon Fiber Paper Carbon Fiber Cloth
Thinner, brittle, smoother surface Thickest, flexible, robust
High electrical/thermal conductivity High gas permeability and

electrical/thermal conductivity

Excellent chemical/thermal stability Easier to deform and stretch

The MPL consists of materials with conductive carbon particles such as carbon black
and graphite and a hydrophobic agent, generally polytetrafluoroethylene(PTFE), that
enhances hydrophobicity. Because the pore size of the MPL is substantially smaller
than that of the MPS, the airflow entering the CL via the MPL can be controlled with
greater homogeneity and the capillarity effect of the micropores in the MPL also aids

in the removal of water produced by the cathode reaction [19].

This layer is also applied to reduce the contact resistance between the MPS and the
CL. In addition to being a good mechanical support, it also protects the catalyst layer.

Moreover, it improves the drainage of water in the cathode as illustrated in Figure 1.9.
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Figure 1.9 Water transport in the cathode: (a) without and (b) with the MPL [19]

1.3 Electrospinning

Polymer nanofibers are recent materials that have caught the attention of many
researchers. These novel materials exhibit properties such as high porosity, high
surface area, flexibility, strength, lightness, conductivity, or insulation. Thus,
nanofiber technology is constantly evolving and the discovery of new applications
continues. Among all nanofiber production techniques, electrospinning is the most
straightforward and versatile method that allows the obtention of continuous and
homogeneous nanofibers with a diameter ranging from few nanometers to a
micrometer. As shown in Figure 1.10, the system simply consists of a syringe, a
syringe pump, a high-voltage supply, and a metallic collector. The polymer solution
to be electrospun is initially charged into a syringe. Then, an electric field is created
between the needle and the collector by applying a high voltage. A repulsive electric
force opposite to the surface tension is created as the voltage increases and a Taylor
cone is formed at the tip of the needle. When the repulsive forces overcome the surface
tension, a charged high-speed polymer jet is ejected through the collector. In the
meantime, the solvent evaporates as the polymer jet reaches the collector and solid

nanofibers are gathered on the collector [32].
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Figure 1.10 Electrospinning of a polymer solution [33]

It is possible to obtain nanofiber structures with different morphologies and properties
in electrospinning. These structures can be produced by changing solution parameters
such as the viscosity, the polymer concentration, and the polymer molecular weight,
ambient parameters such as the relative humidity, and temperature and processing
parameters such as the applied high voltage, flow rate, and needle tip-to-collector

distance.

The viscosity refers to the resistance of a liquid or fluid to flow. A high-viscosity liquid
is a liquid that is dense and has low fluidity.; Such liquids generally flow slowly and
consistently. When the viscosity of a polymer solution is too low, the formation of
continuous nanofibers does not occur. When the viscosity is too high, it causes hard
ejection of jets from the solution. This balance can be improved by controlling the
solution concentration or polymer molecular weight [34]. Increasing concentration
causes the formation of more uniform and larger diameter nanofibers as shown in
Figure 1.11. Atlow molecular weight, beads may form between cylindrical fibers. As
the molecular weight increases, the fiber structure becomes more homogeneous.
Nanofibers are formed for polymer concentrations high than a critical concentration

[35].
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Figure 1.11 SEM images of the electrospun PAN at different concentrations 1.3 and

15 wt. % for the left and right micrographs, respectively. The molecular weight of
PAN is 150,000 [34]

The temperature, and humidity are the two most important environmental factors.
Excessive temperature in the environment causes an increase in the evaporation rate
of the solvent in the solution. When the amount of humidity in the environment
increases, the rate of removal of solvents in the solution decreases. Jet initiation
depends on voltage, the first processing parameter. Dripping happens when the applied
voltage is low because the electrostatic force is not strong enough to overcome the
solution droplet's surface tension, preventing the jet from being expanded. The
electrospinning process starts when the applied voltage rises because of an increase in
electrostatic force, which ultimately results in jet onset. Often, increasing voltage

causes a reduction in fiber diameters as can be seen in Figure 1.12.

Figure 1.12 SEM images of the ultrafine fibers electrospun from a 20 % PSF

solution in DMAC/acetone (9:1) under different voltages. The average fiber
diameters are 344 = 51, 331 £ 26, and 323 + 22 nm, respectively [36]
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The solution flow rate has a significant impact on the properties of the nanofibers.
Generally, increasing the flow rate causes an increase in the diameter of the fibers [37].
Nanofiber morphology and structure are affected during the process by the tip-to-
collector distance. Too short distance will prevent the fiber from solidifying in time to

reach the collector. Beaded nanofibers can be obtained if the distance is too long [38].

Numerous studies on the electrospinning of different polymers such as PMMA [39],
PVP [40], PCL [41], TPU [42], PVDF [43], PVA [44], or PVP [45] exist in the

literature.

Research and developments in this field enable the use of nanofibers in a wide variety
of industrial and scientific fields. Electrospun nanofibers find many potential
applications in air [46] and water filtration [47] systems, medical wound dressings
[48], energy storage devices [49], textiles [50], electronic circuits [51] and sensors

[52].
1.4 Conjugated Polymers

Conducting polymers are new materials with interesting properties as they can present
a high electrical conductivity while conserving their thermal insulating characteristic.
The existence of conducting polymers was discovered in 1974 [53] and 1977 [54] by
H. Shirakawa, A.J. Heeger, and A.G. MacDiarmid’s work with polyacetylene. First,
the team started researching silver-colored polyacetylene films and observed that the
conductivity of these films increased as a result of oxidation. This work earned the

team the Nobel Prize in Chemistry in 2000 [55].

Conducting polymers have conjugated double bonds in their main chain, which enable
the transmission of electrons along the chain through the alternating ¢ and n chemical

bonds.
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Figure 1.13 Structure of a polyacetylene chain with alternating ¢ and © bonds

The conductivity of conjugated polymers is increased by the process called doping. In
this method, positively charged holes or excess electrons are created in the chain by
accepting or donating electrons that will provide conductivity [56]. Chemical materials
used for this purpose are called dopants. Dopants affect the number of charge carriers

and play an important role in the conductivity of the polymer.
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Figure 1.14 Structures of common conjugated polymers [57]

Polypyrrole (PPy), polyaniline (PANI), polythiophene (PT),
polyethylenedioxythiophene (PEDOT) are the most common conjugated polymers.
These polymers are used in many different areas such as sensors [58, 59], thin films

[60], supercapacitors [61], fuel cells [62, 63], and medical drug delivery [64].
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PPy is an intrinsically conducting polymer obtained by oxidative polymerization of
pyrrole monomer. It changes the color of the surface on which it is applied to dark blue
or black as a result of oxidation. It has good structural stability and is easy to synthesize
but is insoluble in most organic solvents [65]. PEDOT is obtained as a result of the
polymerization of EDOT monomer. Additionally, pure PEDOT is hydrophobic and
insoluble in many solvents. Therefore, the presence of a stabilizer or dopant molecule
is necessary for its synthesis in water or other solvents [66]. Polystyrene sulfonate
(PSS) is a non-conductive hydrophilic polymer surfactant but is used to disperse
PEDOT in water or other solvents. Consequently, the outside layer is composed of
hydrophilic PSS and the inner core is filled by hydrophobic PEDOT [67]. To sum up,
PEDOT:PSS is a combination that is widely chosen since it offers notable benefits in

a variety of applications.

Generally, conductive polymers with low molecular weight are difficult to electrospun
due to their low solubility in most solvents. Therefore, they are mixed with spinnable
agents. Merlini et al. [68], produced non-woven PVDF/PPy mats with highly pressure-
sensitive electrical conductivity. In this study, PPy particles with DBSA as the dopant
were filled into PVDF at up to 23 wt.% and electrospun. According to the results
obtained, the maximum sensitivity was obtained by observing the electrical resistivity
decrease in 10 orders of magnitude with the solution mixture containing 13 wt.% PPy
by weight. In other words, stress-induced conducting pathways were achieved with the

PVDF/PPy electrospun system.

Choi et al. [69], fabricated PEDOT:PSS/PVP nanofibers for organic vapour sensing.
In this study, PVP was chosen as a carrier, solution viscosity modifier, and sensing
material for detecting organic vapors. Thus, PEDOT:PSS, which will provide
conductivity, was blended with PVP and electrospun. According to the results, the
average fiber diameters of PEDOT:PSS/PVP and PVP nanofibers were 153.5 and 212
nm, respectively. The electrical conductivity of PEDOT:PSS/PVP nanofibers was
2.34x107"? S.cm™. Additionally, PEDOT:PSS/PVP showed a better organic vapor

sensing performance than PVP nanofibers.
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1.5 Aim of the Thesis

This thesis aims to develop a conductive and high-performance gas diffusion layer
using exclusively a nanofiber structure for PEM fuel cells, eliminating the necessity
for microporous and macroporous layer components typically found in traditional
GDLs. For this purpose, electrospun polymethylmethacrylate (PMMA, (CsHsO2)n)
nanofibers coated with polypyrrole (PPy) and poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) conductive polymers
were first addressed. Electrospinning is a simple method that provides continuous and
controlled nanofiber production [70]. It is also expected that due to smaller pores
between the nanofibers, the contact surface between the nanofiber GDLs and the
membrane is improved. Therefore, the resistance induced by the pores at the interface
will reduced thus increasing the performance of the fuel cell. Moreover, the porous
structure improves water removal and retention, while nano-sized pores prevent the
catalyst particles in the catalyst layer from filling into the GDL pores and clogging in
case of any excess pressure. To the best of our knowledge, this study represents a
pioneering effort in the field, with potential implications for future research in GDL

development.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

Poly(methyl methacrylate) (PMMA, Mitsubishi Chemical Co., V001) was used to
produce the electrospun nanofibers. The solvent used is dimethylformamide (DMF),
with a density of 0.94 g/cm’, and was supplied from ISOLAB. Iron(Ill) chloride
hexahydrate (FeCl3.6H20, MW: 270.33 g/mol) was purchased from Merck. Pyrrole
monomer (MW = 67.09 g/mol), 3,4-ethylenedioxythiophene monomer (MW = 142.18
g/mol), poly(4-styrenesulfonic acid) solution (MW =775000 g/mol - 18 wt.% in
water), sodium persulfate (Na2S20sg) were purchased from Merck. Pyrrole monomer
was purified by distillation prior to use. A commercial GDL, SGL28BC (SIGRACET)
with 5+1% PTFE load of backing and 23% PTFE content of MPL was used to compare
the performances of the novel nanofiber-based GDLs. Epoxy resin and hardener
(Epofix) were supplied from Struers. Pure (99.5%) H2 and O: gases were supplied
from ANKARAGAZ.

2.2 Production of PMMA nanofiber layers by electrospinning

Firstly, in order to determine the optimal PMMA concentration allowing the obtention
of nanofibers by electrospinning, PMMA solutions in DMF of different concentrations
were prepared. The optimal PMMA concentration was identified as 3 wt.% of PMMA.
Therefore, PMMA solutions of 3 wt.% were prepared by dissolving PMMA pellets in
DMF at ambient temperature as illustrated in Figure 2.1. The solutions were

maintained under constant stirring until the complete dissolution of PMMA.
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Figure 2.1 Schematic of the preparation of PMMA solutions

Then, the prepared PMMA solutions were electrospun applying a high voltage of 30

kV, a flow rate of 5 mL/h, and a tip-to-collector distance of 30 cm. The nanofiber mats

were collected on an aluminum foil for 5 hours (Figure 2.2).
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"

+ —
1
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Figure 2.2 Schematic of the electrospinning of PMMA nanofibers
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2.3 Preparation of PPy conductive polymer coated nanofiber GDL
(PPy-NFGDL)

PMMAA is an insulating material. Therefore, in order to provide electrical conductivity
to the electrospun PMMA nanofiber layers were coated with polypyrrole (PPy), a
conjugated conductive polymer by oxidative polymerization. The whole coating

procedure is schematically represented in Figure 2.3.

Pyrrole solution FeCl: oxidant
solution

PMMA nanofiber layer Pyrrole soaked PMMA Polypyrrole coated NFGDL
nanofiber layer

Figure 2.3 PPy coating procedure on PMMA nanofiber as NFGDL

The reaction was conducted as described by Khatti et al. [71], at 4°C. For this purpose,
the electrospun PMMA nanofiber mat was first immersed in a 0.25M pyrrole monomer
solution and left until complete absorption by the nanofiber layer. Then, a 0.75M
FeCls oxidant solution was added dropwise in order to initiate the polymerization. As
the reaction evolved, the white-colored PMMA nanofiber mat turned dark blue/black
which is representative of the formation of polypyrrole polymer (Figure 2.4).
Afterwards, the novel NFGDL composed of polypyrrole-coated electrospun PMMA

nanofibers was washed with DI water several times and air dried.
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Pyrrole immersion

Pyrrole polymerization

Figure 2.4 Pictures of the PPy-coated NFGDL at different times of the evolution of

PPy formation reaction

2.4 Preparation of PEDOT: PSS conductive polymer coated
nanofiber GDL (PEDOT: PSS-NFGDL)

In order to prepare the PEDOT:PSS coated NFGDL, the polymerization reaction of
the PEDOT:PSS polymer was conducted by modification and adaptation of the method
proposed by Sakunpongpitiporn et al. [72]. The whole process is given schematically
in Figure 2.5.
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Figure 2.5 PEDOT:PSS coating procedure on PMMA nanofiber as NFGDL

The reaction was conducted at ambient temperature. Similarly to the case of
polypyrrole, the electrospun PMMA nanofiber layer was first immersed in NaxS20s
oxidant solution with a Na2S20s8:EDOT molar ratio of 2:1. The mat was left for
approximately 2 hours to fully absorb the oxidant. Then, the solution with an
EDOT:PSS weight ratio of 1:11 was mixed in a magnetic stirrer for a few minutes. At
the end of the period, the EDOT:PSS solution was poured dropwise onto the PMMA
nanofiber which immersed the oxidant. After waiting 24 hours for the polymerization
to complete, the sample was washed with plenty of DI water and left to dry. Pictures
of the PEDOT:PSS-coated NFGDL are provided in Figure 2.6.
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Figure 2.6 Pictures of the PEDOT:PSS-NFGDL at different times of the evolution
of PEDOT:PSS formation reaction

2.5 Characterization

2.5.1 Morphological and structural analysis

The morphology and structure of the samples were examined using a HITACHI
SU5000 field emission scanning electron microscope (SEM) equipped with an Oxford
X-MaxN 80 energy-dispersive X-ray detector (EDS). The average fiber diameters and
thicknesses of the samples were determined with ImageJ software (NIH-USA) using
the SEM micrographs from 100 nanofibers. The thickness of the samples was
determined from the transversal section of the NFGDLs sandwiched between two
square PMMA blocks. For each sample, measurements were taken from 10 different
areas. The conjugated polymer-coated nanofiber GDL was also embedded in an epoxy
resin as illustrated in Figure 3.8 and the transversal section was observed. The
resin:hardener ratio used was 25:3 as suggested by the supplier. In order to get a better

observation of the position of the conjugated polymers at the surface of the PMMA
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nanofibers, the elemental mapping of the transversal sections of NFGDLs were

acquired.
2.5.2 Electrical conductivity measurements

The conductivity of the novel nanofiber GDLs was measured using a Keithley 2400
source meter equipped with a Signatone Pro4 four-point probe. For each sample, the

measurements were repeated ten times at ten different points.
2.5.3 Water uptake measurements

Water uptake measurements were performed as proposed in [73]. All samples were
dried in an oven for 24h until they reached a constant weight prior to the determination
of the dry weight of all GDLs. Then, all samples were immersed in DI water and
weighed regularly for 24h. Therefore, the time-dependent water uptake (WU) was
calculated using Eq. (1) [73].

WU () (%) = 0= 100 @.1)

where Wd is the dry weight and Ww(t) time dependent wet weight of the samples.

2.5.4 Bulk porosity measurements

The bulk porosity measurements were realized on samples of 1x2cm? for SGL28BC
and PPy-NFGDL, and 0.5x1 cm? for PEDOT:PSS-NFGDL. The samples were first
immersed in DI water for 10 min and the wet weight was measured. In order to assess
the dimensional stability of the nanofiber GDLs under a wet environment, the samples
were also weighed after 24h of immersion in DI water. Then, the samples were dried
until they reached a constant weight in an oven at 50°C, for 24h, and the dry weight
was measured. The bulk porosity was calculated using Eq. (2) [74, 75]:

Ww—Wgq)

P(%) = x 100 2.2)

Pw

where, pv is the density of pure water in g.cm >, / is the membrane thickness in cm,

and S is the membrane area in cm?.
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2.5.5 Performance testing

Figure 2.7 presents of the cell designed for the performance testing of the commercial

GDL, and PPy-NFGDL.

In general, the components included in the cell are: graphite bipolar plates, PTFE
gaskets, GDLs to be tested, and catalyst-coated membrane. Samples were inserted into
the anode cell to conduct performance tests. The cathode cell contains commercial
SGL28BC, whose regime is well-known. Neverthless, in order to make comparison
and obtain the performance graph, SGL28BC was tested by placing both the anode
and cathode in the cell. PPy-NFGDL was placed in the anode part of the cell with

SGL28BC in the cathode part and its change in performance was examined.

Anode Cathode

Catalyst

Bipolar plate  Gasket coated Gasket  Bipolar plate
Gas membrane  Gas

diffusion diffusion
layer . layer D

SGL28BC SGL28BC
PPy-NFGDL

Figure 2.7 Schematic representation of the cell and pictures of the closed cell

Then, performance measurements were realized employing a BK Precision 8524 DC
Electronic Load power supply with the cell operating at 25°C. Hydrogen was supplied
to the anode, while air was supplied to the cathode. Current values corresponding to
different voltages were recorded for both PPy-NFGDL and commercial GDL.

Therefore, I-V and current density curves were drawn for both samples.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 Morphological analysis and interfaces

The pictures of the commercial GDL (both macroporous substrate (MPS) and
microporous layer (MPL) faces), the PMMA nanofiber layer, and the novel conjugated
polymer-coated two nanofiber GDLs are presented in Figure 3.1. As shown, the white-
colored PMMA nanofiber layer takes on a black color when coated with polypyrrole
or a dark blue/black color when coated by PEDOT:PSS conjugated polymers. As it
can be noticed, a significant shrinkage in observed in the case of the PEDOT:PSS
nanofiber novel GDL sample. This phenomenon was also observed by Valtakari et al.
[76] who investigated the effect of different casting methods on the conductivity of
PEDOT:PSS containing nanofibrillar cellulose thin films. The authors showed that
shrinkage occurred during spin coating and annealing and they attributed it to the
compression and fast evaporation of water from the films. This situation is in
correlation with our observations as the PEDOT:PSS-NFGDL shrank and became
brittle after the drying process. According to the literature [77, 78, 79], the shrinkage
of PEDOT:PSS polymer is related to the shrinkage of the hydrophilic PSS polymer

chains after evaporation of water.
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Figure 3.1 Pictures of a) PMMA nanofiber layer, b) SGL28BC macroporous layer,
¢) SGL28BC microporous layer, d) PPy-NFGDL and ¢) PEDOT:PSS-NFGDL

Figure 3.2 shows the SEM micrographs of commercial SGL28BC macroporous and
microporous layers. The diameter distribution of the PTFE embedded carbon fibers
composing the macroporous layer (MPS) is also provided as inset. The results show a
wide diameter distribution and an average diameter of 12 um. This is due to the
accumulation of PTFE between the carbon fibers. Similarly, in the study of Carrigy et
al. [80], PTFE tends to accumulate in the pores between the carbon fibers of a
commercial GDL, thus reducing the pore size. Concerning the MPL structure, many
cracks are present at the surface composed of the stacking of PTFE-impregnated

carbon particles.
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Figure 3.2 SEM micrographs of macroporous and microporous layers of SGL28BC.

The fiber diameter distribution of the MPS is also provided as an inset

The SEM micrographs of the PMMA nanofiber layer and novel nanofiber GDLs, PPy-
NFGDL and PEDOT:PSS-NFGDL, and the corresponding nanofiber diameter
distributions can be seen in Figure 3.3. The results point out that, cylindrical and
homogeneous PMMA nanofibers with an average diameter of 696nm were produced.
Interestingly, in the case of PPy-NFGDL, the nanofibers have a granular surface and
PPy particles polymerized at the surface of the nanofibers are clearly discernable. The
average diameters of PPy-NFGDL nanofibers are determined as 798 nm. As expected,
after the polymerization of PPy on the nanofibers, the average diameter increases by
approximately 100nm. This result seems coherent as the polypyrrole particles
synthesized by oxidative polymerization using the same oxidant in a previous study of
our group [81] were about 113nm and a wide nanofiber distribution was obtained.
After the polymerization of pyrrole onto the PMMA nanofiber mat, the coating did not
occlude the pores between PMMA nanofibers. Instead, PPy particles were found to
accumulate predominantly on the nanofibers. Similar results were observed by
Oroumei et al. [82]. Similarly, the authors produced electrospun PAN nanofibers
coated with polypyrrole by in situ chemical oxidative polymerization. PPy particles
are located on the nanofiber walls and do not obstruct the pores and the average fiber
diameter is between 300-700 nm. On the contrary, the PEDOT:PSS-NFGDL
nanofibers do not present a granular surface. They have an average diameter of 717nm.
A closer look to the micrograph shows that PEDOT:PSS has not only polymerized on

the nanofibers but it also fills the pores between the nanofibers.
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Figure 3.3 SEM micrographs and respective nanofiber diameter distributions of

PMMA nanofiber layer, the novel PPy-NFGDL and PEDOT:PSS-NFGDL

In order to determine the thickness of the GDLs, the samples were sandwiched
between two PMMA blocks covered by an aluminum tape. The SEM micrographs of

their section are presented in Figure 3.4.
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SGL28BC

PPy-NFGDL

Figure 3.4 SEM micrographs of the sections of SGL28BC, PMMA nanofiber layer,
PPy-NFGDL, and PEDOT:PSS-NFGDL

The thickness of the different samples is given in Table 3.1. According to these results,
the commercial GDL and the uncoated PMMA nanofiber layer have a thickness of
around 200pum and 450um, respectively. Interestingly, although both conductive
polymer-coated nanofiber GDLs are thinner compared to the unfilled PMMA layer,
the PEDOT:PSS coated nanofiber GDL is nearly ten fold thinner. Actually, this result
seems in correlation with the interpretations given in the morphological analyses
section. Indeed, shrinkage was observed in the case of PEDOT:PSS-NFGDL which
was attributed to the shrinkage of the PSS segments of the conjugated polymer chain

during water evaporation [77, 78, 79].

According to Morgan et al. [83], in situations with high current densities, the GDL
should be as thin as possible while with low current densities or dry-humidified
systems, a thicker GDL can help regulate the water content more effectively. As a

result, it can be said that PPy-NFGDL is appropriate for systems requiring low current
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density and PEDOT:PSS-NFGDL is appropriate for scenarios requiring high current

density.
Table 3.1 Thicknesses of the samples
Samples Thickness (um)
SGL28BC 204 +1.40
PMMA nanofiber layer 445 +£19.0
PPy-NFGDL 350 £24.0
PEDOT:PSS-NFGDL 48 +4.40

The interface between two polymers; PMMA composing the core and PPy or
PEDOT:PSS forming the shell of the novel nanofiber GDLs were also investigated.
For this purpose, the SEM micrographs of the cross-sections of the PPy-NFGDL and
PEDOT:PSS-NFGDL are presented in Figure 3.5. As shown, in the case of PPy-
coated NFGDL, the polypyrrole conductive polymer (black arrows) perfectly adheres
to the surface of the PMMA nanofiber (red arrows). No gap is observed between the
to polymers which seem to be quite compatible. The image also confirms that the
granular surface totally covers the PMMA nanofibers as exposed in the morphological
analysis section. On the other hand, noticeable gaps pointed out by blue arrows are
present between PMMA nanofibers (red arrows) and PEDOT:PSS (green arrows) for
the PEDOT:PSS-NFGDL. The conductive polymer not only entrapped the PMMA

nanofibers but also filled the pores between the nanofibers as a matrix.



31

PPy-NEGDL

PEDOT:PSS-NFG

Figure 3.5 SEM micrographs of the cross-section of PPy-NFGDL and PEDOT:PSS-
NFGDL showing the interfaces between PMMA nanofibers and conjugated
polymers PPy and PEDOT:PSS. Arrows point out PMMA nanofibers (red), PPy
(black), PEDOT:PSS (green), and the interfacial gaps (blue) between PMMA
nanofibers and PEDOT:PSS

3.2 Structural analysis

In order to clearly localize the conductive polymers PPy and PEDOT:PSS into the
nanofiber GDLs, EDS elemental maps of the cross-sections of the nanofibers GDLs
were also captured. As shown in Figure 3.6, PMMA, polypyrrole and PEDOT:PSS are
polymers and precisely organic materials, they are principally composed of carbon
(C), oxygen (0O), and hydrogen (H) atoms. However, nitrogen (N) and sulfur (S) atoms
are extra atoms that differentiate PPy and PEDOT:PSS, respectively.
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Figure 3.6 Chemical structures of PMMA, polypyrrole, and PEDOT:PSS polymers

Figure 3.7 shows the EDS elemental maps of PPy-NFGDL. Carbon (C) belongs to
PMMA and PPy, while oxygen (O) is found in PMMA. The presence of aluminum
(Al) is ascribed to the Al tape used to fix the samples. However, although a significant
amount of nitrogen (N), which is only found in the structure of PPy, was detected, its
localization, is not clearly discernable even in the discrete color image. This is
attributed to the presence of important height differences on the analyzed surface as it

can be seen on the inset image.
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Figure 3.7 EDS spectrum, corresponding elemental composition, and mapping of

the cross-section of PPy-NFGDL. The discrete color image is also provided for
nitrogen (N)

Therefore, to get a better point of view on the localization of PPy around PMMA
nanofibers, the PPy-NFGDL was embedded in epoxy resin as shown in Figure 3.8 and

the cross-section was analyzed by EDS.

Figure 3.8 Pictures of a) the lateral view, b) the top view and ¢) SEM micrograph of

the section of the PPy-NFGDL embedded in epoxy resin

The EDS results of the epoxy-embedded PPy-NFGDL are given in Figure 3.9. As

expected, the analysis area provided as an inset shows a relatively smooth surface. As
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the epoxy resin is insulating, the sample was coated with gold prior to analysis.
Therefore, the presence of gold (Au) is ascribed to the coating. Aluminum is attributed
to the Al tape used to fix the samples. Principal elements composing PMMA and PPy,
carbon (C), and oxygen (O) were also detected. Interestingly, nitrogen (N) particularly
encircles the PMMA nanofibers either in the elemental map and discrete color image
of N. These results clearly confirm the previous interfacial analysis and emphasize that

PMMA nanofibers are totally coated by PPy conductive polymer in the PPy-NFGDL.
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Figure 3.9 EDS spectrum, corresponding elemental composition and mapping of the
cross-section of epoxy embedded PPy-NFGDL. The discrete color image is also
provided for nitrogen (N)

Similarly, the EDS analysis results of the PEDOT:PSS-NFGDL are given in Figure
3.10. The analysis area is given as an inset. In addition, a discrete color image map of
S also is provided. Carbon (C) and oxygen (O), the main atoms of both PMMA and
PEDOT:PSS were detected. Aluminum (Al) is also attributed to the aluminum tape
used to mount the samples. As developed in the previous section on the morphological
analysis and interfaces, contrary to PPy, PEDOT:PSS polymerized not only at the
surface of PMMA nanofibers but also occupies the pores between the nanofibers. As
expected, the localization of the characteristic element allowing to distinguish
PEDOT:PSS, sulfur (S) covers nearly all the surface of the cross-section in both the

elemental map and the discrete color image of S.
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Figure 3.10 EDS spectrum, corresponding elemental composition, and mapping of
the cross-section of PEDOT:PSS-NFGDL. The discrete color image is also provided
for sulphur (S)

3.3 Water uptake, bulk porosity and dimensional stability of the

novel nanofiber GDLs under wet conditions

The time-dependent water uptake (WU) results for SGL28BC, PPy-NFGDL, and
PEDOT:PSS-NFGDL are provided in Figures 3.11 and 3.12. The water uptake refers
to the water absorption capacity of a material. It may vary depending on factors such
as the chemical structure of the material, surface area, and porosity [84, 85]. These
Figures show that for all samples, the water uptake is stabilized after nearly ten hours.
Although it is about 5% for the commercial SGL28BC, it is much more higher for the
nanofiber GDLs, PPy-NFGDL and PEDOT:PSS-NFGDL for which it reaches 700%
and 2200%, respectively. The lower WU value of SGL28BC is attributed to the
hydrophobic PTFE treatment applied to the MPS and MPL layers of commercial
GDLs, despite having a porous structure. In PPy-NFGDL and PEDOT:PSS-NFGDL,
the matrix phase consists of PMMA. Hydrophilic polymers such as PMMA tend to

absorb water, increasing water uptake. Additionally, having a nanofiber structure, they
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have a high surface area, so they can absorb more water because water molecules have

more contact points.
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Figure 3.11 Water uptake of the SGL28BC

20

25



37

2500
2000 -
=
£ 1500 A
©
=)
= 1000 -
&
= 500 A
—8— PPy-NFGDL
—8— PEDOT:PSS-NFGDL
0 r ' . r
0 5 10 15 20 25
Time (h)

Figure 3.12 Water uptake of the PPy-NFGDL and PEDOT:PSS-NFGDL

The bulk porosity of SGL28BC, PPy-NFGDL and PEDOT:PSS-NFGDL after 10min
and 24h immersion in water are given in Figure 3.13 and 3.14. According to these
figures, the bulk porosity value of SGL28BC is the lowest for both immersion times.
As can be seen from the SEM images previously given in Section 3.1 and Figure 3.2,
the MPS at the surface of the GDL has inhomogeneous pores that are partially filled
by PTFE. The MPL, on the other hand, completely covers the other surface of the
GDL. Additionally, the applied hydrophobic PTFE also has a water-repellent effect.
PPy-NFGDL has a lower bulk porosity than PEDOT:PSS-NFGDL. Moreover, after
24h of immersion, the bulk porosity of SGL28BC increases of 78% of its value at 10
min of immersion. For PPy-NFGDL, almost no variation is observed after 24h and an
increase of 46% is observed after 24h for PEDOT:PSS-NFGDL. Therefore, it can be
concluded that the highest dimentional stability is observed for the PPy-NFGDL. It is
worth notice that the commercial GDL, SGL28BC presents the lowest bulk porosity

but also the lowest dimensional stability in wet environment. In this context, the PPy-
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NFGDL proposed is the most stable sample in terms of bulk porosity and dimensional

stability.
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Figure 3.13 Bulk porosity of the SGL28BC commercial GDL
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Figure 3.14 Bulk porosity of PPy-NFGDL and PEDOT:PSS-NFGDL

3.4 Electrical conductivity and performances in a fuel cell of the

novel nanofiber GDLs

The electrical conductivity of the samples is gathered in Table 3.2. According to the
results, PMMA has shown very low conductivity since it is an insulating material.
When the insulating PMMA is coated with conjugated PPy and PEDOT:PSS, the
conductivity obtained is approximately 23.0 and 207.0 S.m’!, respectively. The
commercial sample SGL28BC presents the highest conductivity. For this GDL the
value provided by the manufacturer is also given. However, it is worth to notice that
the manufacturer indicated that the GDL was compressed under 1MPa before
measurement. Lower conductivities are obtained for novel nanofiber GDLs.
Nevertheless, it is important to emphasize that electrical condcutivity results should be
considered cautiously as all the samples considered are not bulk materials but porous

materials. Therefore, the obtention of a uniform current flow required during the four
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probe measurements is somewhat ambiguous for these materials and no clear

conclusion can be drawn.

Table 3.2 Electrical conductivities of the samples

Samples Electrical conductivity (S/m)
PMMA 5.7x10°
SGL28BC 5760.0
SGL28BC (Manufacturer) — 18000.0
compression at 1MPa
PPy-NFGDL 23.0
PEDOT:PSS-NFGDL 207.0

As mentioned in the section 3.1, PEDOT:PSS-NFGDL underwent shrinkage during
polymerization and became brittle. Therefore, cell performance tests were not
performed with this sample. Figure 3.15 illustrates the current density values of
SGL28BC and PPy-NFGDL measured at various voltages, along with the
corresponding power densities. As it can be seen, the novel PPy-NFGDL exhibits a
remarkable high performance getting nearly closer to the commercial GDL. An
increasing current density is observed at decreasing voltage values and increasing
current density up to a certain level also caused an increase in power density reaching
a maximum value of 212.0 mW.cm™ and 150.0 mW.cm™ for SGL28BC and PPy-
NFGDL, respectively. These results emphasizes that the prposed nanofiber GDLs are
promising high performance and cheaper alternatives to traditional GDLs used in

PEM fuel cells.
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CHAPTER 4

CONCLUSION

In conclusion, this study investigated the use of electrospun PMMA nanofibers coated
with conductive PPy or PEDOT:PSS polymers as novel nanofiber GDL. Therefore,
PMMA nanofiber layers were first electrospun with an applied voltage of 30 kV, a
flow rate of 5 mL/h, and a needle tip-collector distance of 30 cm. The coating with
conjugated polymers was realized by chemical oxidative polymerization. Based on the
comprehensive analysis of the samples, several key conclusions can be drawn

regarding their structural characteristics and performance metrics.

PPy-NFGDL layer with a thickness of 445um and composed of PPy-coated PMMA
nanofibers of around 700nm and nearly 50um thick PEDOT:PSS-NFGDL layer made
of PEDOT:PSS coated PMMA nanofibers of 720nm where produced. SEM-EDS
analysis showed that PPy particularly polymerized and covered the whole surface of
PMMA nanofibers without obstructing the pores. PPy adhered perfectly to the surface
of PMMA nanofibers and no gaps or voids were observed at the interface. On the other
hand, PEDOT:PSS polymerized as a matrix around the nanofibers but also in the pores
and do not adhere perfectly to PMMA as SEM analysis revealed voids at the interface

between the two polymers.

Although PPy-NFGDL layer was somewhat flexible and remained intact after drying,
PEDOT:PSS-NFGDL was brittle and presented shrinkage after drying. This
phenomenon was attributed to the shrinkage of the PSS chain segments composing the
conductive polymer. This point will be improved in future studies by the use of

plasticizer.

Moreover, the bulk porosity measurements at 24h water immersion also revealed that
no dimensional variation was observed for the novel PPy-NFGDL. Therefore, it
presents a better dimensional stability in wet conditions compared to the commercial

GDL and PEDOT:PSS for which the porosity increased of 78% and 46%, respectively.



43

Although the electrical conductivity of nanofiber GDLs seems relatively lower than
that of the commertial specimen, a noticeably high performance was achieved by the
novel PPy-NFGDL. A power density as high as 150 mW.cm™ was measured. Overall,
these findings underscore the diverse structural attributes and performance
characteristics of the NFGDLs, each offering unique advantages and suitability for
different applications depending on their specific conductivity, thickness, porosity,
and dimensional stability requirements. This investigation represents a novel approach
in the field, as no similar study has been reported in the literature. It eliminates the
need for traditional MPL and MPS layers and demonstrates the feasibility of producing
eco-friendly high performance NFGDLs solely from a nanofibers coated with

conjugated polymers.
4.1 Perspectives

In the present study, the high efficiency achieved with PPy-NFGDL featuring low
conductivity values suggests potential for enhancement through optimization efforts
such as increasing the conjugated polymer ratio or producing the sample in a more
bulk structure. Also, the voids observed in PEDOT:PSS coated PMMA nanofibers are
attributed to inadequate adhesion between the PEDOT:PSS and PMMA. Addressing
this issue could involve enhancing the polymer coating process or exploring alternative
polymerization techniques to achieve better adhesion. Additionally, issues of
shrinkage and brittleness in PEDOT:PSS-NFGDL could be mitigated by incorporating
plasticizer. There are studies in the literature that mention the use of plasticizer [86].
Consequently, fuel cell performance evaluation of PEDOT:PSS-NFGDL becomes
feasible. Future investigations could delve deeper into optimizing these materials for
industrial applications and their integration into emerging technologies such as energy

storage systems.
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