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Abstract: Preparation and characterization of microporous layers by phase inversion technique and
Cyrene as a green solvent

Organic solvents, such as N, N-dimethyl formamide (DMF), or N-Methyl pyrrolidone (NMP) have
been used for the microporous layer (MPL) preparation applying to Polymer electrolyte membrane
fuel cells (PEMFC). Unfortunately, these are all toxic organic solvents which result in human health
and environmental risks. In this work, Cyrene™ was employed as a green solvent to dissolve
poly(vinylidenefluoride) (PVDF), the solution was then mixed with Carbon black (CB) as filler. The
MPL was fabricated by nonsolvent-induced phase separation technique (NIPS). The experimental data
were discussed with respect to the ternary phase diagram, contact angle, roughness, morphology,
porosity, and pore size distribution. Influence of polymer/filler ratio and coagulation bath conditions
on characteristics of the MPL was thoroughly analyzed.

Key words: Green solvents, PEMFC, Microporous layer, NIPS

Sommario: Preparazione e caratterizzazione di strati microporosi mediante la tecnica di inversione
di fase e Cyrene come solvente “green”. Le celle a combustibile con membrana a scambio protonico
(PEMFC)

Solventi organici, come N, N-dimetilformammide (DMF) o N-metil pirrolidone (NMP) sono stati
utilizzati per la preparazione di strati microporosi (MPL) da applicare in celle a combustibile a
membrana elettrolitica polimerica (PEMFC). Sfortunatamente, questi sono tutti solventi organici
tossici che comportano rischi per la salute umana e per I'ambiente. In questo lavoro, Cyrene™ ¢ stato
impiegato come solvente “verde” per sciogliere il poli(vinilidene fluoruro) (PVDF), la soluzione ¢
stata quindi miscelata con nerofumo (CB) come riempitivo. Il MPL ¢ stato sintetizzato mediante la
tecnica di inversione di fase indotta da non solvente (NIPS). I dati sperimentali sono stati discussi
rispetto al diagramma di fase ternario, all'angolo di contatto, alla rugosita, alla morfologia, alla porosita
e alla distribuzione delle dimensioni dei pori. L'influenza del rapporto polimero/riempitivo e delle
condizioni del bagno di coagulazione sulle caratteristiche dell'MPL ¢ stata analizzata in dettaglio.

Parole chiave: Solventi "green”’, PEMFC, Strato microporoso, NIPS
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Chapter 1: Introduction

Environmental pollution and global warming issues are consequences of conventional power
generation systems which are based on fossil fuels. This has motivated the research and development
toward clean, new, and robust power generation devices. Among them, fuel cells have been considered
as an alternative candidate for electrical energy sources nowadays. There are various kinds of fuel cells,
however, proton exchange membrane fuel cells (PEMFC) have attracted the most attention due to their
high power density and low operating temperature'.

In PEMFC systems, gas diffusion layers (GDL) play an important role to transport the reactant gases

and provide the needed electrical conductivity. A GDL normally consists of a microporous layer (MPL)
and supporting substrate. The MPL distributes the reactants and ensures an effective electrical contact

with the catalyst layer while facilitating the liquid water expulsion through its hydrophobic character.

Usually, expensive polytetrafluoroethylene (PTFE) is used as hydrophobic agent and recently also

other easier processable polymers have been proposed as polyvinylidene difluoride (PVDF). In order

to fabricate the microporous layer, firstly polymer or mixture of polymers needs to be dissolved by a

solvent. Currently, organic solvents, such as N, N-dimethyl acetamide (DMA), N, N-dimethyl

formamide (DMF), and N-Methyl pyrrolidone (NMP) have been used for the MPL preparation since

these above-mentioned solvents show excellent ability to dissolve polymeric materials. Unfortunately,

these are all toxic organic solvents which result in human health and environmental risks?. Hence,

green solvents need to be considered to replace the toxic solvents.

In this study, dihydrolevoglucosenone (Cyrene™) was used as green solvent to dissolve
polyvinylidene fluoride (PVDF), the solution was then mixed with Carbon black (CB) as
electroconductive filler. The MPL was fabricated by phase separation-based method. Influence of
polymer/filler ratio and coagulation bath conditions on characteristics of the MPL was thoroughly
analyzed.

1.1 Polymer electrolyte membrane fuel cell (PEMFC)

During recent decades, the proton exchange membrane fuel cells (PEMFCs) have been considered as
the promising power sources due to their high-power density and low-temperature operation which
show an excellent performance in both stationary and portable applications® . Membrane-electrode
assembly (MEA) plays an important role in the fuel cell system. This crucial part consists of electrodes,
electrically conductive porous gas diffusion layers (GDL), catalyst layers, and ion-conducting
electrolyte’, as shown in Figure 1.

H- 02

Excess
H2

Excess
02

GDL MPL | CL CL | MPL GDL

MEA

Figure 1: Schematic diagram of PEMFC structure’



In principle, fuel (hydrogen) is supplied to anode side, while air (oxygen) is supplied to cathode side.
Hydrogen is oxidized to produce the negatively charged electrons and the positively charged protons.
The electron is then transferred to an external circuit connected to cathode. In the meantime, the proton
passes through hydrated PEM to the cathode where reaction takes place by the combination of the
proton, the electron, and the oxygen. Herein, the oxygen is reduced by the electrons and then combined
with the protons to produce heat and water. The water can be formed in either gaseous or liquid state
depending on the operation temperature of the fuel cell system. The operating principles of a PEMFC
can be illustrated in Figure 2.

Hydrogen oxidation (at anode): H, - 2H* + 2e~

Oxygen reduction (at cathode): %02 +2H* + 2e~ - H,0

Overall reaction: H,(g) + %02 (g) = H,0(g/D)
Load

Fuel in r Oxidant in
H,
H,0
Depleted fuel and I — Depleted oxidant and
product gases out product gases out

Anode Polymer Cathode

electrolyte

Figure 2: Schematic diagram of PEMFC operation®
1.2 Polymer electrolyte membrane (PEM)

The polymer electrolyte membrane, or proton-exchange membrane (PEM), is made from ionomers
and its function is to conduct protons and block electrons pathway through the membrane. Among
available PEM materials, perfluorosulphonic acid (PFSA)-based polymer (Nafion®) is the most
common material which is produced by DuPont’. Nafion® is an ionomer containing a perfluorinated
backbone attached with sulphonic acid group. Thanks to the fixed charge sites, the protons can be
transported inside the membrane. It should be noted that the PEM must be saturated with water to be
able to conduct protons.

1.3 Catalyst layer (CL)

The catalyst layer is where electrochemical reactions take place, this layer consists of metal Platinum
(Pt) with particle size of 2-4 nm®. Catalyst particles require to have contact with both electronic and
protonic conductors in order to catalyze reactions. Surface area of the catalyst plays an important role
to efficiency of the catalyst layer. The smaller the Platinum particles, the larger the its active surface
area is, which increase the system performance.



1.4 Gas diffusion layer (GDL)

The gas diffusion layer (GDL) is assembled between the flow field and the catalyst layer inside the
PEMFC in order to transport the reactant gases and provide the electrical conductivity. To possesses
these two main functions, an ideal GDL should consist of a macro-porous Carbonbased substrate (e.g.
either carbon paper or cloth) and a microporous layer, as illustrated in Figure 3.

‘ Catalyst Layer
10 — 50 um
Micro-porous Layer . Carbon Powder

a and
10 - 100 pm Hydrophobic Agent

Double-layer < ‘
Gas Diffusion | | Macro-porous Carbon Substrate |_— Carbon Paper

R i 3 -
g ‘ 20 el Carbo(n Cloth
.
Flow Field T~ Flow Channel

Figure 3: A cut away GDL schematic for the PEMFC system’
1.5 Microporous layer (MPL)

The microporous layer (MPL) is normally casted with a very thin thickness of about 10-100 pm onto
either Carbon paper or Carbon cloth. The addition of the MPL is to prevent water flooding and increase
pathways for the transportation of the reactant gases'’. Furthermore, the MPL is added to reduce
electrical resistance in the PEMFC system and also prevent damaging the catalyst layer induced by
Carbon fibers contained in the Carbon substrate!!.

Composition of the MPL consists of a hydrophobic polymer as binder and Carbon-based nanoparticles
as filler. Polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF) are two common
polymers used as hydrophobic binders. However, PTFE is insoluble in almost all solvents and it is
applied as a dispersed solid phase or emulsion'?. In issue of the use of PTFE heterogeneous formulation
is related to its homogeneous and reliable distribution in the MPL, beside its higher costs. Thanks to
easier dissolution in common organic solvents, PVDF is usually used as binder instead of PTFE.
Containing the PVDF assists the MPL possessing hydrophobicity to avoid water flooding while adding
Carbon-based nanoparticles provides the electrical conductivity for the MPL films. Optimizing the
concentration of binder and the loading content of the filler in dope solution is needed to achieve a
good performance for PEMFC application.

1.6 Non-solvent Induced Phase Separation Process (NIPS)

In this work an alternative method commonly used for the manufacture of porous polymeric
membranes has been adopted for preparation of the MPL. Polymeric porous membranes are normally
produced by phase separation-based fabrication methods. These techniques include temperature
induced phase separation (TIPS), solvent evaporation induced phase separation (EIPS), non-solvent
induced phase separation (NIPS), and vapor induced phase separation (VIPS). Among the above-
mentioned methods, non-solvent induced phase separation (NIPS) is the most applied approach to
fabricate polymeric membrane with porous structure and high selectivity at low operation temperature.

Firstly, a dope solution is prepared by dissolution of polymer in solvent and mixture with other
additives. The dope solution is then cast on a flat substrate as a liquid film which is immersed into a

3



coagulation non-solvent bath. Herein, the solvent in the liquid film exchanges with the non-solvent in
the coagulation bath, the phase separation process takes place inducing the MPL formation'.

Nonsolvent Nonsolvent
(low miscibility with solvent) (high miscibility with solvent)

Slm';f solvent-nonsolvent
exchange

Fast solvent-nonsolvent
exchange

‘ !mger—ll mophology ;

Figure 4: Different types of demixing inducing different membrane morphologies'*

ponge-like morphology

The choice of solvent-nonsolvent system has a dramatic influence on morphology and porosity of the
membrane. The solvent and nonsolvent must be miscible in order to facilitate occurring the exchange
process. How the miscibility of nonsolvent with solvent impacts on the membrane morphology can be
illustrated as shown in Figure 4. The higher the miscibility of nonsolvent with solvent, the faster the
solvent-nonsolvent exchange process occurs'®. The fast exchange induces to form the membrane with
finger-like morphology while the membrane with sponge-like substructure is obtained in the case of
low exchange rate.

1.7 Cyrene™ as green solvent

Dihydrolevoglucosenone (Cyrene™) is a bio-based solvent, derived from cellulose via two simple
steps, developed by Circa Group collaborating with Professor J.Clark!>. Cyrene™ can be used as green
solvent to substitute hazard solvents which are employed to dissolve fluoropolymers (PVDF).
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Figure 5: Dihydrolevoglucosenone (Cyrene

Cyrene™ possesses a polarity similar to NMP without containing N-alkyl amide group in its structure'.
Therefore, this type of solvent is safer to handle and environmental friendly since its degradation

products are only water and carbon dioxide.

1.8 Polymer dissolution

Polymer dissolution can be governed by both kinetic and thermodynamic effects'”. The dissolution
process involves several diffusion stages of the liquid solvent into the solid polymer matric until the
whole polymer chains are dissolved, as shown in Figure 6. The process can be accelerated by heating
the mixture of polymer and solvent. Also, the duration of dissolution process could facilitate dissolving

the given polymer.

Infiltration
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Solid Swollen
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Figure 6: Stages of polymer dissolution, illustrating intermediate layers between a pure polymer and

a pure solvent!’.




Chapter 2: Materials and Methods
2.1 Materials

Polyvinylidene fluoride (PVDF) polymer possessing a molecular weight of 430KDa (Foraflon
1000HD) was supplied to the research group by Atochem (now Arkema). Dihydrolevoglucosenone
(Cyrene®) (>99%) was provided from Sigma Aldrich, Germany. Carbon black (CB) powder
(Ketjenblack EC-300J) (Alfa Aesar, Italy) was used as electrically conductive filler. In order to
fabricate the microporous layers, the non-solvents deionized water and ethanol (Carlo-Erba, Italy)
were employed for coagulation bath. A 145um carbon paper (AVCARB style 2002HD, USA) was
used as a support substrate.

2.2 Microporous layer preparation

The PVDF polymer was firstly dispersed in Cyrene and the mixture was stirred for 1 hour at 80 °C in
order to achieve complete dissolution. Carbon black used as electrically conductive filler was added
to the polymeric solution, the dispersion was then stirred for at least 3 hours to obtaining a
homogeneous slurry. In the next step, the polymer-filler solution was successively cast onto the
commercial carbon paper. The film was immediately immersed into a coagulation bath with water as
nonsolvent for 10 minutes in order to form the microporous layer by solvent-nonsolvent exchange.
The cast film was rinsed with deionized water to remove any contaminants, then dried at room
temperature overnight as final step.

Heating and mixing

Casting

Film

o
\/ E (__Blade
upport plane

Water Cyrene

Pores

/

Figure 7: Schematic illustration of MPL membrane fabrication




2.2.1 Preparation of the MPL samples with different CB:PVDF ratios

The ratio of CB and PVDF is a key factor to optimize the hydrophobicity and electrical conductivity.
In this experiment, the concentration of PVDF was maintained with 12 wt. % in the slurry while the
content of CB was added as a variation. Five different ratios of CB:PVDF were performed as 1:5, 1:7,
1:9, 1:11, and 1:15. The MPL preparation was followed by the above-mentioned protocol.

2.2.2 Preparation of the MPL samples with different coagulation bath conditions

By using non-solvent induced phase separation, the coagulation bath condition was then considered as
an important role in the solvent-nonsolvent exchange process. The MPL samples were prepared with
the different conditions of coagulation bath which is shown as Table 1.

Table 1: The MPL samples with different coagulation bath conditions

Abbreviation | Coagulation bath conditions
W Using Water as non-solvent
E Using Ethanol 96% as non-solvent
W.E Using mixture of Water and Ethanol (1:1) as non-solvent
W.HT Using high-temperature Water (50 °C) as non-solvent
W.LT Using low-temperature Water (2 °C) as non-solvent

2.3 Microporous layer Characterization
2.3.1 Cloud point measurements

In order to investigate polymer/solvent/nonsolvent (PVDF/Cyrene/Water) interactions, the ternary
phase diagram was drawn with the cloud point curve. In this report, the cloud point curve was obtained
through a titration method. First, the solutions of PVDF/Cyrene were prepared with five different
concentrations of PVDF. These five different polymeric solutions were titrated with water used as
nonsolvent under stirring. The distilled water was added to the polymeric solution drop by drop until
the homogeneous solution became cloudy. Once this turbidity was maintained for at least 30 min
during mechanical stirring, the composition was considered a cloud point.

2.3.2 Thickness measurement

The thickness measurement for each sample was performed by using a digital micrometer (Chronos®)
with 0.001 mm resolution. In order to be assure the accuracy of the layer thickness, the investigation
was carried out at five different points of the prepared MPL. An average thickness value was obtained
from the five measured values.

2.3.3 Surface roughness measurement

A surface profilometer equipped with a roughness measuring instrument (MarSurf PS 10, GmbH,
Germany) and a 2 pm diamond stylus was employed to measure the surface roughness of MPLs. The
probe moves perpendicularly to scan along the sample surface under a constant force. The vertical
displacement was then measured as a function of tip position. The roughness measurement was
repeated three times to obtain an average surface roughness for each sample.



2.3.4 Contact angle measurement

The contact angle measurement was carried out by sessile-drop method, using an optical tensiometer
(Attension Instrument, Biolin, Italy) at 20 °C. First, the samples were placed onto a glass plate with
flat surface. A deionized water drop of about 3 pm was deposited on the MPL surface by using a
syringe. The angle was then measured by a goniometer. In order to calculate the average contact angle,
at least five spots of drops were investigated by the above-mentioned measurement.

2.3.5 Resistance measurements
2.3.5.1 Through-plane resistivity measurement

A two-point resistance measurement device (Keithley 2000 Multimeter) was used to measure the
through-plane electrical resistance of the MPL samples. The sample was placed between two
cylindrical copper plates (surface area of 0.20 cm?). Before each measurement, the two copper
cylindrical plates were cleaned by metal polish wadding to remove any contaminants on the plate
surfaces. A dynamometric screwdriver was employed with a torque moment of 30 cNm to clamp the
MPL sample between the two plates. A current was applied through the system and the voltage drop
across the MPL sample was then measured. The sample thickness was again checked by using the
digital micrometer. Hence, the resistivity can be calculated as the following equation:
R.A
o =—
t

Where R is the obtained resistance in Q, A is the area of the MPL sample in square meter, t is the
thickness value of the MPL in meter, as a consequence o is the resistivity in Q.m.

2.3.5.2 In-plane resistivity measurement

A four-point probe setup built in-house as illustrated as Figure 8 was used to measure the in-plane
resistivity of the MPL samples. A direct current of 1 mA was passed through the two outer probes by
using a Keithley 224 programmable current source, Keithley Instruments Inc. A Keithley 2182
Nanovoltmeter was utilized to measure the voltage across the MPL.

——
(D
U,

2 3

S
—

Membrane

Figure 8: Four-point probe setup for in-plane resistivity measurement

In principle, the sheet resistance of MPL was measured by applying the current through the outer
probes and checking the voltage across the inner probes. The resistance was then calculated by the
Ohm’s Law:



Where I is the applied current in Ampere and V is the obtained voltage in Volts.

Hence, the resistivity can be computed as an equation below:

R.A
g =——
s
Where R is the calculated resistance above in €, s is the distance between the two inner probes in
meter, A is the area of the MPL sample in square meter which can be determined by the sample
thickness multiplied by the distance between the two inner probes, and as a consequence, the unit of
the obtained resistivity is in Q.m.

2.3.6 Through-plane air permeability measurement

Through-plane air permeability was examined by using an in-house built setup which is described in
Figure 9.

Bubble
vent

Mass flow set point

chulntur Mass flow controller
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The air permeance measurement was conducted at room temperature. A certain airflow rate was first
preset by using a mass flow controller (Brooks Mass Flow Controllers 5820E Series), a corresponding
pressure drop through MPL was then measured by a digital differential pressure transducer (Testo 520).
The air flow rate after passing through the MPL was confirmed by using a bubble soap flowmeter. The
MPL samples were assembled with the MPL side at the inlet in the sample cell. The active area of
MPL samples was 0.80 cm?.

Figure 9: Through-plane gas permeability measurement setup’

The air molar permeance (mol m? s™' Pa') was as equation below:

Ai = =
Ir permeance AP

Where J is molar flow rate computed by mass transfer to unit sample area and AP is the obtained
pressure drop.

The MPL air mola permeability (mol m™! s Pa™) was calculated by measuring the sample thickness:

Air permeability = Air permeance * thickness



2.3.7 Total porosity

Porosity of the MPL samples is denoted the volume space of the pores in the specimen divided by the
total volume of the specimen. The measurement can be conducted by impregnation the MPL specimen
into 1-octanol bath!® as wetting liquid since the MPL is hydrophobic. The weight values of MPL
samples before and after immersion were then confirmed. The porosity (%) can be computed as
following formula'®:

Porosity (%) = empty _ "wet dry

Vtotal Vdry X poctanol

Where Wyet and Wary denoted as the weights of specimen before and after immersion into 1-octanol
bath, Vary = A x l and corresponds to the specimen volume in the dry state with A is the MPL specimen
area and | is the specimen thickness, and pi-octanol is the density of 1-octanol (0.824g.cm™).

2.3.8 Average pore size

In order to evaluate the active pores (pores which actively contribute to the mass transfer of the fluid)
in the MPL sample, the liquid-liquid displacement porosimetry was used. An experimental apparatus
can be illustrated in Figure 10.

PC

*lllllllllllllllllllll mmn ", Circl,lit Reﬁ]]
%, Valve
—— %
e “,
3 % Disposa
- .a "'

Pump Refill
Valve

Manometer

yringe Pump
and
Pump Controller

Figure 10: Scheme of apparatus for liquid-liquid displacement porosimetry measurement?’

A 1:1 w/w mixture of water/1-octanol has been used due to possessing low interfacial tension. In
principle, by monitoring the pressure drop corresponding to the flow through the MPL, a pore size
distribution can be obtained using Washburn equation:

_ 2ycos@

A
p ™
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Where Ap is the pressure drop, y is the interfacial tension of the liquid mixture (8.5 mN.m™), 0 is the
contact angle between the MPL and the liquid-liquid interface (assumed to be zero), and rp is the
equivalent pore radius. Considering cylindrical pores, the Hagen—Poiseuille equation can be used to
correlate the volumetric flow, Q, and the number of pores, n, having a given pore radius, r at each
flow-pressure couple measured and a pore size distribution can be derived.

2.3.9 Field emission Scanning electron microscopy (FE-SEM)

Field emission scanning electron microscopy (FE-SEM Zeiss SUPRA 40 VP) was utilized to
investigate the morphology of the MPL samples. The acceleration voltage was set at SkV. To study
the MPL morphology at the surface, the MPL sample was adhered to a stub and coated with a thin
carbon film to eventually improve its electrical conductivity. In order to prepare for cross-sectional
investigation, the MPL samples were fractured by freezing in liquid nitrogen for 30 min. The
morphology of the MPLs was then observed at both surface and cross-section.

2.3.10 PEM fuel cell test of the MPL samples

A single cell performance of the MPL samples was investigated by using the PEMFC hardware as
illustrated in Figure 11.

Current collector
Gas diffusion layer

Gasket

/

Gasket

Graphite flow-channel block End plate Bolt holes

Figure 11: PEMFC component schematic?!

The design of single PEM fuel cell consists of current collectors, end plates, bolt holes and bolts,
graphite plates, gaskets, gas diffusion layers, and a commercial catalyst coated polymer electrolyte
membrane. In the above set-up, the catalyst coated membrane was composed of Nafion®212
membrane (Chemours®) with a Pt loading of ~0.5mg.cm? for both anode and cathode sides. Active
area of the single cell was 5 cm?. The prepared MPL were placed on the anode side while a commercial
electrode (ELAT) was at the cathode side. Pure hydrogen and air were fed to the fuel cell. The flow
rate of reactant gases was kept at 50 g.h”! for hydrogen and at 15 g.h™! for air. The humidification
temperature of air and hydrogen was maintained at 26.2 °C as well as the PEMFC to ensure a 100%
relative humidity. . By application of an electric load to the PEMFC the corresponding current and
voltage values were measured simultaneously in order to build the polarization curve. .
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Chapter 3: Results and discussion
3.1 Cyrene as green solvent

Replacing other toxic solvents by Cyrene referred as a bio-based solvent in order to dissolve PVDF
has been faced many challenges. In this work, we have been striving for dissolving PVDF in Cyrene.
According to thermodynamic point of view, dissolution of the polymer can be explained by Gibbs free
energy which depends on temperature by equation as below:

AGpix = AHpix — TAS i

The dissolution of an amorphous polymer into a solvent can be regarded as a process with slightly
entropic increase. The higher the temperature heating for the polymer mixture, the lower the value of
Gibbs free energy is. It should be noted that polymer dissolution is governed by both thermodynamic
and kinetic effects. Herein, increasing the temperature of the mixture facilitates the diffusion of the
solvent into the polymer bulk!’, resulting in the complete polymer dissolution.
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Figure 12: Schematic ternary phase diagram of the PVDF/Cyrene/Water system obtained from this
work (Quyen, D., et al.) and the published report (Marino, T., et al.)'®

In order to estimate the morphology of the MPL, the ternary phase diagram was constructed as a key
role. Here, the binodal curve in the diagram was derived from the cloud point measurement, as shown
in Figure 12. Combining data obtained from this work and Marino’s report, the binodal curve was
situated close to the solvent/polymer axis. This verifies less thermodynamic stability of the polymeric
solution, as consequence, the demixing process can easily be occurring by adding a small amount of
nonsolvent. In the PVDF/Cyrene/Water system, the higher the concentration of PVDF in solution, the
smaller the water required for inducing the demixing process.
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The morphology of PVDF-based layers without addition of CB on the carbon paper support was
investigated by Field emission scanning electron microscopy. FE-SEM images of top surface and cross
section of PVDF-based film are shown in Figure 13.

Figure 13: FE-SEM images of a,b surface and c,d cross-sections of PVDF-based porous layer
without adding CB as filler.

As illustrated in Figure 13, the morphology of PVDF-based film was obtained with spherulitic
microparticles linked through fiber-like connection. This can be attributed to the high temperature used
for preparing the polymeric solution. The higher the temperature of the mixing process, the shorter the
precipitation time of PVDF is*2. Based on that, lowering the precipitation time results in the PVDF-
based layer easier to be precipitated from the vapor phase. It also needs to be considered that the surface
of the spherulites is rough and not smooth which induces increase of the hydrophobicity.

3.2 Effect of CB:PVDF ratios on the MPL properties

The influence of CB content on hydrophobicity of the MPL samples was studied by contact angle and
surface roughness measurement which are shown in Figure 14. It should be noted that the
hydrophobicity of material itself and roughness of MPL surface influences on the contact angle.
PVDF-based porous membranes or layers exhibit high hydrophobicity (contact angle > 90°) due to
their fluorinated composition. Fluoropolymers possess the element fluorine which gives strong
electronegative characteristics, as a consequence, show low surface energy?. Thanks to
hydrophobicity of the PVDF-based material itself, the higher the surface roughness, the higher contact
angle value is**. In Figure 14, all MPL samples were verified with high hydrophobicity via the high
water contact angle values (> 135°). In this case, the effect of surface roughness on the contact angle
is negligible. Also, the different CB amounts added to the slurry induce no impact on the
hydrophobicity of MPL samples.
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Figure 14: Effect of CB:PVDF ratios on surface roughness and contact angle

In order to achieve a good performance in fuel cells application, the MPL samples are required to
possess good electrical conductivity and air permeability. The effect of different CB:PVDF ratios on

both the through-plane electrical resistance and air permeability is shown in Figure 15.
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Figure 15: Effect of CB:PVDF ratios on through-plane electrical resistivity and air permeability

14



As expected, the electrical resistivity increases as the amount of CB decreases. The fluctuation of air
permeability can be attributed to the porosity of MPL samples. In this work, both the filler content in
slurry and solvent-nonsolvent exchange process are crucial contribution to the pore formation. The
situation is more complex when CB is used as filler.

First, the higher the CB amount in slurry, the higher the void content is?°. This can be demonstrated
by the first trend of air permeability which is corresponds to the decrease line from 1:5 to 1:9 of
CB:PVDF ratio. However, CB is also well-known as naturally hydrophobic material. Herein, water
plays a role as non-solvent in the phase separation process. Presence of CB induces prevention of water
flow penetrating into layer structure and exchange with solvent. The lower the solvent-nonsolvent
exchange rate, the lower the pore size in the polymeric porous layer is?¢. In Figure 15, the second trend
exhibits a good agreement with the above-mentioned point of view. By lowering the CB amount in
slurry, the MPL samples show better in the air permeability.
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Figure 16: Effect of CB:PVDF ratios on through-plane and in-plane conductivity

In theory, adding CB in the slurry could help to increase the electrical conductivity of MPL samples.
The influence of CB:PVDF ratios on through-plane and in-plane conductivity of the samples is
illustrated in Figure 16. Here, the lower the CB amount, the lower the electrical conductivity is. As
shown in Figure 16, the conductivity values in through-plane measurement are generally two orders
of magnitude lower than that of in-plane case. This can be explained due to anisotropy of the Carbon
fiber support which possesses a different degree of the Carbon fiber connection?”- %%,

The top surficial and cross-sectional SEM images were collected for the MPL samples with the
CB:PVDF ratios as 1:5 and 1:15 which is shown in Figure 17. The MPL film with the CB:PVDF ratio
of 1:15 was obtained with larger pore size compared to the sample with that of 1:5. This observation
is in a good agreement with the values obtained from the air permeability measurement.
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TOP SURFACE CROSS SECTION

Figure 17: SEM images a,b,c sample with ratio 1:5 of CB:PVDF; d,e,f sample with ratio 1:15 of
CB:PVDF

Hence, considering the combination of the above-obtained results and the necessary requirements for
fuel cell application, the MPL with the CB:PVDF ratio of 1:5 is potential and outstanding among the
five different MPL samples. This sample was then analyzed by the liquid-liquid displacement
porosimetry measurement in order to evaluate the active pores in the MPL.
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Figure 18: Typical porosimetric run (a) and pore-size distribution (b) of the MPL film with the
CB:PVDF ratio of 1:5

The results obtained from the porosimetric run and computed by the Washburn equation are shown in
Figure 18. The given MPL was demonstrated as containing mostly pores with a pore radius of 0.54
pm.

3.3 Effect of coagulation bath conditions on the MPL properties

In the non-solvent induced-phase inversion method, the coagulation bath plays as an important role to
the solvent-nonsolvent exchange process. There are two main factors affecting to the structure and
pore size of the MPL which include the nonsolvent choice and the temperature of the coagulation bath.
In this work, five different conditions of the coagulation bath were used to investigate characteristics
of the resulting MPL layers.
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Figure 19: Effect of coagulation bath conditions on the contact angle

First, the MPL samples obtained after immersing into the different coagulation bath were investigated
their hydrophobicity by the contact angle and surface roughness measurement. The results were shown
in Figure 19.
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Figure 20: Effect of coagulation bath conditions on porosity and air permeability

The appropriateness of solvent and nonsolvent is crucial for the demixing process. During the
exchange process, the nonsolvent (water or ethanol) penetrates into the polymeric solution and the
solvent (Cyrene) moves forward the nonsolvent. Based on the types of nonsolvent, the hydrophobicity
can differently be obtained. For instance looking at the literature about porous membranes, symmetric
membranes (ethanol used as nonsolvent) exhibit higher hydrophobicity compared to that of
asymmetric membranes (water used as nonsolvent)?’. Also, the bath temperature is considered as the
higher the bath temperature, the higher the MPL pore size is*’. In Figure 19, all five MPL samples
were observed with high hydrophobicity corresponding to the contact angle of higher than 130°. There
is no significant difference among the MPL films which can be attributed to the high hydrophobicity
of the original PVDF-based membranes.
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A study by Tomaszewska et al indicated that the membrane with porous structure can be formed by
slow coagulation®!. The different coagulants possess their own coagulation ability which can be shown
via the difference in the solubility parameters between the coagulant and polymer (Adc-p)**:

Abc—p = J(‘Sd,e - 5d,p)2 + (Sp.c - Sp.p)z + (Sh,c - 5h,p)2

Where 8i. (i=d,p,h) are the Hansen solubility parameters of the coagulant (MPa'??) and &i,p (i=d,p,h)
are the Hansen solubility parameters of the polymer (MPa'!?).

The weaker the coagulation ability, the slower the precipitation rate is. The influence of coagulation
bath conditions on the porosity of MPL membranes was also investigated, as shown in Figure 20. In
the case of PVDF solution, water (Adc., = 33.43 MPa'!??) exhibits stronger coagulation ability than that
of ethanol (AS.., = 10.94 MPa'’?)**. Nevertheless, there is no significant change in both air permeability
and total porosity obtained from the five different MPL samples. In conclusion, the porosity of
prepared MPL films does not strongly depend on the coagulation bath conditions.

R A J

y . . : 2 ym
Figure 21: SEM images of a,b surface and c,d cross-sections of sample labeled W

Aiming to develop of environmentally friendly approach, the coagulation bath containing water as
nonsolvent at room temperature was considered as the best choice. The morphology of resulting
membrane labeled W was then investigated by SEM images which are shown in Figure 21. The MPL
film exhibits a good porous structure thanks to the original PVDF-based membrane.

3.4 PEM fuel cell test of the MPL samples

The PEMFC performance of the studied MPL samples was investigated and all obtained results were
summarized in the polarization and power density curves reported in Figure 22. As expected, the
performance of the studied fuel cells depends proportionally on the amount of carbon black. The higher
the carbon black content, the better the PEMFC performance was achieved.
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Figure 22: Effect of mechanical compression on the PEMFC performance of the studied MPL
samples with different CB:PVDF ratios: a) 30 cNm and b) 40 cNm

The MPL with the lowest CB content (1:15) shows a rapid decrease of the voltage with the increasing
current density and a lower power density maximum at relatively low current density indicating that
the MPL is clearly affected by a strong ohmic resistance which can be attributed to the very low
electrical conductivity. The MPLs with ratio of CB 1:5 and 1:7 showed the the best performance which
was comparable. These two MPLs satisfy both the low resistance and good gas permeability. Applying
an optimal compression force could assist the PEM fuel cell to achieve the best performance. Low the
compression forces makes the PEMFC may suffer from increased ohmic loss, while the PEMFC with
high compression forces can suffer from pressure or concentration losses. In this study, the
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performance of fuel cells was better after being compressed with 40 cNm. It can clearly be observed
by higher values of power density in the case of being compressed with torque value of 40 cNm
compare to those of 30 cNm.
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Conclusion and perspective

In this project, Cyrene as a bio-based solvent was successfully used to dissolve the PVDF. Herein, the
microporous layer (MPL) was prepared via the nonsolvent-induced phase separation (NIPS) technique
for proton exchange membrane fuel cell (PEMFC) application. The experimental data were discussed
with respect to the ternary phase diagram, contact angle, roughness, membrane morphology, air
permeance, porosity, and pore size distribution. Influence of polymer/filler ratio and coagulation bath
conditions on characteristics of the MPL was thoroughly analyzed.

In the PVDF/Cyrene/Water system, the higher the concentration of PVDF in solution, the smaller the
water required for inducing the demixing process. The morphology of PVDF-based films was obtained
with spherulitic microparticles linked through fiber-like connection. This can be attributed to the high
temperature was used for preparing the polymeric solution. All MPL samples were verified with high
hydrophobicity via the high water contact angle values (> 135°). As expected, adding CB in the slurry
could help to increase the electrical conductivity of MPL samples. The MPL membrane with the
CB:PVDF ratio of 1:5 was demonstrated as containing mostly small pores with a pore radius of 0.54
um. The porosity of prepared MPL films does not strongly depend on the coagulation bath conditions.
The PEMFC performance of the studied MPL samples depends proportionally on the amount of carbon
black. The higher the carbon black content, the better the PEMFC performance was achieved. Also,
applying an optimal compression force could assist the PEM fuel cell to achieve the best performance
since it probably improves the contact without to be very detrimental for the gas permeability.
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