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Abstract

Under high current density operation, the efficiency of polymer electrolyte fuel cells
(PEFCs) can dramatically decrease. This is due to water accumulation at the cathode
side, preventing oxygen diffusion to the electrocatalyst. As such, effective water
management is of vital importance by use of a suitable gas diffusion layer (GDL)
and/or microporous layer (MPL). MPLs generally consist of carbon black as the
porous electron conducting phase, and polytetrafluoroethylene (PTFE) as a
hydrophobic binder. Here, we instead use superhydrophobic fluorinated carbon
powder in the MPL as a novel material to decrease the required PTFE content. It is
confirmed that the water contact angle of the MPL can be increased from 131° to
151° by using fluorinated carbon. Moreover, the fluorinated carbon MPL shows
lower oxygen transport resistance at high humidity. Furthermore, in single fuel cell
tests at various temperatures and relative humidity values, the I-V performance is
significantly and consistently better than for the conventional MPL. These results

confirm that fluorinated carbon is a promising new material for water management

in the MPLs of PEFCs.

Keywords: Microporous layers; carbon nanomaterials; electrochemistry; water

contact angle; fluorinated carbon, PEFCs
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1. Introduction

Global heating, worsening air quality, and energy security issues mean that
governments across the globe are striving to find alternatives to fossil fuels [1-3].
Renewable energy technologies such as wind and solar power are in the process of
revolutionizing the energy industry, but issues such as intermittency and long-term
energy storage are hampering decarbonization efforts. Hydrogen could be the key to
solving these issues, providing a versatile energy storage medium and fuel, with
polymer electrolyte fuel cells (PEFCs) enabling direct conversion of hydrogen to
electricity. PEFCs are electrochemical energy conversion devices where hydrogen
and oxygen react to efficiently generate a voltage, and can operate with high power
density [4]. Recently, PEFCs have been commercialized in fuel cell electric vehicles
(FCEVs) such as the Toyota MIRAI in Japan. However, for global scale up of PEFC
systems, a significant reduction in cost is necessary. This can be achieved in three
ways: (1) reducing the component cost; (ii) improving system durability; or (ii1)

increasing system efficiency [5—8].

In PEFCs, the gas diffusion layer (GDL) is located between the catalyst layer and
the flow channel. This component is primarily made of carbon fiber, and has several
roles including: (1) the supply of reactant gases; (i1) the exhaust of products; (iii)
electrical connectivity; and (iv) water management [9]. At the cathode side of the
membrane electrode assembly (MEA), oxygen is supplied through the GDL to the
catalyst layer, where water is formed via the oxygen reduction reaction (ORR). The
water generated in the catalyst layer is then ideally transported back through the
GDL to the flow channel, eventually leaving the system via the exhaust. However,

in circumstances where high power output is required, the rate of water generation
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in the catalyst layer increases. This can lead to water accumulation, preventing
oxygen diffusion to the platinum catalyst surface, and causing a significant voltage
drop. This phenomenon is called ‘flooding’, and decreases PEFC efficiency under

high current density conditions [10].

To minimize flooding and improve water management, the carbon fibers in GDLs
are generally coated with a thin layer of polytetrafluoroethylene (PTFE) to render
them hydrophobic. In addition, a microporous layer (MPL) is used at the interface
with the catalyst layer to aid water transport [11-15]. The MPL usually consists of
carbon black with a hydrophobic binder such as PTFE. In the absence of an MPL,
GDLs is prone to severe flooding under high current density operation [15-17].
Therefore, the choice of an MPL with suitable properties is critical for water

management in PEFCs.

There have been numerous studies on MPLs investigating the type of material used,
the pore structure, the thickness, the PTFE content, and different wettability designs
[1,10,11,13-26]. The PTFE content in the MPL is reported to significantly affect
PEFC performance, with lower PTFE content leading to a greater likelihood of
flooding. Higher PTFE content is reported to reduce the pore size, leading to lower
gas permeability and thus higher diffusion losses. In addition, PTFE is electronically
insulating, so higher PTFE loadings can lead to increased ohmic losses [29]. As such
alternatives solutions to water management in PEFCs in which the amount of PTFE

used is reduced could be highly advantageous.

Fluorination is an effective method for enhancing the hydrophobic properties of
carbon materials [30—32]. Fluorination of carbon can be achieved directly via heat
treatment in the presence of pressurized fluorine gas. Indirect fluorination involves
thermal decomposition of a fluorine source such as xenon difluoride (XeF,)

generating fluorine radicals which react with the carbon surface. Alternatively,
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surface functionalization can be achieved via plasma treatment in CF,. Direct
fluorination and indirect fluorination both involve toxic gases or solvents. In addition,
direct fluorination is highly exothermic, and great care must be taken over safety.
Furthermore, plasma treatment can only functionalize the surface of carbon exposed
to the plasma, making it difficult to apply this method to bulk carbon materials.
Various related materials have been reported, including fluorinated carbon
nanotubes [33—-35], fluorinated carbon fibers [36—38], fluorinated graphene [39—42],
and fluorinated carbon black [30,43—45]. These have been used in applications such
as water-repellent sprays [46], gas sensors [47], lubricants, and lithium-ion batteries

[48,49].

Fluorinated carbon materials have also been explored in PEFCs in several reports.
For example, Nguyen et al. investigated fluorination of carbon fibers in the GDL via
direct fluorination in fluorine gas and reported improved I-V performance in the
mass diffusion limited current density region [13]. Carbon monofluoride decorated
with platinum has been reported to be an effective electrocatalyst with high mass
activity in PEFCs and enhanced mass diffusion in direct methanol fuel cells
(DMFCs) [50]. Similarly, fluorinated carbon decorated with platinum as a cathode
catalyst has been reported to improve durability by suppressing carbon corrosion.
[51,52]. However, to the best of our knowledge there are no reports on the utilization

of fluorinated carbons in the MPL of PEFCS.

In previous work, our group synthesized superhydrophobic fluorinated carbon
nanoparticles at gram scale, using a unique solvothermal synthesis technique [27].
Here, this class of fluorinated carbon is employed as an alternative material for the
MPL in PEFCs, as an attempt to improve water management and PEFC performance

at high current density.
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2. Experimental

2.1 Synthesis and Characterization of Fluorinated Carbon

2 g of sodium lumps (Sigma-Aldrich, Japan) and 5 ml (8.25g) of tridecafluorooctan-
1-ol (Funakoshi Co, Ltd) were added to a 100 ml PTFE-lined pressure vessel (Flon
Industry) which was sealed in a stainless-steel protective jacket. The reaction vessel
was then placed in an oven at 150 °C for 24 hours before being cooled completely
and carefully opened. After the reaction, the product was collected and sonicated in
a mixture of 50 vol.% deionized water and 50 vol.% ethanol for 30 minutes, then
stirred for 24 hours to remove byproducts. After this, the product was vacuum
filtered using an Omnipore ™ 0.2 um membrane filter. Finally, the product was
dried for 24 hours in an oven at 65°C. The final mass of product obtained was 1.53
g, corresponding to a yield of 18.5 % (relative to the tridecafluorooctan-1-ol

precursor).

The product was characterized by X-ray photoelectron spectroscopy (XPS, PHI
5000 Versa probe (II) ULVAC); transmission electron microscopy (JEM-2100HC);
scanning electron microscopy and energy dispersive X-ray analysis (FE-SEM, JSM-
7900F); nitrogen adsorption analysis (Belsorp Mini X, Microtrac MRB) and water
contact angle measurement (DMs-401, Kyowa Interface Science Co., Ltd, Japan).
Furthermore, thermogravimetric analysis (TGA, Rigaku Thermo plus EVO2
TG8121) was conducted in air.

2.2 Preparation of the MPL
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Carbon black (Sigma-Aldrich, Japan)[53] MPLs (CB-MPL) and fluorinated carbon
MPLs (FC-MPL) were manufactured using identical processes. An MPL slurry was
prepared by adding 2 g of carbon (either CB or FC), 0.5 g of methyl cellulose pore
forming agent (Fujifilm Wako Chemicals, Japan), 14 ml of deionized water (Milli-
Q, 18 MQ cm), and 0.1 ml of Triton X-100 (Sigma-Aldrich, Japan) surfactant to a
100 ml polypropylene beaker. This mixture was homogenized for 15 min at 2000
rpm (Thinky Mixer AR-100). Then, 0.059 ml (corresponding to 0.089 g) of PTFE
dispersion (60 wt%, TeflonTM 30B from Polysciences, Inc)[54] was added to the
mixture as a binder, followed by a second homogenization step for 15 min at 2000

rpm. To coat the MPL onto the Toray-GDL (5 wt% wetproofed TGP-H-060 Toray

Paper), a5 cm X 5 cm square of GDL was placed on a glass plate, and a 75 um thick

stainless-steel mask with 3 cm X 3 cm opening was placed on top of the GDL. The

MPL slurry was then coated onto the GDL using a doctor blade, then dried at 65 °C
for one hour. Finally, the MPL-coated GDLs were heat-treated at 400°C for one hour
under air, to sinter the PTFE binder and decompose the methyl cellulose pore
forming agent as well as any remaining Triton-X surfactant. Decomposition of these

materials 1s confirmed by TGA in Fig. S1.

In addition, free-standing MPLs were fabricated to aid with calculation of the
porosity, by coating the slurry directly on a glass plate instead of a GDL, followed
by the same drying and sintering steps. Several studies have reported an optimized
PTFE loading in MPLs of about 20% [29,55,56]. One purpose of this study is to
minimize the PTFE loading. Through trial-and-error, we determined that ~5 wt%
PTFE loading was the minimum limit required to create mechanically stable free-
standing MPLs. Thus, all the MPLs investigated here have a thickness of ~35 um
and 5 wt% PTFE content. The MPL porosities were calculated from the thickness,
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area, mass, and density of the different components using the following equation

[57]:

Vs

=1- MMPL -(wC/Pc-I_wB/PB)

VmpL dyprLA

=1- ]

where @ is the porosity of the MPL; Vs is the volume of the solid components (i.e.
either PTFE and CB or PTFE and superhydrophobic fluorinated carbon (SHFC));
VypL 1s the geometric volume of the MPL; my,p; is the mass of the MPL; w. is the
mass fraction of the carbon component (0.95); wp is the mass fraction of the PTFE
binder (0.05); p. is the density of the carbon component; pp is the density of the
PTFE binder; dyp; is the thickness of the MPL; and A is the area of the MPL (1 cm

X 1 cm).

2.3 Preparation of the Membrane Electrode Assembly (MEA)

The catalyst ink was prepared by mixing Pt/C (TECIOESOE, lot 1019-8581, 46.8
wtp%, Tanaka, Japan) with 5 wt% Nafion solution (Wako, Japan), deionized water,
and super-dehydrated ethanol (99.5 vol%, Wako, Japan). The catalyst ink was stirred
overnight, then sonicated for 30 minutes just before use (SMT Corporation, Ultra
Sonic Homogenizer UH-600). Nafion 212 membranes were placed onto movable-
hot plate and masked, leaving an exposed area of 1 cm?. The catalyst ink was then
sprayed directly onto the Nafion membrane using pulsed spray mode from an
automated spraying device (Nordson K.K., C3J), with a catalyst loading of 0.3
mgp/cm? and a Nafion content of 28 wt% [58], at both the anode and cathode. The
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resulting MEAs were finally hot pressed at 132 °C and 0.3 kN for 180 s (Sinto Digital
Press CYPT-10).

2.4 Thermogravimetric Analysis Tests

During preparation the MPL, a slurry was prepared with methyl cellulose and Triton-
X to improve the dispersibility and rheological properties for printing onto the GDL.
These are assumed to decompose during heat treatment of the resulting MPL-coated
GDL at 400°C. To confirm this, TGA was conducted on methyl cellulose and Triton-

X under similar heat treatment conditions (Fig. S1).

2.5 Fuel Cell Polarization Tests

Fuel cell tests were performed using a 1 cm? active area single cell obtained from
the Japanese Automotive Research Institute (JARI) with serpentine type flow fields.
The performance of the different MPL-coated GDLs was investigated by measuring
polarization curves at two different cell temperatures (45 °C and 80 °C). The
temperature of 80°C was selected to reproduce conventional PEFCs operating
conditions. The lower temperature of 45 °C was selected as an extreme condition in
which water condensation readily causes flooding even at lower current density, to
highlight the effect of using superhydrophobic MPLs. Three different conditions of
relative humidity (RH) were also tested (80 %, 100 %, 120 %) at both the anode and
cathode. To reach 120% relative humidity with a cell temperature of 80 °C, the
humidifier temperature was maintained at 85 °C. For a cell temperature of 45 °C,
the humidifier was held at 49 °C. Fuel cell performance tests at 120% RH and 80 °C

are not shown because of water condensation in uninsulated sections of the pipes
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between the cell and the humidifier (85 °C), disrupting the gas flow and preventing

stable cell I-V performance from being measured.

The constant volumetric flow rates were 0.139 L/min hydrogen and 0.332 L/min
oxygen at anode and cathode, respectively (counter flow conditions). A fuel cell test
station (AUTOPEM-CVZO01, Toyo Corporation, Japan) was used to control the
humidification, cell temperature, and gas flow. Polarization curves were measured
using an electrochemical interface impedance analyzer (Solartron SI-1287). Prior to

the polarization curve measurement, each cell was conditioned at 0.6 V for 5 hours.
2.6 Air Permeability Tests

Through-plane (transverse) air permeability tests were conducted under ambient
conditions with dry air flow, using the set up summarized in Ref [59], applying

Darcy’s law (Eq.2): [60]

__ KAAP

Q= 2]

L

where Q is the volumetric flow rate (m’s™); K is the air permeability (m?); A is the
area of GDL or MPL coated GDL (0.5 cm?); AP is the pressure difference between
the inlet and outlet; p is Newtonian viscosity (18.37 kgm's); and L is the sample
thickness (m). To measure air permeability, a 1 cm X 1 cm GDL sample was placed
between two plates, each with a 0.5 cm? diameter hole for air flow. To avoid leakage,
PTFE gaskets were also used. The compression was set to 1 MPa, similar to the
pressure used in PEFC polarization measurements. The air pressure was set by the

volumetric flow rate to by 1.23 kPa, as suggested in the Gurley Method [61].
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2.7 Water Contact Angle Measurements

The water contact angles (WCAs) of the different MPLs were measured in two
different ways. In the first method, the surface contact angle was measured using the
pendant drop method with an automated analyzer (DMs-401, Kyowa Interface
Science Co., Ltd, Japan). All GDLs have a PTFE loading of 5 wt%. Contact angles
were measured using the pendant drop method. To minimize the effect of gravity,
the droplet size was fixed at around 1 pL. To measure the contact angle of the as-
synthesized fluorinated carbon powder, it was first pressed between two glass plates

to create a relatively smooth surface.

In the second method, the internal contact angle of the pores was measured using the

set up summarized in Ref [59], and by applying the Young-Laplace equation (Eq.3):

= [3]

where d is the pore diameter; o is the surface tension of the liquid; 6 is the contact
angle, and Pc is the capillary pressure. To measure the contact angle within the
largest pore, first the maximum pore size of the MPL was calculated using Eq.3. To
measure the maximum pore size, samples were immersed in a low surface tension
liquid (Galpore, ¢ = 0.0156 Nm™!, contact angle = 0 °) in a vacuum desiccator for
two hours. Then, the MPL sample was carefully removed, placed in the sample
holder, and sealed with a PTFE gasket. Then, air flow was supplied through the plane
of the sample, and the inlet air pressure recorded. Since the largest pore has the

lowest capillary pressure, it can be assumed that this will be the first to be blown
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out. The pressure at which this first occurs is then used in Eq.3. to estimate the
maximum pore diameter [60]. After this maximum pore size calculation, pressurized
water was then supplied to the same sample. The pressure at which water starts to
flow though the largest pore of the GDL corresponds to the water breakthrough
pressure. After determination of water breakthrough pressure, the contact angle of
the pores can be calculated via Eq.3. Here, the surface tension of water at 25° C is

assumed to be 0.0720 Nm!, and samples size was 0.5 cm?.

2.8 Oxygen Transport Resistance

The total oxygen transport resistance was calculated from the limiting current
density under the differential relative humidity conditions of the supplied gasses,

using the following equation [62]:

4-F-Pg
Ry = —= [4]
liim'R'T

Where Ry is the total oxygen transport resistance of the cell (sm™), F is the Faraday
constant (96485 C mol™), P, ,1s the oxygen partial pressure (Pa), R is the gas

constant (8314 J mol'K™"), T is the cell temperature (K) and ij;,,is the limiting
current density at 0.2 V.

The oxygen transport resistance was calculated at both 80 °C and 45 °C cell
temperature conditions for each different MPL. At high cell temperature, the oxygen
transport resistance was measured at relative humidity of 80, 100, and 120 %. At
low cell temperature, the oxygen transport resistance was measured at 80, 100, 120,

160, and 200 % relative humidity. The flow rate of the supplied gases at both the
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anode and cathode was 1 L/min. The oxygen concentration was 2 vol% at the

cathode side, and nitrogen was used as the balance gas.

3. Results and Discussion

3.1 Material Characterization

The synthesized product was a dry black powder (fluorinated carbon) mixed with a
white residue, confirmed by XPS to be sodium fluoride. This NaF was almost
completely removed during the washing step. When added to water, the final product
was clearly highly hydrophobic, floating readily on the surface. The microstructure
of the powder was investigated by SEM and TEM (Fig. 1), revealing a spheroidal
microstructure similar to carbon black (Fig.S3) [17]. The nanoparticles are clustered
together with a flocculent structure, leaving micron-scale voids. The TEM images
show that the particles are spheroidal and solid, with most particle sizes varying
between around 50 and 100 nm in diameter. These SEM and TEM images are
representative, although several much larger particles around 500 nm in diameter

were also observed in some images (Fig. S2).
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Figure 1: Electron microscopy showing the microstructure of the fluorinated carbons used

in this study: (a-b) SEM images, (c-d) TEM images.

EDX reveals a carbon content of 91.6 at.%, an oxygen content of 6.3 at.%, a fluorine
content of 1.9 at.%, and a sodium content of 0.2 at.%. These results confirm that this
synthesis method can be used to successfully generate fluorinated carbon with
relatively high fluorine content. Fig. 2 shows representative elemental EDX mapping
of the fluorinated carbon powder. The presence of fluorine is confirmed throughout
the whole structure, indicating that it is uniformly bonded to the carbon atoms.
Meanwhile, in some areas, fluorine and sodium signals have overlapping and high
intensity signals, indicating the presence of sodium fluoride. It is likely that this
sodium fluoride is encapsulated within the fluorinated carbon particles, preventing
it from being removed during the washing step, as observed in our previous study

[30]. Increasing the length of the washing step to 3 days had no significant effect on

14
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the sodium content. Since the sodium content is so low (0.2 at.%) and the NaF is
encapsulated, its presence is not expected to have a significant impact on the initial
PEFC results. However, in the case of severe carbon corrosion the effect of leaching
of sodium and fluoride ions on PEFC performance should be considered. Durability

will be the topic of a future study.

s 1 IM

e 1M

Figure 2: EDX elemental maps of fluorinated carbon.

Nitrogen adsorption/desorption isotherms of the fluorinated carbon compared with
graphitized carbon black are shown in Fig. S4. Brunauer-Emmett-Teller (BET) and

Barrett-Joyner-Halenda (BJH) methods were used to calculate the specific surface

15
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area and pore size distribution. Both samples have Type Ill isotherms, characteristic
of nonporous materials [63]. The specific surface area of the fluorinated carbon is
40 m?/g. This is much lower compared to non-fluorinated porous carbons prepared
in a similar manner and previously reported by our group [7,45]. This is mainly
attributed to the preferential formation of NaF in this case over NaOH, which acts
as an activation agent in our unfluorinated carbons. Meanwhile, differences in
pressure within the PTFE crucible and the viscosity of the melting precursors as they
decompose may also be a factor. Furthermore, fluorination has been previously
reported to decrease surface area and pore volume by blocking micropores [31].
Nevertheless, the surface area is of a similar order to that of the graphitized carbon
black reference sample (115 m?/g), suggesting that this relatively low surface area is
not necessarily an issue for MPL-related applications. BJH results also confirm that
the fluorinated carbon is non-porous. On the other hand, graphitized carbon black
shows a certain pore size distribution between 20 and 100 nm. However, when
compared with other porous carbon materials, graphitized carbon black can also

effectively be considered as non-porous [6,46].

The skeletal density of the samples was measured by adding 5 ml of ethanol into a
graduated cylinder, and then sample powder was added until the volume increased
by exactly 0.1 ml. The increase in mass was measured and the density calculated by
dividing this number by the volume displaced. Using this method, the skeletal
density of graphitized carbon black was measured to be 1.9 g cm™ which is within
the range quoted by the manufacturer (i.e. 1.5 to 1.9 g cm™) [64]. The density of the
fluorinated carbon was measured to be 2.04 g cm™. This higher density compared to
carbon black is attributed to the fact that fluorine has a higher atomic mass compared

to carbon.
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Assuming that the carbon particles are spherical and non-porous (as discussed in the
previous paragraph), the mean particle size can be calculated using the following

equation [65]:

Lp = 6000/ (ps - as,BET) [5]

where, Lp is mean particle diameter, pg is the density of the adsorbent, and a; ggr is
the BET specific surface area. According to this equation, the mean particle diameter
of carbon black 27.4 nm, in close agreement with data quoted by the manufacturer
(24 nm) [53], confirming that this method is reliable. Meanwhile, the mean particle
size of the fluorinated carbon sample is calculated to be 74.4 nm, which is in close

agreement with the particle size observed in the SEM and TEM images (Fig.1.).

XPS analysis of the fluorinated carbon (Fig. 3) confirms the presence of carbon at
284.5 eV (88.5 at.%), fluorine at 688 eV (9.8 at.%), oxygen at 532 eV (1.5 at.%),
and trace amounts of sodium at 1073 eV (0.2 at.%). Two F KLL Auger peaks are
also observed at 632 eV and 658 eV. The Cls narrow scan spectrum is deconvoluted
into peaks corresponding to: sp? carbon at 284.5 eV; sp® carbon bond at 285.2 eV;
C-O bonds at 287.5 eV; C-F bonds at 289.6 eV; CF, bonds at 291.5 e¢V; and CF;
bonds (or C 1s shake-up) at 294.0 eV [32-36]. The Fls spectrum is deconvoluted
into covalently bonded fluorine at 688.5 eV and 692.0 eV. The Ols spectrum is
deconvoluted into two main peaks corresponding to C-O bonds at 532.5 eV, and
possibly a sodium auger peak at 537.5 eV. Finally, the Na s spectrum can be fitted
by a single peak at 1072.4 eV, corresponding to sodium-fluorine bonds. This
analysis confirms that fluorine atoms were successfully covalently doped into the

carbon structure.
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The atomic concentration of fluorine obtained from XPS analysis (9.8 at.%) is
significantly higher than that measured by EDX (1.9 at.%). This discrepancy is
attributed to the fact that XPS is a quasi-surface sensitive analysis technique with a
penetration depth of ~5-10 nm, and EDX is a bulk measurement technique with a
penetration depth of 1-2 um. The difference in measured values can be explained by
the fact that the fluorination mostly occurs near the surface of the carbon, so XPS
detects a high fluorine content, but EDX detects the average fluorine content
throughout the whole sample, which is much lower. This may be advantageous for
electronic applications. Since fluorine is a highly electronegative element, high
levels of fluorine doping are expected to dramatically decrease the electronic
conductivity of carbon. However, surface fluorination means that the bulk carbon
retains high conductivity whilst the surface can take on the advantageous
hydrophobic properties. This is especially important in the MPL in which high
electrical conductivity is required. Furthermore, the oxygen content is higher
according to EDX (6.3 at.%) compared to XPS (1.5 at.%). Again, this suggests that
oxygen is not concentrated at the surface, as would be expected for hydrophilic
surface functional groups or adsorbed water. As such, the oxygen content should not

significantly affect the hydrophobicity of the material.
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Figure 3: XPS of the fluorinated carbon sample: (a) survey spectrum; (b) C 1s; (¢) F 1s; (d)

O 1s; and (e) Na 1s regions.

Fig.4 shows thermogravimetric analysis (TGA) of the fluorinated carbon sample and

graphitized carbon black, measured under constant air flow. The results show that

the fluorinated carbon is thermally stable in air up until 500 °C, above which the

material decomposes. Graphitized carbon black has slightly higher thermal stability,

attributed to the lower thermodynamic stability of covalent C-F bonds compared to

the C=C bonds in graphitized carbon black [31]. This confirms that this fluorinated

carbon is resilient to thermal decomposition at typical temperatures used in PEFCs.
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Figure 4: TGA of fluorinated carbon and graphitized carbon black in air.

3.2 Microporous Layer Characterization

The different microstructures of MPLs fabricated using fluorinated carbon (FC-
MPL) and graphitized carbon black (CB-MPL) were investigated by SEM (Fig.5).
In both cases, pores of several microns in size are observed, which is attributed to
decomposition of the methyl cellulose pore forming agent, as expected. Meanwhile,
the surface of the CB-MPL appears to be relatively smooth and uniform compared

to that of the FC-MPL. This is attributed to the smaller particle diameter.

20



O Joy 0w

OO O OO U U OrTUrd B BDDBDBDDBDAEDSEDSEDMNWWWWWWWWWWNDNNDMNDNDNDNDNDNDNNNDNNNREREP R RERRRRRRRERE
GO WNRPOWOWOJOOUPd WNEFEFOWOOW-TOHUEd WNEFEFOWOW-ITOHU D WNREOWOJIOUDdWNE OWOOJoU b whE o w

Superhydrophobic fluorinated carbon powders for improved water management in hydrogen fuel cells

; ii\ﬁlnml

Figure 5: SEM images of MPL surface at different magnifications: (a-b) FC-MPL; (c-d)
CB-MPL.

To confirm if fluorination of carbon can affect the water repelling properties of the
resulting MPLs, the water contact angle (WCA) was measured and compared with
other MPL-coated GDLs (Fig.6). The WCA of the as-synthesized fluorinated carbon
sample (FC) after pressing is 160°, confirming that the synthesized material is indeed
superhydrophobic (i.e. 6 >150°). After incorporating the fluorinated carbon into an
MPL (FC-MPL), the WCA is 151° (Fig. 6 (b)). This slight decrease is attributed to
the effect of residual pore forming agent (methyl cellulose) added during slurry
preparation, which does not completely decompose during the heating step (see TGA,
Fig S3). Meanwhile, the WCA of the identically prepared CB-MPL is much lower
at 131° (Fig. 6 (¢)). Finally, the WCA of a commercial Toray-GDL (TGP-H-060,
Toray, Japan) was measured to be 130° (Fig. 6 (d)). These results confirm that the

21
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high WCA of the fluorinated carbon translates to significantly improved WCA in
MPLs incorporating this material. The results also suggest that the WCA of the MPL
is not dominated by the presence of the PTFE binder when the PTFE loading is
sufficiently low (e.g. 5 wt%), but mainly instead on the properties of the carbon itself.

This may not be the case for higher PTFE loading.

@) | 1600 () 151°

Fluorinated Carbon

(©) 131° (d) 130°

Toray-GDL

Figure 6. Surface water contact angle (WCA) measurements for: (a) pressed fluorinated
carbon (FC); (b) FC-MPL; (¢) CB-MPL; and (d) Toray-GDL (TGP-H-060).

Porosity is an important factor which affects mass transport resistance significantly.
When porosity is increased, the total resistance to molecular diffusion in the system
decreases. Here, the porosities of the free-standing FC-MPL and CB-MPL samples
were calculated according to Eq.1 to be 76% and 83%, respectively, and the
maximum pore diameters were similar at 42.5 and 40.5 um (Fig.7(a)). Meanwhile,
Toray-GDL had a larger maximum diameter of 61.7 um, primarily because it does

not include an MPL, exposing the larger pores defined by the spaces between carbon

fibers.
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The experimentally determined WCA above can be described as the apparent
contact angle, which 1s dependent on both the surface interaction energy and the
surface roughness of the sample. Once the maximum pore size has been determined,
Young’s contact angle can be estimated using the Young-Laplace Equation (Eq.3),
and this value is independent of the surface roughness. Especially in this composite
material, the Young’s contact angle is an important parameter to confirm to what
extent the apparent contact angle is due to the hydrophobic nature of the fluorinated
carbon and what extent to the surface roughness. Both the Toray-GDL and the CB-
MPL have similar Young’s WCA of around 130° (Fig. 7(b)), consistent with the
surface WCA measurement, and in agreement with prior studies [13]. In contrast,
the Young’s WCA for the FC-MPL is much higher at 151°. This agrees with the
apparent WCA, confirming that the superhydrophobic nature of these MPLs is due

to the nature of the material, rather than any change in surface roughness.

The through-plane air permeability was also measured (Fig.7(c)). FC-MPL has the
lowest permeability, and CB-MPL has slightly higher permeability. Since the
maximum pore diameter and the thickness of the CB-MPL and the FC-MPL are
similar, the lower air permeability in FC-MPL may be the result of higher tortuosity
due to lower porosity, and/or the smaller mean pore diameter. In contrast, the air
permeability of Toray-GDL is over an order of magnitude higher, due to the much
larger pores in the absence of an MPL. These results show that the air permeability

1s dominated by the MPL rather than the GDL.

Meanwhile, the oxygen transport resistance through the MPL-coated GDLs was
measured in situ in a PEFC single cell (Fig.7(d)), as summarized in the experimental
section. The results clearly show that the FC-MPL has significantly lower oxygen
transport resistance compared to CB-MPL. For example, the oxygen transport

resistance for the CB-MPL was measured to be 125 s/m at 80 °C and 100 s/m at 45
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°C, compared to 105 s/m and 85 s/m for the FC-MPL under the same conditions.
This 1s attributed to the superior water-repellent characteristics of FC-MPL, resulting
in a faster rate of water removal. In all cases, the total oxygen transport resistance
does not significantly vary with relative humidity, indicating that water
accumulation in the MPL-coated GDLs and the catalyst layers does not change

significantly under high humidity conditions [59,67].
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Figure 7: (a) Maximum pore diameter; (b) internal water contact angle; (c) air
permeability; and (d) oxygen transport resistance for Toray-GDL, CB-MPL and FC-MPL.
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3.3 Single Cell Characterization

Finally, PEFCs were fabricated incorporating the FC-MPL, and compared to
identically prepared cells using the CB-MPL, at cell temperatures of 45 °C and 80 °C.
At 45 °C, the performance of the cell was measured at 80, 100 and 120 % RH, whilst
at 80 °C the cell was measured at 80 and 100 % RH.

The IR-free polarization curves reveal a clear difference in the mass diffusion limited
current density region between the two MPLs, regardless of measurement
temperature, with the FC-MPL cell having significantly higher cell voltage
compared to the CB-MPL (Fig. 8 (a-b)). For example, at 80 °C and 80% RH, the
limiting current densities were measured to be 1.61 A/cm? and 1.72 A/em? for the
CB-MPL and the FC-MPL, respectively. Similarly, at 45 °C and 80% the limiting
current densities were measured to be ~1.03 A/cm? and 1.14 A/cm?, respectively.
This high current density region is where flooding normally occurs and disrupts
oxygen diffusion to the catalyst surface, resulting in the observed voltage drop.
However, the use of superhydrophobic fluorinated carbon in the MPL appears to
improve removal of water from the cathode side of the cell, suppressing this voltage
drop. This is confirmed and highlighted when the concentration overvoltage is

separated from the polarization curves (Fig. 8(c-d).

Furthermore, when the ohmic regions of the polarization curves are compared, there
is little difference between FC-MPL and CB-MPL (Fig. 8(e-f)). This indicates that
the doping of electronegative fluorine atoms into the carbon structure does not
significantly lower the electronic conductivity of the material, and therefore that
ohmic losses can be avoided. As discussed in the elemental analysis section, this
may be because the fluorine atoms are mainly concentrated at the surface of the

carbon nanoparticles rather than throughout the bulk.
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The effect of humidity on the polarization curves was also investigated. At the
relatively low temperature of 45 °C, the limiting current density does not change
significantly with increasing humidity for either MPL-coated GDL. This may be
because the amount of water which condenses at the cathode side of the cell does
not change significantly between 80 and 120 % RH (as also inferred from oxygen
transport resistance test results in Fig.7 (d)). Meanwhile, at higher cell temperature
(80 °C), there is a clear decrease in cell voltage as the relative humidity increase,
especially in the mass diffusion limited current density region. This is attributed to
a greater degree of water condensation at the cathode side of the cell at higher
humidity, resulting in flooding and a corresponding voltage drop due to restriction

of oxygen supply to the catalyst.
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Figure 8: Single cell PEFC measurements under different relative humidity conditions.
Polarization curves (IR-free) at cell temperatures of (a) 45 °C and (b) 80 °C. Concentration
overvoltage at (c) 45 °C (d) 80 °C. IR overpotential at (e) 45 °C and (f) 80 °C.

CONCLUSIONS

In this paper, superhydrophobic fluorinated carbon nanoparticles were uniquely
synthesized from fluorinated alcohol. The resulting superhydrophobic fluorinated

carbon powder had similar microstructure and morphology to commercially
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available carbon black, but with a fluorine content of 1.9 at.%. This powder was
applied to a GDL to create a superhydrophobic MPL with a water contact angle of
151 °, despite the relatively low PTFE loading of 5 wt%. The FC-MPL displayed
reproducibly superior I-V performance in a fuel cell at high current density. For
example, at 80 °C and 80% RH the limiting current density was 1.61 A/cm? for the
carbon black-based MPL, increasing to 1.72 A/cm? for the FC-MPL. These
improvements in performance are attributed to lower oxygen transport resistance in
the case of the FC-MPL (105 s/m at 80°C) compared to CB-MPL (125 s/m at 80°C).
Therefore, the improved I-V performance is directly attributed to enhanced water
removal from the microporous layer due to the superhydrophobic nature of the
fluorinated carbon. This work is expected to result in the design of more efficient

PEFCs which can operate at higher current density, with lower PTFE content.
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