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H I G H L I G H T S  

• Fluorinated carbon nanoparticles were made and confirmed to be superhydrophobic. 
• They were deposited as microporous layers onto carbon fiber gas diffusion layers. 
• These electrodes were tested in polymer electrolyte membrane fuel cells. 
• The I–V performance was significantly improved especially at high current density. 
• This is attributed to enhanced water management due to the hydrophobic material.  
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A B S T R A C T   

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 electro
catalyst. 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.   

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 solv
ing these issues, providing a versatile energy storage medium and fuel, 
with polymer electrolyte fuel cells (PEFCs) enabling direct conversion of 
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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 sys
tems, a significant reduction in cost is necessary. This can be achieved in 
three ways: (i) reducing the component cost; (ii) improving system 
durability; or (iii) 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: (i) the supply of reactant 
gases; (ii) 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 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 polytetra
fluoroethylene (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 [28]. 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 (XeF2) generating fluorine 
radicals which react with the carbon surface. Alternatively, surface 
functionalization can be achieved via plasma treatment in CF4. Direct 
fluorination and indirect fluorination both involve toxic gases or sol
vents. 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 re
ported 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 sup
pressing carbon corrosion [51,52]. However, to the best of our knowl
edge there are no reports on the utilization of fluorinated carbons in the 
MPL of PEFCS. 

In previous work, our group synthesized superhydrophobic fluori
nated 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. 

2. Experimental 

2.1. Synthesis and characterization of fluorinated carbon 

2 g of sodium lumps (Sigma-Aldrich, Japan) and 5 ml (8.25 g) 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 h 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 min, 
then stirred for 24 h to remove byproducts. After this, the product was 
vacuum filtered using an Omnipore ™ 0.2 μm membrane filter. Finally, 
the product was dried for 24 h 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 micro
scopy (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 

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 MΩ 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), a 5 cm ✕ 5 cm 
square of GDL was placed on a glass plate, and a 75 μm thick 
stainless-steel mask with 3 cm ✕ 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 1 h. Finally, the MPL-coated GDLs were 
heat-treated at 400 ◦C for 1 h 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 is 
confirmed by TGA in Fig. S1. 

In addition, free-standing MPLs were fabricated to aid with calcu
lation 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% 

E.M. Can et al.                                                                                                                                                                                                                                  



Journal of Power Sources 548 (2022) 232098

3

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 μm and 5 wt% PTFE content. The MPL porosities were 
calculated from the thickness, area, mass, and density of the different 
components using the following equation [57]: 

∅ = 1 −
VS

VMPL
= 1 −

mMPL ⋅(ωc/ρc
+ ωB/ρB

)

dMPL⋅A
(1)  

where ∅ is the porosity of the MPL; VS is the volume of the solid com
ponents (i.e. either PTFE and CB or PTFE and superhydrophobic fluo
rinated carbon (SHFC)); VMPL is the geometric volume of the MPL; mMPL 
is the mass of the MPL; ωc is the mass fraction of the carbon component 
(0.95); ωB is the mass fraction of the PTFE binder (0.05); ρc is the density 
of the carbon component; ρB is the density of the PTFE binder; dMPL is the 
thickness of the MPL; and A is the area of the MPL (1 cm ✕ 1 cm). 

2.3. Preparation of the membrane electrode assembly (MEA) 

The catalyst ink was prepared by mixing Pt/C (TEC10E50E, lot 1019- 
8581, 46.8 wtPt%, 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 min 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 cm2. 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 mgPt/cm2 and a Nafion content of 28 wt% [58], at both 
the anode and cathode. The 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 cm2 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 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-CVZ01, Toyo Corpora
tion, Japan) was used to control the humidification, cell temperature, 
and gas flow. Polarization curves were measured using an electro
chemical interface impedance analyzer (Solartron SI-1287). Prior to the 

polarization curve measurement, each cell was conditioned at 0.6 V for 
5 h. 

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] 

Q=
K⋅A⋅ΔP

μ⋅L
(2)  

where Q is the volumetric flow rate (m3s− 1); K is the air permeability 
(m2); A is the area of GDL or MPL coated GDL (0.5 cm2); ΔP is the 
pressure difference between the inlet and outlet; μ is Newtonian vis
cosity (18.37 kgm− 1s); and L is the sample thickness (m). To measure air 
permeability, a 1 cm ✕ 1 cm GDL sample was placed between two plates, 
each with a 0.5 cm2 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]. 

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 μL. 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)): 

d=
4⋅σ⋅cos θ

PC
(3)  

where d is the pore diameter; σ is the surface tension of the liquid; θ 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, σ =
0.0156 Nm− 1, contact angle = 0◦) in a vacuum desiccator for 2 h. 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 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− 1, and samples size was 0.5 
cm2. 

2.8. Oxygen transport resistance 

The total oxygen transport resistance was calculated from the 
limiting current density under the differential relative humidity condi
tions of the supplied gasses, using the following equation [62]: 
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RT =
4⋅F⋅PO2

ilim⋅R⋅T
(4)  

Where RT is the total oxygen transport resistance of the cell (sm− 1), F is 
the Faraday constant (96485 C mol− 1), PO2 is the oxygen partial pressure 
(Pa), R is the gas constant (8314 J mol− 1K− 1), T is the cell temperature 
(K) and ilim 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 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 car
bon) mixed with a white residue, confirmed by XPS to be sodium fluo
ride. 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 micro
structure 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). 

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 suc
cessfully generate fluorinated carbon with relatively high fluorine con
tent. 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 sig
nals 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 sig
nificant effect on 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. 

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 area and pore size distribution. 
Both samples have Type III isotherms, characteristic of nonporous ma
terials [63]. The specific surface area of the fluorinated carbon is 40 
m2/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 m2/g), suggesting that 

Fig. 1. Electron microscopy showing the microstructure of the fluorinated carbons used in this study: (a–b) SEM images, (c–d) TEM images.  
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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− 3 which is within the range 
quoted by the manufacturer (i.e. 1.5–1.9 g cm− 3) [64]. The density of 
the fluorinated carbon was measured to be 2.04 g cm− 3. This higher 
density compared to carbon black is attributed to the fact that fluorine 
has a higher atomic mass compared to carbon. 

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]: 

LD = 6000
/
(ρs ⋅ as,BET ) (5)  

Where, LD is mean particle diameter, ρs is the density of the adsorbent, 
and as,BET 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 C1s 
narrow scan spectrum is deconvoluted into peaks corresponding to: sp2 

carbon at 284.5 eV; sp3 carbon bond at 285.2 eV; C–O bonds at 287.5 eV; 
C–F bonds at 289.6 eV; CF2 bonds at 291.5 eV; and CF3 bonds (or C 1s 
shake-up) at 294.0 eV [32–36]. The F1s spectrum is deconvoluted into 
covalently bonded fluorine at 688.5 eV and 692.0 eV [66]. The O1s 
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 1s 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. 

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 μm. 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 conduc
tivity whilst the surface can take on the advantageous hydrophobic 
properties. This is especially important in the MPL in which high elec
trical 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 hydro
phobicity of the material. 

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. Graphi
tized 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. 

Fig. 2. EDX elemental maps of fluorinated carbon.  
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3.2. Microporous layer characterization 

The different microstructures of MPLs fabricated using fluorinated 
carbon (FC-MPL) and graphitized carbon black (CB-MPL) were investi
gated 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. 

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 super
hydrophobic (i.e. θ > 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 cellu
lose) 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 
(c)). Finally, the WCA of a commercial Toray-GDL (TGP-H-060, Toray, 

Fig. 3. XPS of the fluorinated carbon sample: (a) survey spectrum; (b) C 1s; (c) F 1s; (d) O 1s; and (e) Na 1s regions.  

Fig. 4. TGA of fluorinated carbon and graphitized carbon black in air.  

E.M. Can et al.                                                                                                                                                                                                                                  



Journal of Power Sources 548 (2022) 232098

7

Japan) was measured to be 130◦ (Fig. 6 (d)). These results confirm that 
the 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. 

Porosity is an important factor which affects mass transport resis
tance 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 di
ameters were similar at 42.5 and 40.5 μm (Fig. 7(a)). Meanwhile, Toray- 
GDL had a larger maximum diameter of 61.7 μm, primarily because it 
does not include an MPL, exposing the larger pores defined by the spaces 
between carbon fibers. 

The experimentally determined WCA above can be described as the 
apparent contact angle, which is dependent on both the surface interac
tion 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 indepen
dent 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)). 

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

Fig. 6. Surface water contact angle (WCA) measurements for: (a) pressed fluorinated carbon (FC); (b) FC-MPL; (c) CB-MPL; and (d) Toray-GDL (TGP-H-060).  
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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 perme
ability is 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 summa
rized 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 ◦C, 
compared to 105 s/m and 85 s/m for the FC-MPL under the same con
ditions. This is 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 rela
tive humidity, indicating that water accumulation in the MPL-coated 
GDLs and the catalyst layers does not change significantly under high 
humidity conditions [59,67]. 

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 tem
peratures 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 and 
b)). For example, at 80 ◦C and 80% RH, the limiting current densities 
were measured to be 1.61 A/cm2 and 1.72 A/cm2 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/cm2 and 1.14 A/cm2, 
respectively. This high current density region is where flooding nor
mally occurs and disrupts oxygen diffusion to the catalyst surface, 
resulting in the observed voltage drop. However, the use of super
hydrophobic 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 and 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 and f)). This indicates that the doping of electronegative fluorine 
atoms into the carbon structure does not significantly lower the elec
tronic 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. 

The effect of humidity on the polarization curves was also investi
gated. 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 temper
ature (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 conden
sation 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. 

4. Conclusions 

In this paper, superhydrophobic fluorinated carbon nanoparticles 
were uniquely synthesized from fluorinated alcohol. The resulting 
superhydrophobic fluorinated carbon powder had similar microstruc
ture and morphology to commercially available carbon black, but with a 

Fig. 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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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 repro
ducibly 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/cm2 for the carbon black-based MPL, increasing to 1.72 A/cm2 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 fluori
nated 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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i. Abstract 

Polymer electrolyte fuel cells (PEFCs) are a highly efficient hydrogen based clean energy 

conversion technology. PEFCs show impressive potential to take down the long ruling 

internal combustion engine hegemony in the transportation sector. However, the problem of 

water management at high current density PEFC operations decreases the system efficiency 

drastically. It is thus important to create and design new materials for the gas diffusion layer 

(GDL) and/or the microporous layer (MPL) to improve water management as well as PEFC 

performance. Fluorinated carbons can be a promising alternative as MPL material due to their 

superior water repellent properties. Therefore, the main objective of this thesis is to increase 

the PEFC system performance under high current density operations by employing 

superhydrophobic fluorinated carbons with suitable properties as MPL material. 

 

In Chapter 1, types of fuel cells are briefly explained with the general historical information 

of fuel cell technology. The general information about PEFCs is provided and its limitations 

are discussed with the focus on its wide-spread commercialization. The importance and the 

issue of water management in PEFCs are highlighted. Fluorinated carbon black is proposed 

as an alternative material for the MPL to improve water drainage speed under high current 

PEFC operations as well as the system performance. Examples of the usage of the fluorinated 

carbons in PEFC are given and the lack of investigating fluorinated carbon as MPL material 

is illustrated. 

 

In Chapter 2, the various experimental methods used in this research are explained in detail. 



ii 
 

In Chapter 3, superhydrophobic fluorinated carbons are synthesized and characterized 

intensively. A new unique synthesis of synthesize fluorinated carbons with a unique 

solvothermal thermal method with fluorotelomer alcohol precursors and sodium metal is 

presented. The effect of different fluorotelomer alcohols on chemical structure and 

microstructure is elucidated. Results show that a higher fluorine content of the fluorotelomer 

alcohol precursor results in a higher fluorine content in the final product. Interestingly, all 

four samples show similar microstructures with non-porous graphitized carbon black. The 

WCA measurement of materials shows the superhydrophobic nature of the products. 

Surprisingly, synthesized fluorinated carbons show highly graphitic structures even though 

there is not a catalyst nor high reaction temperature involved during the synthesis process. 

Thus, a new HF related catalytic reaction for this graphitic formation is proposed. 

Additionally, fluorinated carbons are defluorinated with a heat treatment process under an 

inert atmosphere. Then the effect of fluorination on the graphitic structure and WCA angle is 

investigated. It is concluded that with fluorination the defect in the graphical domain 

increases due to the sp3 bonding of fluorine atoms. After defluorination, due to the absence 

of fluorine atoms, products become more hydrophilic.  

 

In Chapter 4, the effect of superhydrophobic fluorinated carbon black as MPL material is 

investigated and its performance is compared with commercially used graphitized carbon 

black. The slurry of MPLs were prepared with a low amount of PTFE binder (5 wt.%)  and  

the slurry was coated onto a GDL with a doctor blade method, followed by a heat treatment 

process to decompose additives as well as sintering the PTFE. To calculate porosity free 

standing, MPLs were manufactured by coating the slurry onto a glass plate. Carbon black 
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based MPL (CB-MPL) showed a higher porosity with 83% compared to fluorinated carbon 

based MPL (FC-MPL) with 78% porosity. Water contact angle (WCA) measurement results 

elucidated the superior water repellent characteristic of FC-MPL with 151º WCA compared 

to CB-MPL with 131º WCA. Prepared MPLs performance were compared with an in situ 

PEFC single test. Results clearly showed higher PEFC performance as well as lower oxygen 

transport resistance in the structure due to the superior water repellent properties of  FC-MPL.  

 

In Chapter 5, the findings of the previous chapters are summarized, and future direction of 

this research is explained. 
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Chapter 1. Introduction 

1.1 Energy, Energy Security & Pollution 

One of the simplest physical definitions of ‘energy’ is ‘the ability to do work’. However, 

access to energy in today’s society is a necessary parameter in society to access high 

technology, quality of life, wealth. Energy is also one of the most important issues in politics, 

and important in the independency of nations. 

According to data provided by International Energy Agency (IEA), over 80% of the world’s 

energy supply comes from fossil fuels and 63% of global electricity production comes from 

fossil fuels [1,2]. Figure 1.1 shows the share of electricity production from fossil fuels. 

Furthermore, over half of fossil fuel production originates from Russia, China, USA, and the 

Middle East. Most countries, especially those with high energy demand such as those in 

Europe, Japan, and rapidly developing such as Türkiye, are dependent on external countries 

with rich fossil fuel reserves. Especially after the breakout of the 2022 Russia-Ukraine war, 

Western society has come to quickly understand that energy dependency is no longer feasible 

(Table 1). Energy is also particularly important in winter, where countries such as the United 

Kingdom are currently dealing with a cost-of-living crisis due to sudden high energy costs 

for heating homes. Independent self-sufficient energy production can therefore be considered 

crucial.  
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Figure 1.1 Share of electricity production from fossil fuels, 2021 [2]. 
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Table 1.1 Share of Russian gas in total natural gas demand and share of gas in sectoral demand 
by European Union member states and the United Kingdom, 2021 [1]. 

 

 

Fossil fuel usage impacts global warming severely, and ultimately contributes to 

climate change through the emission of carbon dioxide and other greenhouse gases. Not only 

climate change is a pressing issue, but also harmful gas emissions such as carbon monoxide 
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(CO), nitrogen oxides (NOx), and particulate matter (PM) due to fossil fuel combustion, all 

of which pose severe risk to human health. According to the World Health Organization, air 

pollution is responsible for 6.7 million premature deaths per year [1]. Air pollution also leads 

to noncommunicable diseases including strokes, ischaemic heart disease, and lung cancer. 

It is therefore crucial to find a new alternative energy source which is clean, abundant, and 

can be independently produced. In this regard, hydrogen is a promising candidate. Hydrogen 

is the most abundant element in the world and molecular hydrogen can be produced through 

various means such as electrolysis of water using renewable energy, or the fermentation of 

biomass. Furthermore, hydrogen-based energy technologies, such as fuel cells, have high 

potential to be a game changer in electricity production. For example, polymer electrolyte 

fuel cells (PEFC), which operate at relatively low temperatures (i.e., 60 to 80 ºC), have the 

potential to replace internal combustion engines in vehicles, as well being used for stationary 

power. Compared to internal combustion engines, PEFCs have a higher efficiency (~50%). 

Due to their great potential in combating the abovementioned issues, a worldwide spread of 

PEFCs as prominent energy technology is crucial. 

1.2 Fuel Cells 

Fuel cell are electrochemical devices that generate electricity from two electrochemical half 

reactions between fuel at the anode and oxidant at the cathode electrode side. An electrolyte 

separates these two electrodes. Fuel cells are classified depending on the electrolyte type 

which it employs. There are five major fuel cell types: (1) phosphoric acid fuel cells (PAFCs), 

(2) polymer electrolyte fuel cells (PEFCs), (3) alkaline fuel cells (AFCs), (4) molten 
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carbonate fuel cells (MCFCs), and (5) solid-oxide fuel cells (SOFCs). Even though these 

different types of fuel cells have different electrolytes, different materials and operation 

temperatures, the underlying electrochemical principle is similar. Their basic characteristics 

are compared in Table 2. 

 

The phosphoric acid fuel cell (PAFC) was the first commercial type of fuel cell. Due to the 

relatively high operating temperature compared to PEFCs (200°C), the platinum catalyst is less 

sensitive to carbon monoxide in the fuel. Noble catalysts are required at the cathode side, and 

therefore the potential for cost reduction is considered to be low. PAFCs are mostly used for 

stationary electricity and heat production. 

 

Alkaline fuel cells (AFC) generally use a potassium hydroxide aqueous solution as an electrolyte 

medium. The kinetics of the oxygen reduction reaction proceed more rapidly in alkaline medium 

than in acidic medium and therefore platinum group metals are not required as cathode catalysts. 

Therefore, alkaline fuel cells can achieve operating voltages as high as 0.875 V, translating to 

high efficiency. However, alkaline fuel cells must use pure hydrogen and oxygen as fuel, due to 

the high sensitivity of the electrolyte to even small amounts of carbon dioxide in the air. Due to 

this limitation, AFCs are not generally viable for terrestrial power applications. However, the 

high efficiency and power density leads to applications in the aerospace industry. 

 

Meanwhile, solid oxide fuel cells (SOFCs), and molten carbonate fuel cells (MCFCs) are 

classified as high temperature fuel cells. SOFCs utilize a ceramic oxygen ion conductive 

electrolyte and operate in the region of 700 to 1000°C. The high operating temperature means 
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that there is no need for noble metal catalysts, there is significant fuel flexibility, and high-

quality waste heat is produced for co-generation applications. Nevertheless, the high 

temperature also provides challenges: particularly in terms of material durability and cost. 

SOFCs are best suited for stationary and distributed power generation. Molten carbonate fuel 

cells (MCFCs) are being developed for natural gas and coal-based power plants for industrial, 

electrical utility and military applications. MCFCs are similar to SOFCs but use a molten 

electrolyte, with similar advantages and disadvantages. 

 

Finally, the polymer electrolyte fuel cell (PEFC) is based around a proton-conducting polymer 

electrolyte membrane, usually Nafion. Its low operation temperature (i.e. 60 to 80 ºC), fast start 

up and shutdown, and high-power density, make it a good candidate for portable applications, 

and especially for vehicles. In this thesis, polymer electrolyte fuel cell will be the focus.  
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Table 1.2 Comparison of various types of fuel cell. 

 

1.3 Polymer Electrolyte Fuel Cells (PEFCs) 

In PEFC systems, a polymer electrolyte membrane is employed. This membrane blocks the 

movement of electrons and allows protons pass through. PEFCs are preferred mainly for 

transportation applications due to their low operational temperature and high-power density. 

In PEFCs, two electrochemical half-cell reactions occur, namely the anode and cathode 

reactions. At the anode side, the hydrogen oxidation reaction (HOR) occurs, and at the 

cathode side the oxygen reduction reaction (ORR) occurs. The difference in Gibbs free 

energy between the two reactions generates a potential difference, which manifests as a 

voltage. As a result of the HOR, hydrogen is separated into its constituent electrons and 

protons (Eq.1). The potential difference pushes electrons around an external circuit while 

 PEFC PAFC AFC MCFC SOFC 

Electrolyte  Polymer 
Liquid 

H3PO4 

Liquid 

KOH 

Molten 

carbonate 
Ceramic 

Charge carrier ion H+ H+ OH- CO3
-2 O-2 

Operating 

Temperature (ºC) 
60 to 80 200 60 to 220 650 600-1000 

Reaction Catalyst Platinum Platinum Platinum Nickel Perovskites 

Fuel H2, Methanol H2 H2 H2, CH4 
H2, CH4, 

CO 
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protons are diffuse through the polymer electrolyte to the cathode side. At the cathode side, 

electrons and protons react with supplied oxygen and produce H2O (Eq.2). The overall 

reaction is shown in Eq. 3. As long as there is enough fuel and oxidant present, PEFC systems 

can continue to generate a voltage indefinitely. A schematic diagram of the working principle 

of a PEFC is shown in Figure 1.1 and the electrochemical half-cell reaction in a hydrogen 

fueled PEMFC are as follows. The catalyst coated membrane (CCM) is at the heart of the 

PEFC system. This comprises the membrane coated with catalyst layers on either side. The 

catalyst layer in turn generally comprises platinum catalyst nanoparticles supported on 

carbon black. 

 

 

Anode Reaction   2H2 → 4H+ + 4e−   Eq.1.1 

 

Cathode Reaction   O2 + 4H+ + 4e− → 2H2O  Eq.1.2 

 

Overall Reaction   2H2 + O2 → 2H2O   Eq.1.3 
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Figure 1.2 Schematic diagram of a PEFC. 

Meanwhile, an important engineering aspect of PEFCs is the supply of reactants to the 

electrodes, and the removal of the generated water. Therefore, a polymer electrolyte cell 

contains a gas diffusion layer (GDL) at each electrode, sandwiching the catalyst coated 

membrane. The GDL is used in the system to transfer to reactant to the catalyst layer and to 

act as mechanical support for the CCM. The combined GDL and CCM are collectively called 

the membrane electrode assembly (MEA). The other components of a single PEFC, including 

the MEA are shown schematically in Figure 1.3. 
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Figure 1.3 Components of a single PEMFC [3]. 
 

The current produced by a fuel cell scales with the size of the reaction area. The reaction area 

is the active area where electrolyte and electrodes meet. To increase the generated current, it 

is therefore necessary to maximize the reaction area, and achieving this is one of the most 

active areas of research in the field of PEFCs. The thin, planar structural design of individual 

PEFCs is a consequence of this (Figure 1.4).  
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Figure 1.4 Series arrangement of typical hydrogen PEMFC [4]. 

1.4 Application and Challenges of PEFCs 

The first working fuel cell was demonstrated by Sir William Grove in 1839 [5,6]. Later, in 

1959, Francis Thomas Bacon built a 6 kW AFC seen as the first practically feasible fuel cell, 

and went on to design AFCs used to provide electrical power on crewed Apollo missions [7]. 

Bacon’s work inspired many researchers as he is considered a pioneer in the development of 

other types of fuel cell systems. The first practical PEFC was invented by General Electric 

in the 1960s, a company known to provide various products and services in the energy sector 

[8]. This early version of the PEFC was used in the NASA Gemini spacecraft. However, due 
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to a severe water management problems in these early PEFC systems, NASA continued 

mainly using AFCs for several decades [8].  

In 1995, a PEFC system for buses in was developed by Ballard Systems, operating in 

Vancouver and Chicago [9]. Since the beginning of this century, a significant number of 

automobile companies have introduced fuel cell electric vehicles (FCEVs) to the public. A 

prime leader in introducing these vehicles is Japan. In 2014, Toyota released the first 

commercially available FCEV named Toyota Mirai in Japan (Figure 1.4) [10]. South Korea 

followed up with the introduction of Nexo in 2018, a PEFC powered crossover SUV 

manufactured by Hyundai [11].  

There have also been multiple attempts to introduce PEFCs for stationary applications such 

as residential or industrial use, such as combined heat and power systems which have been 

available on the market in Japan under the trade name ENE-FARM since 2008 [12]. In 2009, 

the world’s first purely hydrogen-powered crewed aircraft was developed by the German 

Aerospace Center [13]. Moreover, H3 Dynamics, a USA based company, commercially 

produces unmanned aerial vehicles powered by PEFC systems (Figure 1.5) [14].  
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Figure 1.5 Photo of fuel cell vehicle Toyota Mirai. 

 

Figure 1.6 Photo of PEFC-powered unmanned aerial vehicle [15]. 
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Despite the remarkable development of PEFCs over the past decade, their market penetration 

has been relatively slow compared to internal combustion engines and lithium-ion batteries. 

This is largely due to high cost of the system, which should be significantly reduced to 

accelerate global scale up. Cost reduction in PEFC systems can generally be achieved in three 

ways: (1) reducing the cost of the components; (2) improving system durability; or (3) 

increasing system efficiency. One of the major component costs of PEFC is the platinum 

catalyst. In early PEFC systems, a platinum loading of 28 mg/cm2 was required for the 

catalyst layer. Due to continuous efforts to improve the system, this has decreased 

significantly to 0.2 mg/cm2 or even less in current applications [4]. 

Another important factor to consider is the lifetime of PEFCs, which is limited due to several 

factors [16]. One factor is the dissolution and agglomeration of platinum particles, which 

decrease the active reaction area dramatically. Another factor is that carbon-support 

corrosion decreases conductivity and affects electrode pore structure [17]. One more main 

factor is thinning and possible pinhole formation in the polymer electrolyte membrane 

because of hydrogen peroxide formation during operation, also increasing hydrogen 

crossover [18]. For example, the early PEFC system used in the Gemini spacecraft had only 

a 500-hour lifetime [19]. This number increased to around 4100 hours in 2016 [20] and 

todays systems have rated  lifetimes in the tens of thousands of hours.  

In addition, to increase the system efficiency of PEFCs, it is important to generate 

higher currents for a given electrode area. To generate higher currents, the fuels should be 

supplied at a higher rate. However, increasing the reaction rate results in the generation of a 

larger amount of water. The presence of large amounts of water in the cathode drastically 
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decreases the fuel cell efficiency by blocking the flow of reactants and covering the electrode 

area. Water management is therefore crucial to increase PEFC performance. 

1.5 Water Management in PEFCs 

Under high current density operation water accumulates inside the gas diffusion layer (GDL) 

blocking the flow of reactants and covering the catalytic active sites. A major factor for 

NASA using AFCs over PEFCs in the Apollo space missions was the issue of water 

management [19]. Even today, water management in PEFCs is a crucial factor limiting the 

widespread introduction of PEFC technologies.  

The incorporation of a GDL into PEFCs aids greatly with water management. The GDL is a 

thin layer of carbon fibres and generally has a thickness of 100 to 400 µm. To improve the 

mass transport properties, GDLs are created with a high porosity of around 85%, and with 

pores around 20-30 µm in diameter. It is placed between the catalyst layer and the flow 

channels, and aids the transfer of gasses to the catalyst layer whilst mechanically supporting 

the catalyst layer. At the anode side, hydrogen diffuses from the flow channel to the catalyst 

layer through the GDL. There is no product to be transferred back to the flow channel from 

the catalyst layer as a result of hydrogen oxidation reaction (HOR).  

On the other hand, at the cathode side, the GDL is used to transfer oxygen to the catalyst 

layer for the oxygen reduction reaction (ORR). It is also simultaneously used to transfer 

water, a product of the ORR, from the cathode catalyst layer to the flow channel (Figure 1.6 

(a)). However, when high current is demanded from the system, the reaction rate of the ORR 

increases and water is produced excessively at the cathode (Figure 1.6 (b-c)). This produced 
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water blocks the pores of the GDL and thus hinders oxygen transfer from the flow channel 

to the catalyst layer. This phenomenon is called ‘flooding’ and decreases PEFC efficiency 

drastically [21]. It is therefore important to remove the generated water from the PEFC 

system more efficiently without blocking oxygen transfer that is needed to supply the ORR.  

One way to assist with the removal of water from the GDL is to us a hydrophobic 

material. Therefore, to improve the water repellent properties, GDLs are generally coated 

with polytetrafluoroethylene (PTFE) to render them hydrophobic [22]. Furthermore, to 

decrease the contact resistance as well as to regulate transfer of the gases and produced water, 

a microporous layer (MPL) is generally coated onto one side of the GDL [23]. The MPL 

generally consists of carbon black and a hydrophobic binder such as PTFE and it faces the 

catalyst layer in the system. Like the GDL, the MPL is also highly porous with around 80% 

porosity. The pore size of the MPL, however, is smaller, measuring around 1 to 2 µm in 

diameter compared to the GDL’s pore size around 20- to 30 µm in diameter. 
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Figure 1.7 (a) Schematic diagram of PEFC, (b) Illustration of cathode GDL under the normal 
PEFC operation, (c) Illustration of cathode GDL under the high current density PEFC 

operation. 

1.6 The role of the MPL in PEFC Water Management 

As one of the important components of PEFCs, the MPL improves the fuel cell performance 

drastically [23]. Due to the smaller pore size in the MPL compared to the GDL, the MPL acts 

as a buffer layer between the catalyst layer and the GDL. This improves the electrical contact 

between the catalyst layer and thus decreases the efficiency losses [24]. Furthermore, the 

MPL enhances the removal of excess water, but also aids hydration of the membrane under 

dry operating conditions.  

The most common material used as the MPL is carbon black. The material properties of 

carbon-based MPLs, including the pore size, thermal conductivity, electrical conductivity, 

and water contact angle significantly affect the system performance and durability. Tanuma 

et al. investigated four different carbon materials in the MPL, namely carbon fiber, vapor 



18 
 

grown carbon fiber, Vulcan XC-72R carbon black, and multiwall carbon nanotubes, to 

investigate the effect of MPL pore size on the performance of PEFCs. It was found that the 

pore volume of the MPL has significant effect on the cell performance where large pores of 

the MPL reduce the water saturation in the catalyst layer [25].  

Meanwhile, Wang et al. investigated MPLs using two different types of carbon black, which 

are acetylene black, Black Pearl 2000. They found that, depending on the hydrophobicity of 

the carbon material, some pores in the MPL remain hydrophilic even if a hydrophobic binder 

is used. Ultimately, the more hydrophilic in nature the carbon used in an MPL, the more 

pores will remain hydrophilic, even if hydrophobic binder is applied. This illustrates clearly 

the disadvantage of using hydrophilic carbons in MPLs [26]. Similar to the above mentioned 

research, there have been extensive studies to elucidate the effect of different carbon 

materials in the MPL on PEFC performance [27–34]  

Furthermore, the effect of the type of hydrophobic binders used in the MPL on PEFC 

performance has been investigated [35–37]. For example, Ozturk et. al used three different 

hydrophobic binders, namely PTFE, fluorinated ethylene propylene (FEP), and 

polydimethylsiloxane (PDMS), to create MPLs and compared their performance [37]. They 

found that PDMS performed better compared to the other binders due to its low molecular 

weight and viscosity. Furthermore, there has been several studies on the effect of 

hydrophobic binders on MPL morphology and its effect on PEFC performance [29,38,39]. 

Yan et al. indicated that it is possible to achieve higher hydrophobicity by increasing the 

amount of hydrophobic binder. They noted, however, that excessive binder amounts lead to 

(i) a decrease in MPL pore size with an associated increase in gas diffusion resistance and 
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(ii)  an increase in electrical resistance [32,40], both of which have a negative impact on 

PEFC performance. Additionally, Owejan et. al. showed that MPLs are prone to carbon 

corrosion under high humidity conditions due to oxidation, making MPLs more hydrophilic 

over time and leads to a degradation in system performance [31].  

It is therefore crucial to create MPLs from different kinds of carbon material that establish 

superior hydrophobicity even at lower binding loadings. This kind of material could increase 

the water transport rate through the GDL under high current density operation without 

needing a higher amount of hydrophobic binder. With this process the detrimental decrease 

in pore diameter can be avoided, as well as the increase in gas transport and electrical 

resistance of the MPL. 

1.7  Fluorinated Carbons in PEFCs 

The incorporation of fluorine atoms can significantly alter the physical, chemical, and 

electronic properties of carbon-based materials. In particular, fluorination generally leads to 

enhanced hydrophobicity due to low surface free energy and reduced van der Waals 

interactions [41–43]. In PEFC systems, fluorinated carbons have mostly been employed as a 

platinum support within the catalyst layer [44–48]. Otherwise, fluorinated carbons have only 

been explored to a limited extent in PEFC systems.  

For example, Glass et al. showed that the use of fluorinated carbon black as the catalyst 

support improves the catalyst-ionomer dispersion and intercalation, compared to non-

fluorinated carbon black This results in an increased fuel cell performance [46]. Similarly, 

Peera et al. investigated nitrogen and fluorine co-doped graphite nanofibers as durable and 
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platinum-free ORR catalyst for PEFCs. They found that due to fluorine doping, the number 

of defects in the structure increases, leading to higher ORR activity. Furthermore, they 

concluded that fluorine doping increased the durability of the catalyst dramatically [48]. Kim 

et al. addressed the problem of carbon corrosion by investigating doped tin oxide materials 

as corrosion resistant carbon-free catalyst supports, concluding that fluorine doping provided 

the most effective corrosion resistance [48].  

In all of the abovementioned research, fluorinated carbons were used in the catalyst layer, 

and the focus was mainly on improving ORR activity and mitigating carbon corrosion. Up 

to now, there has been no effort to elucidate the effect of using fluorinated carbon in the MPL 

for PEFC applications, to the best of our knowledge.  

1.8 Objectives of this Study 

As explained above, water management under high current density operation is crucial for 

the widespread commercialization of PEFCs. Conventionally used carbon materials in the 

MPL therefore require PTFE as a hydrophobic additive. Another issue is that even with the 

hydrophobic PTFE binder, depending on the wettability of the carbon material, some pores 

of MPL remain hydrophilic [26]. This results in performance deterioration over the lifetime 

of the cell. Furthermore, the degree of hydrophobicity of the MPL depends strongly on the 

amount of PTFE binder used. For example, relatively small amounts of PTFE (e.g., 5 wt.%) 

do not provide sufficient hydrophobicity, whereas larger amounts of PTFE (e.g., 20 wt.%) 

leads smaller pore diameter (increasing the gas diffusion resistance) and higher electrical 

resistance due to the insulating nature of PTFE [49].  
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Fluorinated carbon powder is a promising material to enhance the hydrophobicity of MPLs 

at lower PTFE loading. and could potentially improve PEFC efficiency under high current 

density operation. In this thesis we therefore focus first on the synthesis, characterization, 

and optimization of superhydrophobic fluorinated carbons (Chapter 3). These synthesized 

superhydrophobic fluorinated carbons are then employed as a hydrophobic MPL material 

with an aim to improve water management in PEFCs even at low PTFE loading (Chapter 4). 
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Chapter 2. Experimental Methods 

2.1 Synthesis of Fluorinated Carbon Powders  

In this research, fluorinated carbon powders were synthesized by solvothermal 

decomposition reaction between fluorotelomer alcohols and sodium metal. This synthesis 

method is a unique, one-step method which was developed by our group [1]. Fluorotelomer 

alcohol and sodium metal were put in a PTFE crucible (Figure 2.1a) under flowing nitrogen 

to decrease contamination from air. After placing the lid on the PTFE crucible, it was 

enclosed in a stainless-steel jacket in a pre-heated oven at 150 ºC for 24 hours. After heating, 

the stainless-steel container was left to cool down to room temperature, after which the lid 

was carefully opened in a well-ventilated fume hood. The resulting product inside the PTFE 

crucible was already carbonized after the reaction without the requirement for an additional 

pyrolysis step. The product was directly tipped into a 2 litre beaker filled with a mixture of 

deionised water and ethanol. After magnetic stirring for 24 hours, the product was vacuum-

filtered and dried in an oven at 60 ºC for an additional 24 hours. A more detailed explanation 

of the synthesis is discussed in Chapter 3. 
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Figure 2.1 Photos of (a) PTFE crucible, (b) stainless-steel jacket. 

2.2 Material Characterization Techniques 

2.2.1 Scanning Electron Microscopy (SEM) 

The morphology and microstructure of the samples were characterized by field 

emission scanning electron microscopy (FE-SEM, JEOL JSM-7001F, WDS, EDS, 25 kV).  

Fluorinated carbon powders were scattered onto one side of a double-sided carbon tape and 

then stuck onto a sample holder. To avoid contamination of the SEM’s vacuum chamber, 

excess powder was removed via an air blower. 
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2.2.2 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a non-destructive surface characterization 

technique to investigate the elemental composition and chemical structure of materials [2]. 

Due to the measurement depth of 10 nm, XPS mostly provides information near the surface 

of a material. Photoelectrons are produced from a material when the energy of the impinging 

photons exceed the binding energy of electrons in that material. Irradiation of the sample is 

generally done by single energy X-ray photons (monochromatic X-rays, commonly Mg Kα, 

1253.6 eV or Al Kα, 1486 eV) in ultra-vacuum conditions. The energy of the produced 

photoelectrons is characteristic of the irradiated elements within the material. The emitted 

photoelectrons are collected by an electron energy analyser that measures the kinetic energy 

of the emitted electrons. Since the kinetic energy of the emitted electron is related to the 

binding energy of each electron, and as atoms have various orbitals with different binding 

energy as well as kinetic energy, the analyser produces XPS spectra. 
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Figure 2.2 Principle of X-ray photoelectron spectroscopy (XPS) [3]. 

A high-resolution XPS analyser (PHI 5000 Vera Probe II, ULVAC-PHI, INC) was used to 

perform XPS analysis under ultra-high vacuum conditions (Figure 2.3). To prepare samples 

for XPS measurement, a small amount of fluorinated carbon was placed on a piece of indium 

foil. Carbon powders were pressed into the foil using a spatula to create a smooth continuous 

surface. The indium foil with the sample was then attached to the sample holder using double 

sided carbon tape. Survey spectra and narrow scan spectra of the carbon, fluorine, oxygen, 

and sodium regions were performed on all samples. The measurement conditions are given 

in Table 2.1. 
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Figure 2.3 Photo of XPS analysis equipment. 
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Table 2.1 XPS analysis measurement conditions. 

 
Element 

Number of 
 

Sweeps 

 
Pass energy (eV) 

 
eV Step 

Wide scan 20 187.85 0.2 

C 1s 50 46.95 0.1 

F 1s 100 46.95 0.1 

O 1s 50 46.95 0.1 

Na 1s 50 46.95 0.1 

 

CasaXPS software was used to analyse and deconvolute the spectra. The binding energies 

were calibrated based to the sp3 peak of the C 1s peak at 284.5 eV. For XPS deconvolution, 

a Shirly type background subtraction was used with the Gaussian-Lorentzian sum (50/50) 

line shape. The FWHM values were fixed between 1.2 eV to 1.3 eV for most of the peaks. 

2.2.3 Energy Dispersive X-ray Analysis (EDX) 

To characterize the bulk elemental composition of the samples, energy dispersive X-ray 

analysis was used (EDX). EDX makes use of the X-ray spectrum emitted by a solid sample 

bombarded with a focused beam of electrons to obtain a localized chemical structure. EDX 

analysis was performed with the same equipment used for SEM imaging. Compared to XPS, 

EDX has a measurement depth of ~2 µm, meaning that it is not as sensitive to the surface, 

and can be regarded as a bulk measurement technique [4]. 
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2.2.4 X-ray Diffraction (XRD) 

The X-ray diffraction (XRD) was used to characterize the atomic or molecular structure of 

the material. It is a non-destructive X-ray technique and provides information on crystallinity, 

crystal size, interatomic spacing, and interlayer spacing of the material [5,6]. XRD is based 

on the constructive interference of monochromatic X-rays and a crystalline sample. By 

measuring the angle and intensity of the diffracted beam, the crystal lattice spacing can be 

calculated using Bragg’s Equation (Eq. 2.1). 

𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑     Eq. 2.1 

Here, n is a positive integer, 𝜆𝜆 is the X-ray wavelength, d is the interlayer spacing, and θ is 

the angle between the incident X-ray and scattering planes. Figure 2.4 shows the principle of 

X-ray diffraction (XRD) according to Bragg’s law [7]. 

 

Figure 2.4 Principle of XRD according to Bragg’s law [7]. 

In this thesis, XRD was used to analyse the crystallinity and structure of fluorinated carbons 

as well as the effect of fluorination on crystallinity and structure of the carbon. A Rigaku 
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Smartlab X-ray Diffractometer was used for this measurement (Figure 2.5). The radiation 

source was a Cu Kα with a wavelength of 1.5418 Å. 

 

 

Figure 2.5 Rigaku Smartlab X-Ray Diffractometer. 

2.2.5 Transmission Electron Microscopy (TEM) & Selected Area Electron Diffraction 
(SAED) 

Transmission electron microscopes (TEM) use a particle beam of electrons to visualise the 

sample with high resolution. An electron gun is employed at the top of the TEM which emits 
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electrons that travel through the TEM vacuum tube. An electromagnetic lens is used to focus 

electrons into a very fine beam. To allow the beam to pass through the specimen to produce 

clear images, the samples should be very thin (around 100 nm). A simplified diagram of a 

TEM is given in Figure 2.6 [8]. A selected area electron diffraction (SAED), a 

crystallographic technique, is performed by using a TEM. A SAED pattern is obtained in the 

k-space of lattice planes. SAED images give information about crystallinity of the material. 

In this work, a conventional TEM (TEM, TitanTM ETEM G2, FEI Company) at an 

acceleration voltage of 100 kV was used to observe the nanostructures of fluorinated carbons 

and to determine the lattice spacing of graphitic shells. Samples were prepared by dispersing 

100 μg of catalyst powder in 1 ml ethanol, followed by sonication to make a homogenous 

dispersion. A few drops were added to a holey carbon-coated Cu TEM grid, and the solvent 

was allowed to evaporate. 

 

Figure 2.6 A simplified diagram of a TEM [8]. 
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2.2.6 Raman Spectroscopy 

Raman spectroscopy is a light scattering non-destructive chemical analysis technique, which 

provides information on the crystallinity, molecular interaction, and chemical structure of 

materials [9]. This vibrational spectroscopy works based on the inelastic light scattering that 

emits when the specimen is irradiated by a light from a monochromatic light source. Raman 

spectroscopy is therefore an important technique for carbonaceous materials. In this study, 

the graphitic structure of the samples was analysed, as well as the effect of fluorination on 

the defect of the graphitic sample. A Renishaw inVia Raman Microscope DM2500M (Figure 

2.7), using an argon-ion laser with a wavelength of 532 nm, was used in this research. 

 

Figure 2.7 Renishaw inVia Raman Microscope. 
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2.2.7 Surface Area and Pore Size Distribution Analysis 

Nitrogen gas adsorption takes advantage of the fact that nitrogen gas molecules can 

physically adsorb on solid surfaces at cryogenic temperatures (77 K), due to van der Waals 

forces [10]. Here, samples were carefully weighed, and placed inside glass tubes. After 

attaching the sample tube to the machine, they were degassed using a pre-treatment unit at 

200 ºC under vacuum for 2 hours (Figure 2.8 (a)). Then the sample tubes were transferred 

and mounted onto the N2 adsorption/desorption equipment (Belsorp-mini, BEL Japan, Inc, 

Figure 2.8 (b)), equipped with a liquid nitrogen container. The glass cells were then 

submerged into liquid nitrogen, and the amount of adsorbed gas was measured as the pressure 

increases. The recorded isotherms can be used to determine the surface area using Brunauer 

Emmet and Teller (BET) analysis, and porosity parameters using MP-plots, T-plots, and 

Barrett Joyner and Halenda (BJH) analysis. 

 



42 
 

 

Figure 2.8 Photo of the nitrogen gas adsorption/desorption equipment (Belsorp-mini, BEL 
Japan) 

2.2.8 Thermogravimetric Analysis (TGA) 

 

Thermogravimetric analysis (with a Rigaku Corp., Thermo plus EVO2) (Figure 2.9) was 

conducted under constant air flow of 25 sccm to investigate the thermal stability of the 

fluorinated carbon. Samples were placed in a 100 µl platinum container and heated to 1000 

ºC with an increment of 10 ºC per minute, starting from room temperature whilst the mass 

loss was recorded. 
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Figure 2.9 Thermogravimetric analysis Equipment. 

2.3 Electrochemical Characterization Techniques 

2.3.1 Microporous Layer (MPL) Manufacturing and Coating 

In this thesis two different types of MPL were used, based on (i) carbon black (CB-

MPL) and (ii) based on the synthesized fluorinated carbons (FC-MPL). Slurries were 

prepared by mixing carbon powder, deionized water, and 60 wt.% PTFE solution via 

sonication. Then the slurry was coated onto GDLs using the doctor blade technique (Figure 

2.10). The thickness of the MPL coating was adjusted by varying the thickness of the 

stainless-steel frame. After coating the MPL, the GDLs were dried in an oven at 65 ºC for an 
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hour and heat treated in a furnace at 380 ºC temperature. Figure 2.11 shows a photo of a MPL 

coated GDL. The details of the manufacturing and coating of MPLs are further explained in 

Chapter 4. 

 

 

Figure 2.10 Photo of the stainless-steel frame used for MPL coating using the doctor blade 
technique. 
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Figure 2.11 Photo of a MPL coated GDL. 

2.3.2 Water Contact Angle Measurement of MPLs 

To determine the hydrophobicity of the synthesised fluorinated carbons and the fabricated 

MPLs, water contact angle (WCA) measurements were conducted using the Pendant Drop 

Method. An automated WCA measurement device (DMs-401, Kyowa Interface Science Co., 

Ltd, Japan) was used for measurement (Figure 2.12). 
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Figure 2.12 Photo of WCA measurement equipment. 

2.3.3 Air Permeability Test of MPLs 

Through-plane air permeability tests were conducted on the MPL-coated GDLs under 

ambient conditions with dry air flow, using a home-made system (Figure 2.13) [11]. The 

GDLs were compressed at 1 MPa during the measurements, which is similar to the 

compression within a single PEFC cell. This test protocol is similar to that of the Gurley 

method [5].   
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Figure 2.13 Schematic diagram of air permeability test equipment [11]. 

2.3.4 Membrane Electrode Assembly Preparation (MEA) 

The catalyst ink was prepared by mixing Pt/C (TEC10E50E, lot 1019-8581, 46.8 wt.Pt%, 

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 min 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 cm2. The catalyst ink was then sprayed directly onto the Nafion membrane using 

pulsed spray mode from an automated spraying device (Nordson K.K., C3J) (Figure 2.14 
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(a)), with a catalyst loading of 0.3 mgPt/cm2 and a Nafion content of 28 wt%  [12], at both 

the anode and cathode. The resulting MEAs were finally hot pressed at 132 ºC and 0.3 kN 

for 180 s (Sinto Digital Press CYPT-10) (Figure 2.14 (b)). Figure 2.15 shows a photo of a 

catalyst coated membrane after hot pressing. 

 

Figure 2.14 (a) Nordson K.K. Spraying Device, (b) Sinto Digital Press CYPT-10. 
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Figure 2.15 Photo of catalyst coated membrane. 

2.3.5 Polymer Electrolyte Fuel Cell (PEFC) Testing 

Fuel cell tests were performed using a single cell with an active area of 1 cm2 obtained from 

the Japanese Automotive Research Institute (JARI) with serpentine type flow fields. Photo 

of PEFC single cell with its parts is given in Figure 2.16.  
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Figure 2.16 Photos of components of a single cell for PEFC performance test, (a-b) assembled 
single cell, (c) graphite flow channel, gold coated current collector, and end plate, (d) gold 

coated current collector and end plate, (e) gasket with 150 µm thickness. 
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The performance of the different MPL-coated GDLs was investigated by measuring 

polarization curves at two different cell temperatures (45 ºC and 80 ºC). The temperature of 

80 ºC was selected to reproduce conventional PEFCs operating conditions. The lower 

temperature of 45 ºC 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 ºC, the humidifier temperature was maintained at 85 ºC. For a 

cell temperature of 45 ºC, the humidifier was maintained at 49 ºC. Fuel cell performance tests 

at 120% RH and 80 ºC are not shown because of water condensation in uninsulated sections 

of the pipes between the cell and the humidifier (85 ºC), 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-CVZ01, Toyo Corporation, 

Japan, Figure 2.17) was used to control the humidification, cell temperature, and gas flow. 

Polarization curves were measured using an electrochemical interface impedance analyser 

(Solartron SI-1287). Prior to the polarization curve measurement, each cell was conditioned 

at 0.6 V for 5 h. 
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Figure 2.17 PEFC test station (AUTOPEM-CVZ01, Toyo Corporation, Japan). 

2.3.6 Oxygen Transport Resistance Test 

The total oxygen transport resistance was calculated from the limiting current density under 

the differential relative humidity conditions of the supplied gases, using the following 

equation [13]: 

𝑅𝑅𝑇𝑇 = 4∙𝐹𝐹∙𝑃𝑃𝑂𝑂2
𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙∙𝑅𝑅∙𝑇𝑇

       Eq. 2.2 
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Where 𝑅𝑅𝑇𝑇  is the total oxygen transport resistance of the cell (sm-1), F is the Faraday constant 

(96485 C mol-1), 𝑃𝑃𝑂𝑂2is the oxygen partial pressure (Pa), R is the gas constant (8314 J mol-1K-

1), T is the cell temperature (K) and 𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙is 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 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. 
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Chapter 3. Synthesis and Characterization of Fluorinated 
Carbon Powder 

3.1 Introduction 

The incorporation of fluorine atoms can significantly alter the physical, chemical, and 

electronic properties of carbon-based materials. In particular, fluorination generally leads to 

enhanced hydrophobicity due to low surface free energy and reduced van der Waals 

interactions [1]. Fluorinated carbons are attracting considerable attention in applications 

including tribological coatings [2], electrodes for lithium-ion batteries [3–5], gas sensors [6], 

polymer electrolyte fuel cells, and water electrolysis [7,8].  A wide range of carbon-based 

materials have been fluorinated in the literature, with examples including carbon black [9,10], 

activated carbon [11], carbon fiber [12,13], carbon nanotubes [14,15],  and graphene [16,17]. 

Meanwhile, methods for the fluorination of carbon can be mainly classified into three types: 

(i) direct fluorination, (ii) indirect fluorination, and (iii) plasma fluorination. The direct 

fluorination method involves the direct reaction of fluorine gas (F2) with the surface of the 

target carbon material at elevated temperature [18]. Meanwhile, indirect fluorination involves 

thermal decomposition of a fluorine source such as xenon fluoride (XeF2) or terbium fluoride 

(TbF5) in close proximity to the target carbon material  [19–21]. Alternatively, surface 

functionalization of carbon materials can be achieved via plasma treatment at room 

temperature in carbon tetrafluoride gas (CF4) [14].  
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The properties of the resulting fluorinated carbons depend not only on the type of carbon 

precursor, but also on the fluorination conditions, such as the duration of the reaction, the 

reaction temperature, the reaction pressure, and the type of fluorine-containing precursor 

[22]. Depending on these parameters, the C-F bonds which are generated during the reaction 

can be classed as ionic, semi-ionic, or covalent [23]. Previous studies have reported that when 

the proportion of fluorine atoms in fluorinated graphite is small (e.g. x <0.5 in CFX), ionic 

C-F bonds are generated, resulting in relatively high electronic conductivity [23]. However, 

when the concentration of fluorine atoms increases, covalent bonds are reported to form, 

resulting in decreased electronic conductivity due to the formation of sp3 bonds [23], so 

different applications for fluorinated carbons may require different degrees of fluorination 

[1,5]. Moreover, for lithium batteries high fluorine content is preferred because C-F bonds 

act as electroactive species during discharge [24].  

As such, it is of interest to investigate fluorinated carbons in which the amount of fluorine 

can be tailored to suit different applications. Several studies have focused on the effect of the 

fluorination parameters on the properties of the resulting fluorinated carbon materials 

[17,22,25,26]. Thermal annealing has been applied to different type of fluorinated carbons to 

gain insight into the stability of these materials. A high proportion of fluorine atoms in 

fluorinated graphene can be removed at mild temperatures under the inert atmosphere, but 

for complete removal a temperature higher than 500 ºC is reported to be required [27,28]. 

The defluorination of carbon nanotubes has also been investigated, and it was found that 

single-wall carbon nanotubes fluorinated in F2 (g) at 250 ºC, were completely defluorinated 

at 400 ºC under inert atmosphere [29].  
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In this chapter, fluorinated carbon materials are synthesized using a unique solvothermal 

method from fluorotelomer alcohols (FTOHs) and sodium metal. Fluorotelomers are 

generally used in the production of polyfluorinated alkyl substances (PFAS), which are used 

in fire-fighting foams, grease-resistant papers, anti-fogging sprays and wipes [30]. The 

typical structure of FTOHs is F(CF2CF2)nCH2CH2OH, where n is a number from 2 to 5 [31]. 

The fluorine content in the final product is tailored by changing the FTOH precursor with 

different chain lengths. The effect of fluorine content on the final fluorinated carbon black 

microstructure and chemical structure is investigated. Furthermore, the effect of thermal 

annealing on fluorinated carbon blacks is explored and compared with the focus on changes 

in microstructure of the resulting carbons. Finally, the effect of fluorine content on 

hydrophobicity is examined with the water contact angle (WCA) measurement. 

3.2 Experimental Methods 

All chemicals were used as received from suppliers without further purification. Four 

fluorotelomer alcohols with different chain length were utilised as precursors for fluorinated 

carbon synthesis, namely: (i) perfluoro-1-decanol (C10H5F17O, Fluorochem, Ltd. Japan); (ii) 

tridecafluorooctan-1-ol (C8H5F13O, Funakoshi Co., Ltd., Japan); (iii) perfluorohexan-1-ol 

(C6H5F9O, Sigma Aldrich, Japan); and (iv) octafluoro-1-pentanol (C5H4F8O, Sigma Aldrich, 

Japan). 0.022 mol of each respective fluorotelomer alcohol was pipetted into 100 ml 

polytetrafluoroethylene (PTFE) crucibles (Flon Industry, Japan), followed by the addition of 

0.088 mol of metallic sodium lumps under flowing nitrogen. The PTFE crucible was quicky 
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sealed, and then screwed into a protective stainless steel jacket. This was placed into a 

preheated oven at 150 °C for 24 hours, then cooled naturally to room temperature.  

After cooling, the stainless steel jacket was carefully unscrewed in a well-ventilated fume 

hood, taking precautions for the possible presence of hydrogen fluoride fumes. The black 

powdery product was emptied into a two-liter glass beaker filled with a 50:50 vol.% mixture 

of deionized water and ethanol, sonicated for one hour, and then stirred at 1000 rpm for 24 

hours. The dispersion was then washed by vacuum filtration using OmniporeTM  0.2 µm 

filters until the filtrate reached neutral pH. Finally, the resulting black powder was dried in a 

convection oven at 65 °C for 24 hours. Detailed information about the reactions are presented 

in Table 3.1. The samples are named as CFX-CN. CFX indicates that the sample is fluorinated 

carbon where CN is the number of carbon atoms in the precurser that was used to synthesis 

of fluorinated carbon. For example, CFX-C10 corresponds to fluorinated carbon synthesised 

using perfluoro-1-decanol (C10H5F17O), which contains 10 carbon atoms in its structure. 
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Table 3.1 Summary of the fluorotelomer alcohol precursors. 

Sample 

Name 
Precursor Molecule Precursor Structure 

Boiling 

Point 

(Melting 

Point) 

(ºC) 

Fluorine 

Content in 

Precursor 

(at.%) 

CFx-C10 

Perfluoro-1-decanol 

(C10H5F17O)  

113 

(50)  
69.6 

CFx-C8 
Tridecafluorooctan-1-ol 

(C8H5F13O)  
88 to 95 67.8 

CFx-C6 

Perfluorohexan-1-ol 

(C6H5F9O)  

140 to 

143  
64.8 

CFx-C5 

Octafluoro-1-pentanol 

(C5H4F8O)  

141 to 

142 
65.5 

 

The fluorinated carbon products were characterized by field emission scanning electron 

microscopy and energy dispersive X-ray analysis (FE-SEM EDX, SU9000, Hitachi); 

transmission electron microscopy (TEM, TitanTM ETEM G2, FEI Company); X-ray 

photoelectron spectroscopy (XPS, PHI 5000 Versa probe (II) ULVAC); nitrogen adsorption 

analysis (Belsorp Mini X, Microtrac MRB); X-ray diffraction analysis (λ = 1.54 Å, SmartLab 
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9kw AMK, Rigaku); thermogravimetric analysis (TGA, Rigaku Themo plus EV02); and 

Raman spectroscopy (λ = 532 nm, inVia Raman Microscope, Renishaw). The water contact 

angle (WCA) was measured using the sessile drop method with an automated surface 

measuring instrument (DMs-401, Kyowa Interface Science Co., Ltd, Japan). Fluorinated 

carbon powders were pressed between two glass slides to form a smooth surface. The droplet 

size was set to 1 µL.  

3.3 Results and Discussion 

On removal from the PTFE reactor, the superficial appearance of the product was similar 

regardless of which fluorotelomer alcohol was used as a precursor during synthesis. All four 

of the generated samples were observed to be a fine dry black powder, mixed with a small 

amount of white residue (Figure 3.1).  This white residue has been identified in our previous 

works as sodium fluoride (NaF) [7,9], and this was largely removed during the washing stage. 

After the reaction the PTFE crucible was discolored and slighly deformed. This suggests that 

the reaction temperature exceeded the softening point of PTFE (250 °C) despite the oven 

temperature being just 150 ºC, i.e. that the process was exothermic.  

To confirm this, the progression of the reaction temperature inside the PTFE crucible was 

recorded using a thermocouple for sample CFX-C8. This data (Figure 3.2) shows that the 

temperature steadily increased for 52 minutes after the reactor was placed in the oven, 

towards the target temperature of 150 ºC. However, when the internal temperature reached 

102 ºC, a rapid increase in temperature was observed, reaching 345 ºC in less than a minute. 

After that, the temperature quickly decreased again. This data confirms that the reaction 



62 
 

between sodium and tridecafluorooctan-1-ol is highly exothermic, and that the reaction 

occurs relatively quickly. As such, the use of stainless steel or graphite reaction vessels may 

be more appropriate for future studies. 

 

Figure 3.1 (a) Photograph of sample (a) CFx-C10, (b) CFx-C8 (c) CFx-C6, and (d) CFx-C5 
immediately after opening the PTFE reactor. 

The mass yields were calculated for the four different samples, which were 34, 29, 18 and 32 

% for CFX-CF5, CFX-C6, CFX-C8, and CFX-C10, respectively, relative to the initial mass of 

the fluorotelomer precursors. 
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Figure 3.2 Plot of the temperature inside the PTFE crucible during the reaction. 

3.3.1 Scanning Electron Microscopy (SEM) 

The microstructure of the four different fluorinated carbon products was first investigated by 

SEM (Figure 3.3). All four samples have similar microstructure and particle size distribution, 

regardless of the fluorotelomer precursor used. This confirms for the first time that this novel 

synthetic process is repeatable and can be generalized to different precursors. Each sample 

is comprised almost entirely of spheroidal nanoparticles with similar structure to that of 

carbon black. These are clustered together in a loosely aggregated structure, leaving micron-

scale voids. Some larger wall-like structures are also observed in some regions of the sample, 

but with extremely low occurrence (Figure 3.4). The diameter of the nanoparticles mainly 

varies between 50 to 100 nm for all four samples, although occasionally much larger micron-

scale particles are also observed.  
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Figure 3.3 SEM images of the four fluorinated carbons synthesized in this work: (a) CX-CF10; 
(b) CX-CF8; (c) CX-CF6; and (d) CX-CF5. 

The spherical structure of the nanoparticles strongly suggests that they are formed from liquid 

droplets, the shape being driven by surface tension. This would be analogous to the synthesis 

of carbon black, in which a liquid hydrocarbon precursor is injected into a high temperature 

reaction vessel as an atomized aerosol, after which it forms spheroidal carbon particles via 

incomplete combustion. In the case of these fluorinated carbons, we propose that the 

precursors enter a supersaturated mixed state within the PTFE vessel, forming suspended 
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droplets which then decompose to form the observed spheroidal nanoparticles. This is 

supported by the fact that the boiling point of tridecafluorooctan-1-ol is around 95 ºC, which 

is very close to the temperature at which the reaction is observed to proceed.  

 

 

Figure 3.4 SEM images of different structure in synthesized fluorinated alcohols. 

3.3.2 Surface Area and Porosity 

Nitrogen adsorption/desorption isotherms of all the fluorinated carbon samples were 

recorded to provide insight into the microstructure (Figure 3.5). Brunauer-Emmett-Teller 

(BET) and Barrett-Joyner-Halenda (BJH) methods were used to estimate the specific surface 

area and pore size distributions from the isotherms. The specific surface areas of CFX-C10, 

CFX-C8, CFX-C6, and CFX-C5 were measured to be 25.6, 39.5, 25.7 and 26.6 m2/g, 

respectively, which are surprisingly low values for carbon nanomaterials. BJH and micropore 

plot (MP) analysis shows that these fluorinated carbons have relatively low mesopore volume 

and micropore volume, whilst the detected pore volume can probably be attributed to the 

 

(a) (b) 
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spaces between the particles observed by SEM, rather than being inherent to the nanoparticles 

themselves. All four samples display Type III isotherms, which are characteristic of non-

porous materials [32].  

Overall, the surface area and pore volumes are much lower compared to the non-

fluorinated porous carbons prepared in a similar manner and previously reported by our group 

[33–36]. In those cases, the high surface area and porosity is attributed to the formation of 

sodium hydroxide (NaOH) during synthesis, which acts as an activation agent to generate 

micro- and mesopores. However, in the case of fluorinated carbon synthesis, this activation 

evidently does not occur. This could be attributed (i) to the high proportion of sodium fluoride 

(NaF) which is preferentially formed, decreasing the amount of NaOH activation agent 

present in the sample, or (ii) to the lower synthesis temperature in this case (activation is 

generally held to occur at > 500 ºC).  Meanwhile, (iii) differences in pressure within the PTFE 

crucible and the viscosity of the melting precursors as they decompose may also be a factor. 

Furthermore, (iv) fluorination has been previously reported to decrease surface area and pore 

volume by blocking micropores [23]. 
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Figure 3.5 Nitrogen gas adsorption results for the fluorinated carbons synthesized in this work: 
(a) BET isotherms, (b) BJH analysis, and (c) MP plots. 

3.3.3 X-ray Photoelectron Spectroscopy (XPS) 

The elemental compositions of the synthesized carbons as determined by XPS are shown in 

Table 3.2, and the corresponding fluorine contents are plotted in Figure 3.6. The results 

confirm that all the carbon samples contain a significant amount of fluorine. In addition, the 

amount of fluorine detected in the samples correlates strongly with the proportion of fluorine 

in the fluorotelomer alcohol precursor, ranging from 5.5 at.% for CFX-C5 to 9.9 at.% for 

CFX-C10. Meanwhile, the oxygen content varies between 1.4 at.% and 2.1 at.% for all 

samples, and trace quantities of sodium are found, attributed to small amounts of remaining 

sodium fluoride. This NaF may be encapsulated within the samples, rendering it inaccessible 

during the washing step.  
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Table 3.2 Elemental composition of synthesized fluorinated carbons measured by XPS. 

 

 

Figure 3.6 Fluorine content as measured by XPS and EDX. 

Figure 3.7 shows the XPS survey and narrow scans for CFX-C10, whilst CFX-C8, CFX-C6 , and 

CFX-C5 are shown in Fig. 3.8, 3.9 and 3.10 respectively. Whilst the amount of fluorine varies 

depending on the type of fluorotelomer alcohol precursor, the narrow scan and deconvoluted 

SAMPLE NAME CARBON ( at%) Fluorine (at%) Oxygen (at%) Sodium (at%) 

CFX-C10 88.31 9.92 1.65 0.11 

CFX-C8 89.46 8.79 1.60 0.15 

CFX-C6 91.28 6.46 2.05 0.21 

CFX-C5 93.03 5.53 1.40 0.04 
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spectra have remarkably similar profiles. This confirms the reproducibility of this synthesis 

method even when different precursors are used. Previously, it has been reported that either 

ionic or covalent C-F bonds can be formed depending on the fluorination conditions, namely 

ionic bonds for low fluorine content, semi-ionic for mild fluorination, and covalent bonds for 

harsher fluorination conditions [1]. The binding energy of semi-ionic C-F bonds is generally 

assigned to around 287 eV in the C 1s region, and around 685.5 eV in the F 1s region [23]. 

For covalent C-F bonds, the binding energy is reported to depend on the amount of fluorine, 

varying between e.g. 289 eV for CF and 290.2 eV for CF2 in the C 1s region, and around 688 

eV in the F 1s region [37]. Furthermore, due to the high electronegativity of fluorine atoms, 

charging is expected to shift the spectra to slightly higher binding energy [9]. 

 

Figure 5(b) shows the C1s region deconvoluted into different contributions. Peaks at (1) 

284.5 eV, (2) 285.6 eV, and (3) 286.7 eV are assigned to sp2 bonding, sp3 bonding and C-O 

bonds, respectively [10]. Meanwhile, the component at (4) 288 eV is attributed to C-F bonds 

at structural defects, and/or at the periphery of graphitic domains [37]. The component at (5) 

289.1 eV is assigned to covalent C-F bonds at the alpha position in border CF2 groups [37], 

and the component at (6) 290.2 eV is assigned to border CF2 and CF groups surrounded by 

other CF groups [10]. Finally, the components at (7) 291.8 eV and (8) 293.5 eV are assigned 

to perfluorinated groups [9]. The F1s region (Fig. 5c) is deconvoluted into two peaks at 688.4 

eV and 692.4 eV which are assigned to covalent C-F bonds. Finally, the O1s region in Fig. 

5d has a broad signal centred at 533 eV, corresponding to C-O bonds. A small shoulder is 

observed at 536 eV corresponding to the sodium auger peak (Na KLL). No significant signals 
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are observed at lower binding energy in the F1s region (e.g. <686 eV), suggesting that 

fluorine atoms are covalently bonded to carbon rather than ionically bonded. 

 

 

Figure 3.7 XPS of CFX-C10: (a) survey spectrum; (b) C 1s region, (c) F 1s region; (d) O1s 
region; and the (e) Na 1s region. 
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Figure 3.8 XPS of CFX-C8: (a) survey spectrum; (b) C 1s region, (c) F 1s region; (d) O1s 
region; and the (e) Na 1s region. 
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Figure 3.9 XPS of CFX-C6: (a) survey spectrum; (b) C 1s region, (c) F 1s region; (d) O1s 
region; and the (e) Na 1s region. 
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Figure 3.10 XPS of CFX-C5: (a) survey spectrum; (b) C 1s region, (c) F 1s region; (d) O1s 
region; and the (e) Na 1s region. 

3.3.4 Energy Dispersive X-Ray Analysis (EDX) 

Table 3.3 shows the elemental composition of the samples as measured by EDX. In this case, 

the elemental composition of all the samples is similar. The carbon contents vary between 89 

and 93 at.%, whilst the fluorine content remains between 1 and 2 at.% in all cases. The 

oxygen content varies from 5 to 9 at.%, and trace amounts of sodium are detected. Similar to 
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the case of XPS, EDX show that the fluorine content of the product is proportional to the 

amount of fluorine in the fluorotelomer alcohol precursor. However, the atomic 

concentration of fluorine (1 to 2 at.%) is much lower than that measured by XPS (i.e. 5 to 9 

at.%). This discrepancy is attributed to the fact that XPS is a quasi-surface sensitive analysis 

technique with a penetration depth of just ~5 to 10 nm, whilst EDX is a bulk measurement 

technique with a much greater penetration depth of 1 to 2 μm. Therefore, the difference in 

measured values suggests that fluorination mostly occurs near the surface of the carbon. As 

such, XPS detects a high fluorine content concentrated near the exposed surface of the 

carbon, whereas EDX records the average fluorine content throughout the whole sample, 

which includes the unfluorinated core of the particles.  

Table 3.3 Elemental composition of synthesized fluorinated carbons as measured by EDX. 

 

Furthermore, the oxygen content of the samples is significantly higher according to EDX 

(i.e., 6 to 7 at%) compared to that measured using XPS (i.e. 1 to 2 at.%). Using the same 

reasoning, this might suggest that oxygen is not as highly concentrated at the surface. 

Conventional carbon nanomaterials can be relatively hydrophilic, and thus XPS tends to 

detect a high concentration of oxygen atoms due to adsorbed water molecules on the surface. 

SAMPLE NAME CARBON ( at%) Fluorine (at%) Oxygen (at%) Sodium (at%) 

CFX-C10 90.91 2.08 6.81 0.19 

CFX-C8 93.0 1.90 5.02 0.18 

CFX-C6 89.47 1.75 8.73 0.04 

CFX-C5 89.06 1.70 9.06 0.19 
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However, fluorinated carbon materials are generally hydrophobic, and thus water adsorption 

is not expected to be significant. The oxygen atoms detected here using EDX could be 

associated with e.g. residual sodium hydroxide encapsulated within the material and 

therefore protected from the washing step. Figure 11. shows representative EDX mapping of 

sample CFX-C6. The presence of fluorine is confirmed throughout the whole structure, 

indicating that the sample is uniform. Meanwhile, in some areas, fluorine and sodium signals 

have high intensity and overlapping EDX signals, strongly 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 also observed in our 

previous studies [7,9]. 
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Figure 3.11 EDX mapping of sample CFX-C6. 

3.3.5 X-ray Diffraction (XRD) 

The crystallographic structure of the synthesized fluorinated carbons was investigated using 

XRD (Figure 3.12). In all samples, similar peaks positions are observed, although there are 

some clear differences in the relative peak intensities. In some samples, a diffraction peak is 

observed at 18 º (equivalent to a lattice spacing of 0.49 nm). This peak corresponds closely 

to crystalline PTFE [38]. As such, this may indicate contamination of the sample from the 
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PTFE reaction vessel, which may be expected due to the high reaction temperature (as 

observed in Figure 3.2). This peak has the highest intensity for sample CFX- C5. 

Two narrow peaks are observed at 25.9 º and 26.4 º, corresponding to lattice spacings of 

0.342 and 0.337 nm, respectively. The later of these corresponds very closely with the lattice 

spacing of graphite (0.336 nm). As such, these features are attributed to the 002 planes of 

fluorinated carbon and graphitic carbon, respectively. Similarly, two separate peaks are 

observed at 42.8 º and 44.5 º, corresponding to lattice spacings of 0.211 and 0.203 nm and 

attributed to the 100 planes of fluorinated carbon and graphitic carbon [6,24,25]. Previous 

studies have shown that the interlayer spacing of graphite increases due to fluorination, 

because of an increase in sp3 type bonding [23,39–41]. In addition, two more carbon related 

diffraction peaks with much smaller intensity were observed at 54.5 º and 77.5º, 

corresponding to lattice spacings of 0.168 and 0.123 nm, respectively. These are assigned to 

the 004 and 112 crystal planes of graphite. Finally, three small diffraction peaks are observed 

at 38.8, 56.0, and 70.3 º, which are attributed to the 200, 220, and 222 crystal planes of sodium 

fluoride [42].  
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Figure 3.12 XRD for the four fluorinated carbon samples: (a) CX-CF10; (b) CX-CF8; (c) CX-
CF6; and (d) CX-CF5. 

3.3.6 Raman Spectroscopy 

Raman spectroscopy was used to further probe the chemical structure of the synthesized 

carbons (Figure 3.13), and the spectra are similar to those of graphitic materials commonly 

reported in the literature [43,44]. The most prominent features in the Raman spectra of 

graphitic materials are the G band at ~1582 cm-1 and the D band at ~1350 cm-1, as well as 

the D' band at ~1620 cm-1 and the 2D or G' band at ~2700 cm-1. The G band is associated 
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with the structural intensity of the sp2-hybridized carbon atom. The D band is generally 

associated with defects graphitic (sp2) carbon, and it has been reported that the intensity of 

this peak can increase due to the sp3 bonding of fluorine in graphene [45].  

In all the fluorinated carbon samples, the D band is centred at ~1342 cm-1 has a relatively 

high intensity, which is attributed directly to the fluorine content. The G peak is centred at 

1580, 1578, 1579, and 1571 cm-1 for CFX-C10, CFX-C8, CFX-C6, and CFX-C5, respectively. 

The shifting of the G peak is attributed to the different layer thicknesses of the graphitic 

structure and/or the fluorine doping [43]. Meanwhile, the ratio of the intensity of the D and 

G bands is commonly used to estimate the density of defects in the structure. In this case, the 

ID/IG values are 0.99, 0.99, 1.00, and 0.56 for CFX-C10, CFX-C8, CFX-C6, and CFX-C5, 

respectively. Furthermore, the 2D peak observed at ~2680 cm-1 has a profile similar to that 

of bulk graphite [44]. Between the D and G bands a relatively high signal intensity is 

observed for all samples, which is referred to as the D3 band in the literature. Previous studies 

suggest that this D3 band originates from the amorphous carbon fraction in the structure [46]. 

The D3 band signal intensity varies between samples. The lowest intensity recorded for 

sample CFX-C5 which indicates the relatively smaller amount of amorphous region compared 

to other 3 samples.  

The highest intensity of the diffraction peak at 25.9 º (corresponding to fluorinated graphite) 

was obtained for sample CFX-C10. This is in agreement with the elemental analysis, which 

showed that this sample has the highest fluorine amount, of 9.9 at. %. Meanwhile, the 

diffraction peak at 18º (corresponding to PTFE) has the highest intensity for sample CFX-C5. 

This may indicate that this sample contains a higher degree of PTFE contamination. In 
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addition, this same sample had the lowest intensity D peak in the Raman spectra, indicating 

that this is the most graphitic of the samples, and it also had the lowest fluorine content (5.5 

at.%). These factors combined strongly suggest that this sample reached a higher reaction 

temperature than the other three samples.  

 

 

Figure 3.13 Raman spectroscopy of the fluorinated carbon samples: (a) CX-CF10; (b) CX-
CF8; (c) CX-CF6; and (d) CX-CF5. 
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3.3.7 Transmission Electron Microscopy (TEM) and Selected Area Electron 

Diffraction (SAED) 

The local crystal structure was examined in more detail using TEM and SAED. The TEM 

images (Figure 3.14) clearly reveal the presence of highly graphitized carbon with well-

defined crystal structure, for all four of the samples. The graphitic structure appears to be 

more prominent near the outer surface of the particles, whilst the interior contains more 

amorphous regions. This mixture of different crystallographic phases may explain the 

combination of the highly developed 2D peak in the Raman spectra in combination with the 

large D peak. Meanwhile, the SAED results confirm the crystalline nature of the fluorinated 

carbon samples, with prominent diffraction rings corresponding to the 002, 101, 004, and 

112 planes of graphitic carbon (Figure 3.15). 

 

Figure 3.14 TEM images of the fluorinated carbon samples: (a) CX-CF10; (b) CX-CF8; (c) 
CX-CF6; and (d) CX-CF5. 
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Figure 3.15 TEM and SAED analysis results of the samples (a) CX-CF10, (b) CX-CF8, (c) CX-
CF6, (d) CX-CF5. 
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3.3.8 New Catalytic Mechanism for Graphitic Structure 

The XRD, Raman and TEM results all revealed that the fluorinated carbons synthesized 

in this work have a highly graphitic structure. This is despite the relatively low temperature 

used during the solvothermal reaction (namely, 150 ºC). Even considering the exothermic 

nature of the reaction, the temperature inside the vessel only increased to ~350 ºC. Under 

normal circumstances, the synthesis of highly graphitized carbon requires the application of 

very high temperatures. For example, graphitization of carbon is typically performed at 

temperatures of > 3000 ºC [47]. Alternatively, carbon nanotubes are highly graphitic and are 

synthesized at intermediate temperature (e.g. 650 ºC), but the graphitization in this case is 

assisted by the presence of a transition metal catalyst, usually in the form of iron, cobalt or 

nickel nanoparticles [48]. However, the solvothermal synthesis of fluorinated carbons from 

sodium and fluorotelomer alcohol precursors takes place in a PTFE vessel without exposure 

to conventional catalysts. In addition, the non-fluorinated carbons synthesized in our group 

using similar methods and identical equipment are not only highly amorphous, but remain so 

even at pyrolysis temperatures up to  1400 ºC  [49,50].  

As such, the mechanism behind the highly graphitised nature of these fluorinated carbons is 

unclear. The recorded reaction temperature is much lower than that usually required for 

graphitisation, and there is no indication of the presence of transition metal catalyst particles 

such as iron or cobalt. Instead, we propose that HF molecules generated during the 

decomposition of the fluorotelomer alcohol have a catalytic effect, aiding in the formation of 

graphitic C-C bonds at high temperature and pressure. Indeed, HF-assisted alkylation is 
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commonly used in gasoline production, in which low-molecular-weight alkenes are 

converted into alkylate via carbon-carbon bond formation [51]. This is supported by the 

observation that the interior of the nanoparticles is more amorphous, whilst the outside 

graphitic, which can be attributed to the outer surface of the particle being exposed to HF for 

longer periods of time, producing a greater degree of graphitization.  This mechanism will 

be further investigated in future work. 

3.3.9 Thermogravimetric Analysis (TGA), Differential Thermal Analysis (DTA), and 

Differential Thermogravimetry (DTG) 

The thermal stability of the synthesized fluorinated carbons was investigated using 

thermogravimetric analysis (TGA) and differential thermal analysis (DTA) in flowing air 

(Figure 3.16). Differential thermogravimetry (DTG) is shown in Figure 3.17. All four 

samples display similar profiles and are thermally stable up to ~500 ºC. The first mass loss 

is attributed to the breaking of C-F bonds, manifesting as a slow decrease in the TGA curve 

and a small local minimum in the DTG at ~580 ºC. When the temperature reaches ~600 ºC, 

a rapid exothermic mass loss is observed representing reaction between carbon and oxygen 

in the air. The samples were completely consumed once the temperature reached ~700 ºC in 

all cases.  
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Figure 3.16 Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the 
synthesized fluorinated carbons: (a) CX-CF10; (b) CX-CF8; (c) CX-CF6; (d) CX-CF5. 
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Figure 3.17 Thermogravimetric analysis and difference thermogravimetric analysis of samples 
(a) CFX-C10, (b) CFX-C8, (c) CFX-C6, (d) CFX-C5. 

3.3.10 Water Contact Angle (WCA) Measurement 

Due to the low free energy of hydration and in combination with the large diameter of fluorine 

atoms (leading to low surface density and poorer van der Waals interactions with water [52]), 

fluorinated carbons are generally hydrophobic. This is also the case with the fluorinated 

carbons synthesised in this work. This is the reason for washing with an ethanol: water 

mixture, because pure water will not interact with the resulting carbon materials at all. The 
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relative hydrophobicity of the carbons synthesised in this work was evaluated using the water 

contact angle (WCA) as a comparison (Figure 3.18). The WCAs of CX-CF10, CX-CF8, CX-

CF6, and CX-CF5 are 160.0 º, 158.5 º, 154.6 º, and 151.0 º, respectively. These results confirm 

that all of the synthesised samples display superhydrophobicity (i.e. WCA > 150 º). 

Furthermore, there is a clear trend in which higher fluorine content results in higher water 

contact angle. Importantly, this result shows that is possible to tailor the water contact angle 

of these fluorinated carbons by varying the type of fluorotelomer alcohol precursor, which 

could be important in e. g. electrochemical applications.  

 

Figure 3.18 Water contact angle (WCA) measurements for: (a) CX-CF10; (b) CX-CF8; (c) CX-
CF6; (d) CX-CF5. 
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3.3.11 Secondary Heat Treatment and Removal of Fluorine 

It has been previously reported that fluorine atoms can be removed from fluorinated graphene 

via thermal annealing [27,40]. To explore the effect of thermal treatment on these fluorinated 

carbons CFX- C8 was selected for a secondary heat treatment in a tube furnace at 700 ºC (5 

ºC/min heating rate) under flowing nitrogen (100 ml/min), for one hour. The resulting sample 

is labelled CFX-C8-HT.  

XPS analysis reveals that after secondary thermal treatment, CFX-C8-HT comprises 97.01 

at.% carbon, 2.67 at.% oxygen, 0.16 at.% sodium and just 0.16 at.% fluorine (Figure 3.19). 

This confirms that most fluorine atoms can be removed from the synthesized fluorinated 

carbons via thermal annealing. Since the concentration of sodium and fluorine are similar, 

the remaining fluorine atoms are likely in the form of encapsulated sodium fluoride, which 

is thermally stable with a melting point of 993 ºC. The oxygen content of CFX-C8-HT is 

slightly increased compared to CFX-C8 (Table 3.1), which is attributed to an increased 

proportion of absorbed water vapor after heat treatment, due to loss of the hydrophobicity. 

The C1s region of CFX-C8-HT is deconvoluted into 5 main peaks, corresponding to (1) sp2 

carbon at 284.5 eV; (2) aliphatic sp3 carbon at 285.6 eV; (3) C-O bonds at 286.7 eV; (4) O-

C=O bonds at 288.5 eV; and (5) C1s shake-up. The small F1s peak at 687.5 eV and the Na1S 

peak at 1072 eV correspond to NaF. 
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Figure 3.19 XPS of CFX-C8-HT: (a) survey spectrum; (b) C 1s region; (c) F 1s region; (d) O1s 
region; and (e) Na 1s region. 

To further clarify the effect of secondary thermal annealing, CFX-C8-HT was analysed by 

XRD (Figure 20b). The diffraction peaks at 25.9, 42.8, 54.5 and 77.5 º are assigned to the 

002, 100, 004 and 112 crystal planes of graphite, respectively. Surprisingly, despite the 

removal of fluorine atoms during secondary thermal annealing, the wider d-spacing 

associated with fluorinated graphite is retained (namely at 0.342 nm), whilst the narrower d-

spacing associated with graphite is less prominent. This is contrary to reports in previous 
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studies, in which the d-spacing of graphitic fluorinated carbons contracts upon the removal 

of fluorine atoms, reverting back to its graphitic form [40,53,54]. This effect may be related 

to the microstructure and chemical structure of the carbon under investigation. Similar to the 

case of non-graphitizable carbons [55], crosslinking of basic structural units in the structure, 

and/or interatomic corrugation, [28] may prevent contraction of the graphitic layers in this 

case, despite the removal of fluorine. Meanwhile, peaks at 38.8, 56.0, and 70.3 º are assigned 

to different orientations of crystalline NaF. The relative intensity of the peaks assigned to 

NaF increases significantly after the secondary thermal treatment. This increase in intensity 

is attributed to the fact that NaF has a melting point of 993 ºC, and is therefore unaffected by 

secondary thermal treatment at 700 ºC.  

Raman spectra before and after secondary heat treatment are shown in Figure 20 (c-d). After 

thermal annealing, the intensity of the D peak decreases dramatically, as also reflected by a 

significant decrease in the ID/IG ratio from 0.99 for CFX-C8 to 0.51 for CFX-C8-HT. In 

addition, I2D/IG ratio was 0.51 for CFX-C8, increasing to 0.73 for CFX-C8-HT. These changes 

are directly attributed to the removal of sp3 bonded fluorine atoms which disrupt the sp2 

structure of graphitic carbon [27,56]. Overall, these results suggest that the secondary thermal 

treatment of these fluorinated carbons successfully removes C-F bonds, whilst creating a 

highly graphitic carbon with large d-spacing.  
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Figure 3.20 (a-b) XRD and (c-d) Raman spectra of CFX-C8 and CFX-C8-HT. 

Finally, attempts were made to measure the WCA of the CX-CF8-HT sample after secondary 

heat treatment. However, for this sample droplet formation was not possible, and the liquid 

rapidly wetted the surface. As such, the sample is confirmed to be hydrophilic after thermal 

annealing. Since the microstructure is similar after secondary heat treatment, this confirms 

that the hydrophobic nature of the synthesised carbons can also be controlled via thermal 

annealing. This presents a second method of tailoring the hydrophobicity of these fluorinated 

carbons.  
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3.4 Summary and Conclusion 

In this chapter a simple method to synthesize hydrophobic fluorinated carbons with 

controllable fluorine content was described. Four different fluorotelomer alcohols with 

different chain length were used as precursors and these were reacted with sodium metal at 

150 ºC. The reaction was exothermic and the temperature inside the reaction vessel 

subsequently reached 345 ºC. The resulting fluorinated carbon nanoparticle had a non-porous 

microstructure and low surface area, with a predominantly covalent C-F bonds. The samples 

were all found to have highly crystalline graphitic components, despite the low reaction 

temperature, attributed to the catalytic effect of HF generated during the reaction. Meanwhile, 

the fluorine content of the final products was found to be dependent on the chain length of 

the fluorotelomer alcohol precursor. The carbons were all found to be superhydrophobic, and 

the water contact angle was dependant on the fluorine content. Furthermore, secondary 

thermal treatment was used to effectively remove fluorine atoms from the samples, providing 

a second method of tailoring the fluorine content and water contact angle. 
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Chapter 4. Application of Fluorinated Carbons in 
Microporous Layers  

 

4.1  Introduction 

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: 

(i) the supply of reactant gases; (ii) the exhaust of products; (iii) electrical connectivity; and 

(iv) water management [1]. 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 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 [2].  

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 
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flooding under high current density operation [7]. 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. As such alternatives solutions to water management in PEFCs in 

which the amount of PTFE used is reduced could be highly advantageous.  

Fluorinated carbon materials have also been explored in PEFCs in a few 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) [19]. Similarly, fluorinated carbon decorated with 

platinum as a cathode catalyst has been reported to improve durability by suppressing carbon 

corrosion. [20,21]. However, to the best of our knowledge there are no reports on the 

utilization of fluorinated carbons in the MPL of PEFCs. 

In Chapter 3 the synthesis and characterization of highly graphitic superhydrophobic 

fluorinated carbon black powders are investigated. In this chapter, one of the synthesized 

fluorinated carbon black powders (CFX-C8) is applied to the PEFC as an MPL material to 
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improve the water removal rate for improved PEFC performance. The performance of 

superhydrophobic fluorinated carbon based MPL and graphitized carbon black based MPL 

are also compared. 

4.2 Experimental 

4.2.1 Preparation of the MPL 

Carbon black (Sigma-Aldrich, Japan) 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 MΩ 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) 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), a 5 cm ✕ 5 cm square of GDL was placed on a glass plate, and a 75 µm thick 

stainless-steel mask with 3 cm ✕ 3 cm opening was placed on top of the GDL (Figure 2.9). 

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 is confirmed by TGA 

in Figure 4.1. Manufactured MPL coated GDL is shown in Figure 4.2. 
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Figure 4.1 TGA of Methyl Cellulose and Triton-X 
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Figure 4.2 Photo of a MPL coated GDL. 

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 (Figure 4.3). 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 MPLs used in this study 

had a thickness of ~35 µm and 5 wt% PTFE content. The MPL porosities were calculated 

from the thickness, area, mass, and density of the different components using the following 

equation [22]: 
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∅ = 1 − 𝑉𝑉𝑆𝑆
𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀

= 1 −
𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 ∙(𝜔𝜔𝑐𝑐 𝜌𝜌𝑐𝑐� +𝜔𝜔𝐵𝐵 𝜌𝜌𝐵𝐵� )

𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀∙𝐴𝐴
     Eq. 4.1 

 

where ∅ is the porosity of the MPL; 𝑉𝑉𝑆𝑆 is the volume of the solid components (i.e. either 

PTFE and CB or PTFE and superhydrophobic fluorinated carbon (SHFC)); 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀  is the 

geometric volume of the MPL; 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀is the mass of the MPL; 𝜔𝜔c is the mass fraction of the 

carbon component (0.95);  𝜔𝜔B is the mass fraction of the PTFE binder (0.05); 𝜌𝜌c is the density 

of the carbon component; 𝜌𝜌B is the density of the PTFE binder; 𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀 is the thickness of the 

MPL; and 𝐴𝐴 is the area of the MPL (1 cm ✕ 1 cm). 

 

 

Figure 4.3 Photo of a free-standing MPL. 
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4.2.2 Preparation of the Membrane Electrode Assembly (MEA)  

The catalyst ink was prepared by mixing Pt/C (TEC10E50E, lot 1019-8581, 46.8 wtPt%, 

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 cm2. The catalyst ink was then sprayed directly onto the Nafion membrane 

using pulsed spray mode from an automated spraying device (Nordson K.K.), with a catalyst 

loading of 0.3 mgPt/cm2 and a Nafion content of 28 wt% [23], at both the anode and cathode. 

The resulting MEAs were finally hot pressed at 132 °C and 0.3 kN for 180 s (Sinto Digital 

Press CYPT-10).  

4.2.3 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 (Figure 4.1).  

4.2.4 Fuel Cell Polarization Tests 

Fuel cell tests were performed using a 1 cm2 active area single cell obtained from the Japanese 

Automotive Research Institute (JARI) with serpentine type flow fields. The performance of 
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the different MPL-coated GDLs was investigated by measuring polarization curves at two 

different cell temperatures (45 °C and 80 °C). The temperature of 80ºC was selected to 

reproduce conventional PEFCs operating conditions. The lower temperature of 45 ºC 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 between the cell 

and the humidifier (85 ºC), 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-CVZ01, 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.  
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4.2.5 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] 

 

𝑄𝑄 = K⋅𝐴𝐴⋅Δ𝑃𝑃
𝜇𝜇⋅𝐿𝐿

      Eq. 4.2 

 

where Q is the volumetric flow rate (m3s-1); K is the air permeability (m2); A is the area of 

GDL or MPL coated GDL (0.5 cm2);  ∆P is the pressure difference between the inlet and 

outlet; µ is Newtonian viscosity (18.37 kgm-1s); and L is the sample thickness (m). To 

measure air permeability, a 1 cm ✕ 1 cm GDL sample was placed between two plates, each 

with a 0.5 cm2 diameter hole for air flow. To avoid leakage, PTFE gaskets were also used. 

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 [25].  

 

4.2.6 Water Contact Angle Measurements 

The water contact angles 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 
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and to minimize the effect of gravity, the droplet size was fixed at around 1 µL. To measure 

the contact angle of the fluorinated carbon powder, it was first pressed between two glass 

plates to create smooth surface.  

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

displayed in Fig.1, and by applying the Young-Laplace equation (Eq. 4.3):  

 

d = 4⋅𝜎𝜎⋅cos𝜃𝜃
𝑃𝑃𝐶𝐶

       Eq.4.3 

 

where d is the pore diameter; σ is the surface tension of the liquid; θ 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, σ = 0.0156 Nm-1, 

contact angle = 0 º) 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 out. The pressure at which this first occurs is then used in Eq.3. to estimate the 

maximum pore diameter [24]. 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. 
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Here, the surface tension of water at 25° C is assumed to be 0.0720 Nm-1, and samples size 

was 0.5 cm2.  

 

4.2.7 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: 

𝑅𝑅𝑇𝑇 = 4∙𝐹𝐹∙𝑃𝑃𝑂𝑂2
𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙∙𝑅𝑅∙𝑇𝑇

        Eq.4.4 

 

Where 𝑅𝑅𝑇𝑇  is the total oxygen transport resistance of the cell (sm-1), F is the Faraday constant 

(96485 C mol-1), 𝑃𝑃𝑂𝑂2is the oxygen partial pressure (Pa), R is the gas constant (8314 J mol-1K-

1), T is the cell temperature (K) and 𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙is 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 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. 
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4.3 Results and Discussions 

4.3.1 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 
(TEM) Imagining 

The microstructure was investigated by SEM and TEM, revealing a spheroidal 

microstructure similar to carbon black (Figure 4.4) [17]. The nanoparticles appear to cluster 

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 (Figure 4.5). 

Meanwhile, Figure 4.6 shows SEM images of graphitized carbon black for comparison, 

confirming that the microstructure of carbon black and fluorinated carbon are similar. 
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Figure 4.4 Electron microscopy showing the microstructure of the fluorinated carbons used in 
this study: (a-b) SEM images, (c-d) TEM images. 

 

 

100nm 

(b) 

1µm 

(a) 

(d) (c) 
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Figure 4.5 SEM image of fluorinated carbon with large particles 

 

 

 

Figure 4.6 (a-b) SEM images of carbon black. 

 

(a) (b) 
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4.3.2 Surface Area and Porosity 

Nitrogen adsorption/desorption isotherms of the fluorinated carbon compared with 

graphitized carbon black are shown in Figure 4.7. Brunauer-Emmett-Teller (BET) and 

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

pore size distribution. Both samples have Type Ⅲ isotherms, characteristic of nonporous 

materials [26]. The specific surface area of the fluorinated carbon is 40 m2/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 [27]. Nevertheless, the surface area is of a similar order to that of the 

graphitized carbon black reference sample (115 m2/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]. 
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Figure 4.7 (a) Brunauer-Emmett-Teller (BET) nitrogen adsorption isotherms, and (b) Barrett-
Joyner-Halenda (BJH) pore size distribution graphs. 

4.3.3 Density Measurement and Calculation 

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-3 which is within the range quoted by the manufacturer (i.e. 1.5 

to 1.9 g cm-3) [28]. The density of the fluorinated carbon was measured to be 2.04 g cm-3. 

This higher density compared to carbon black is attributed to the fact that fluorine has a 

higher atomic mass compared to carbon.  

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 [29]: 
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where, 𝐿𝐿𝐷𝐷 is mean particle diameter, 𝜌𝜌𝑠𝑠 is the density of the adsorbent, and 𝑎𝑎𝑠𝑠,𝐵𝐵𝐵𝐵𝐵𝐵 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) [30], 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 (Figure 4.4). 

4.3.4 Thermogravimetric Analysis (TGA) 

Figure 4.8 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. This confirms that the material should be resilient to thermal decomposition at 

typical temperatures used in PEFCs. On the other hand, carbon black shows a slightly higher 

thermal stability up to 600 °C. This is attributed to the lower thermodynamic stability of 

covalent C-F bonds compared to the C=C bonds in graphitized carbon black [27].  

𝐿𝐿𝐷𝐷 = 6000/(𝜌𝜌𝑠𝑠 ∙ 𝑎𝑎𝑠𝑠,𝐵𝐵𝐵𝐵𝐵𝐵)      Eq.4.5  
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Figure 4.8 TGA of fluorinated carbon and graphitized carbon black in air. 

4.4 Microporous Layer Characterization  

4.4.1 Scanning Electron Microscopy Imagining 

The different microstructures of MPLs fabricated using fluorinated carbon (FC-MPL) and 

graphitized carbon black (CB-MPL) were investigated by SEM (Figure 4.9). In both images, 

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. 
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Figure 4.9 SEM images of MPL surface at different magnifications: (a-b) FC-MPL; (c-d) CB-
MPL. 

4.4.2 Water Contact Angle Measurement and Porosity Calculation of MPLs 

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 (Figure 4.10). The WCA of the as-synthesized fluorinated carbon sample (FC) after 

pressing is 160°, confirming that the synthesized material is indeed superhydrophobic (i.e. θ 

>150°) (Figure 4.10 (a)). After incorporating the fluorinated carbon into an MPL (FC-MPL), 

the WCA is 151° (Figure 4.10 (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. Meanwhile, the WCA of the identically 

(a) (b)

(c) (d)
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prepared CB-MPL is much lower at 131° (Figure 4.10 (c)). Finally, the WCA of a 

commercial Toray-GDL (TGP-H-060, Toray, Japan) was measured to be 130° (Figure 4.10 

(d)). These results confirm that the 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. 

 

 

Figure 4.10 Surface water contact angle (WCA) measurements for: (a) pressed fluorinated 
carbon (FC); (b) FC-MPL; (c) 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, 

 

Fluorinated Carbon 

CB-MPL 
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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 µm (Figure 4.11(a)). Meanwhile, Toray-GDL had a larger maximum diameter 

of 61.7 µm, primarily because it does not include an MPL, exposing the larger pores defined 

by the spaces between carbon fibers.  

The experimentally determined WCA above can be described as the apparent contact angle, 

which is dependent on both the surface interaction energy and the surface roughness of the 

sample. Once the maximum pore size has been determined, the Young’s contact angle can be 

estimated using the Young-Laplace Equation (Eq.4.3), 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° (Figure 

4.11(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.  

4.4.3 Air permeability and Oxygen Transport Resistance Tests 

The through-plane air permeability of the MPL-coated GDLs and Toray-GDL was also 

measured (Figure 4.11(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 
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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 air permeability is 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 (Figure 4.11(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, at both temperatures. This seemingly contradicts the air permeability 

results, but this difference is attributed to the in situ high humidity conditions within the cell 

and therefore can be directly attributed to the superhydrophobic nature of the FC-MPL. Due 

to the superior water-repellent characteristic of fluorinated carbon, FC-MPL has a faster 

water removal rate, which is confirmed by the oxygen transport resistance test. Furthermore, 

the air permeability test results in Figure 4.11(c) indicate that CB-MPL has better air 

permeability, which we attribute to lower tortuosity. However, even though the FC-MPL 

displays lower air permeability, under high humidity conditions it shows lower oxygen 

transport resistance. This indicates that the available pores for oxygen transport are higher 

than that of CB-MPL (Figure 4.11(d)). As such, due to the superhydrophobic nature of the 

FC-MPL, the water produced in the catalyst layer is transferred faster than in the case of CB-

MPL, increasing the available pores for oxygen transport. In all cases, the total oxygen 

transport resistance does not significantly vary with relative humidity, indicating that water 
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accumulation in the MPL-coated GDLs and the catalyst layers does not change significantly 

under high humidity conditions [36,37].  

 

 

Figure 4.11 (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. 

4.4.4 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 
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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 (Figure 4.12 (a-

b)). For example, at 80 °C and 100% RH, the limiting current densities were measured to be 

1.61 A/cm2 and 1.72 A/cm2  for the CB-MPL and the FC-MPL, respectively. Similarly, at 45 

°C and 100% the limiting current densities were measured to be ~1.03 A/cm2 and 1.14 A/cm2, 

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 

(Figure 4.12(c-d). 

Furthermore, when the ohmic regions of the polarization curves are compared, there is little 

difference between FC-MPL and CB-MPL (Figure 4.12(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.  

The effect of humidity on the polarization curves was also investigated. At the relatively low 

temperature of 45 ºC, the limiting current density does not change significantly with 
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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 Figure 4.12(d)). 

Meanwhile, at higher cell temperature (80 ºC), 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 4.12 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. 
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4.5 Summary and Conclusions 

In this chapter, superhydrophobic fluorinated carbon nanoparticles were uniquely 

synthesized from fluorinated alcohol. The resulting superhydrophobic fluorinated carbon 

powder had similar microstructure and morphology to commercially 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 150 º, 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 100% RH the limiting current density 

was 1.61 A/cm2 for the carbon black-based MPL, increasing to 1.72 A/cm2 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 80ºC) compared to CB-MPL (125 s/m at 80ºC). 

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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Chapter 5. Summary, Conclusion and Future Outlook 
 

In Chapter 3, we successfully synthesized the fluorinated carbon powders from fluorotelomer 

alcohols with a unique solvothermal method at 150 ºC. Even though the reaction temperature 

was set to 150 ºC, during the reaction a sudden increase in reaction temperature to 345 ºC 

was observed. This indicates that the fluorotelomer precursor and sodium react 

exothermically. Furthermore, generally solvothermal synthesis of doped carbons is involved 

with a second heat treatment process. For example, when nitrogen doped carbon is 

synthesized, first a nitrogen containing alkoxide is produced, which is followed by a pyrolysis 

process to carbonize the nitrogen containing alkoxide. Similarly for the fluorination of carbon 

materials, first carbon materials are produced then followed with fluorination at desired 

fluorination conditions. The proposed solvothermal method in this thesis enables combining 

these two steps since fluorinated carbon powders are synthesized directly from the precursor 

without the need for another carbonization or fluorination step. This immensely increases the 

efficiency of synthesis in terms of duration. Four different types of fluorotelomer alcohol 

were used to evaluate the effect of different types of fluorotelomer alcohol precursors on 

chemical and physical properties of the final products. All resulting products had similar 

microstructures and particle size distribution, regardless of the fluorotelomer precursor used. 

Each of these products were composed almost entirely of spheroidal nanoparticles with 

similar structure to that of carbon black. The BET measurement showed that all samples are 

non-porous with a very low specific surface area around 25 m2/g. A chemical structure 

analysis of the final product was investigated with various techniques. Interestingly, four 

synthesized fluorinated carbon black products consisted of covalently bonded carbon-
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fluorine atoms. It was found that the fluorine content of the final product changes depending 

on the chain length of the fluorotelomer alcohol precursor. Having the fluorotelomer alcohol 

with a longer chain in the synthesis means having higher fluorine content in the final product. 

The fluorine content of the sample changes from around 5 at.% to approximately 10 at.%, 

depending on the used fluorotelomer precursor. Surprisingly, a highly graphitic structure was 

detected in the synthesized fluorinated carbons by XRD, Raman Spectroscopy, TEM, and 

SAED techniques. Since there were no catalyst nor high temperature involved to form 

graphitic structure, a new catalytic effect of HF was proposed for the formation of graphitic 

structure. Furthermore, the effect of the fluorination on the graphitic structure of the material 

was investigated. To investigate this effect, fluorinated carbon materials were defluorinated 

with a thermal annealing step at 700 ºC under an inert atmosphere. It was found that heat 

treatment at elevated temperatures, preferably over 650 ºC, is an effective method for 

defluorination of the carbon materials. It was detected that after defluorination the defect in 

the graphitic structure decreased considerably. It is concluded that fluorination increases the 

defective structure in the graphitic domain of carbon due to the sp3 bonding of fluorine to 

carbon atoms. Finally, the hydrophobicity of the synthesized fluorinated carbon powders was 

investigated with the WCA measurements. It was found that with an increase of fluorine 

content in the material, the hydrophobicity increases and with the defluorination the samples 

became hydrophilic. All fluorinated samples showed superhydrophobicity (i.e., >150 º). 

In Chapter 4, we discussed the application of the superhydrophobic fluorinated carbon 

powder as MPL material with the focus of increasing water drainage rate during high current 

density PEFC operation conditions at low PTFE binder content (i.e., 5 wt.%). To evaluate 



138 
 

the effectiveness of the synthesized fluorinated carbons as MPL material, we compared it 

with a graphitized carbon black powder which has similar structural properties. MPLs were 

coated onto GDLs with a doctor blade method and the thickness of the MPLs was set to 35 

µm. The WCA measurement results showed that fluorinated carbon black based MPL’s (FC-

MPL) water contact angle was 151º, whereas that of carbon black based MPL (CB-MPL) 

was 131º. WCA measurement results indicated the superior hydrophobicity of the fluorinated 

carbon black based MPL. Physical characteristics such as porosity and maximum pore size 

of the MPLs were also investigated. To evaluate and compare the porosity of the MPLs, free 

standing MPLs were manufactured with the direct coating of MPL slurry onto glass plates. 

The porosity of the CB-MPL was calculated to be 83% whilst FC-MPL had a 76% porosity. 

Meanwhile, the maximum pore size of the MPLs were measured to be similar at 40.5 and 

42.5 µm in diameter for CB-MPL and FC-MPL respectively. It is assumed that due to the 

lower porosity i.e., higher tortuosity, FC-MPL had lower air permeability (2.78 x 10-13) 

compared to CB-MPL (3.86 x 10-13) . Furthermore, oxygen transport resistance (OTR) tests 

were conducted to evaluate and compare MPLs’ oxygen diffusivity under high relative 

humidity conditions (80, 100 and 120%) with an in situ PEFC test at 45 ºC and 80 ºC cell 

temperatures. The results clearly showed that the FC-MPL has a significantly lower OTR 

compared to CB-MPL. This can be directly attributed to the superhydrophobic nature of the 

FC-MPL. 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. In all cases, the FC-MPL showed a higher limiting 

current density due to its superior water repellent properties. Furthermore, since fluorine is 
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the most electronegative element on the periodic table, the effect of the fluorine content on 

the conductivity of the MPLs were investigated. Results showed that there are no significant 

changes in the ohmic region of the polarization curves. This may be because the fluorine 

atoms are mainly concentrated at the surface of the carbon particles rather than throughout 

the bulk. 

 Overall, this thesis provides significant insights into fluorinated carbon synthesis and 

its application as MPL material for improved water management to increase PEFC 

performance. 

We will further investigate the usage of uniquely synthesized superhydrophobic fluorinated 

carbons in PEFCs in future outlook. As fluorinated carbons are generally corrosion resistant, 

we will further investigate fluorinated carbon based MPL with the focus on a corrosion 

resistance material for MPLs to improve corrosion problem in the MPL structures. The use 

of this superhydrophobic fluorinated carbon will then be investigated as platinum support to 

mitigate the carbon corrosion problem in the catalyst layer of the PEFC and polymer 

electrolyte water electrolysis (PEWE).  
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