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ABSTRACT: In this paper, three kinds of carbon fiber papers

(CEPs), including pure CFP, poly(tetrafluoroethylene) (PTFE)-

treated CFP (PTFE-CFP), and microporous layer (MPL)-coated |§
CFP (MPL-CFP), were used to investigate the effects of the surface §
structure on the water transport behavior in CFPs. Compared to pure
CFP, applying PTFE on the CFP increases the breakthrough pressure
by 0.2 times, while it decreases the water flow rate at initial penetration
by 0.06 times, owing to the strong hydrophobicity of PTFE-CFP. The
pore diameter of MPL-CFP reduces sharply after coating the MPL,
which leads to increasing breakthrough pressure by 0.6 times. The
Young—Laplace equation is applied to study the relationship between
the structure (wettability and pore-size distribution) of CFPs and the
water transport behavior (breakthrough pressure), and the results
show that in addition to wettability and pore size, the pore-size gradient also plays a crucial role in water transport.

Water Transport

1. INTRODUCTION less water flooding, which is consistent with the results of
Owejan et al.'' In recent years, several research studies have
demonstrated that the incorporation of one-dimensional
substances such as carbon nanotubes (CNTs) in the MPL

The gas diffusion layer (GDL) consisting of carbon fiber
papers (CFPs) and the microporous layer (MPL) is a
fundamental element of the electrodes in a polymer electrolyte

membrane fuel cell (PEMFC)." It provides pathways for the significantly improved the pore structure of the MPL and water
product water removal from the catalyst layer (CL) to the flow management function of PEMFCs. The addition of CNTs
channel and plays a crucial role in the water management for in the MPL formed hydrophilic large pores, which could
PEMEC.>? However, excessive amount of liquid water in the enhance the transfer of liquid water from CL to GDL, as more
GDL blocks the reactant-transporting porous network, water transfer channels were provided."”'* In addition, Mao et
hindering oxygen transport to the active sites in the CL and al.'"® prepared porous carbon nanofibers (PCNFs) by the
causing mass transport losses.”* electrospinning method and subsequent heat treatment and

To facilitate removal of water from a GDL and avoid then built up to form the MPL. The nanosized pores of PCNF

flooding, the CFP in GDL is traditionally treated with PTFE to and the larger-sized pores formed by the accumulation of
enhance hydrophobicity or/and coated with the MPL to PCNF created a pore-size gradient, which accelerated the

control the pore structure.”’ Bevers et al’ studied the discharge of the water product from the system because of the
influence of PTFE content on the water saturation in CFP, and capillary effect.

the results indicated that as the PTFE content increases, the PTFE treatment and MPL coating have proven to be
water saturation level decreases. Several other works®™® have effective methods to improve the water management function
also numerically demonstrated the situation of saturation of PEMECs. However, there are a few studies on the

reducing with increasing hydrophobicity. Lin et al.” provided
insight into the effects of the wetproof level of CFP materials
on electrode flooding. They concluded that the 20 wt % PTFE
treatment prevents liquid water from filling the pores in the -
hydrophobic region, thereby facilitating good gas transport Received: November 9, 2021
through the CFP. In addition to the PTFE treatment, a MPL Acce_Pted’ January 21, 2022
has been applied on the side of the CFP, which contacts with Published: February 8, 2022
CL to control the pore structure.”* Tabe et al.'’ found that the

MPL suppresses water accumulation at the interface owing to

the smaller pore size and finer contact with the CL, resulting in

relationship between the structure of GDLs and the water

transport behavior. Benziger et al.'®'” introduced water
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Figure 1. Scanning electron microscopy (SEM) images and pore-size distribution of CFP materials: (a) surface of the CFP; (b) cross section of the
CFP; (c) surface of PTFE-CFP; (d) cross section of PTFE-CFP; (e) surface of MPL; and (f) cross section of MPL. The inset in panel (a) is pore-
size distribution for CFP, the inset in panel (c) is pore-size distribution for PTFE-CFP, and the inset in panel (e) is pore-size distribution for MPL.

penetration experiments and mathematical models to inves-
tigate the water transport behavior in GDL and suggested that
liquid water only penetrates a few large pores and the smaller
pores remain free of water and allow gas to be transported.
Gauthier et al.' measured the resistances of transverse and
lateral water flow associated with carbon clothes and carbon
papers, and the results showed that water flows through the
path of least resistance. But they did not study the effects of
different surface treatments and structures of CFPs on water
transport systematically.

In this paper, the breakthrough pressure, shutoff pressure,
and water flow rate for three kinds of commercial CFPs (CFP,
PTFE-CFP, and MPL-CFP) were measured and the effects of
the surface structure on the water transport behavior were
studied. In addition, the mechanism between the structure of
CFPs and their water transport behavior was discussed.

2. RESULTS AND DISCUSSION

2.1. Surface Structure Characterization. First of all, the
morphology and pore-size distribution of three kinds of CFPs
were characterized. As can be seen from Figure la, there are

5993

three distinct regions including carbon fibers, resin-based
carbons, and voids. Long and thin carbon fibers are randomly
distributed. These fibers and resin-based carbons are used to
transport electrons to and from CL due to their good
conductivity. The resin-based carbon region is used to enhance
the durability and strength of CFPs, preventing the fibers from
cracking.'® The void region is used as the medium for fluid
transport in the gas and/or liquid phase.'® The pore structure
of the CFP is mainly affected by the resin-based carbon
content, carbon fiber size, and additives. Since the commercial
CFPs used in this experiment are from Toray Industries, the
effect of resin-based carbon content and carbon fiber size on
the pore structure is negligible. Therefore, the pore size of
CFPs is mainly affected by PTFE and MPL. The inset in
Figure 1 is the three-dimensional (3D) pore-size distribution
for the sample, measured by the aperture analyzer (PMI CFP-
1100AI, America). The pore-size distribution of pure CFP is
mainly between 2 and 30 pm and conforms to the normal
distribution. A cross-sectional morphology is shown in Figure
1b, revealing the configuration of carbon fibers in the through-
plane direction. Carbon fibers are bonded together by resin-
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Figure 2. Static contact angle of CFP materials: (a) CFP; (b) PTFE-CFP; and (c) MPL. (d) Graphical comparison of the average contact angles of

panels (a)—(c).

based carbons and the pores are interconnected and
penetrated.

Compared to pure CFP, the structure of the binding
materials (resin-based carbons) of PTFE-CFP has some
changes as shown in Figure lc. Due to the presence of
PTFE, the pore size of PTFE-CFP is slightly smaller but the
pore-size distribution still conforms to the normal distribution.
The morphology of the MPL is shown in Figure le, and the
CFP surface is covered by powdery layers, resulting in tiny
pore structures.'” The micropores are situated among the
carbon black aggregates and agglomerations,20 having a size
between 0.09 and 0.35 um. The pore-size distribution of the
MPL is relatively uniform, so as to better contact with the CL.
The thickness of the MPL is ~20 ym, which can be observed
from Figure 1f. These pore structures of CFPs not only have an
impact on the matching of CL but also play an important role
in water transport.

Figure 2 displays images of the static water contact angle
measurement of CFPs. The average contact angles of CFP,
PTFE-CFP, and MPL are 135.77, 142.07, and 151.83°,
respectively. After the PTFE treatment, the contact angle of
the CFP has been significantly improved, which means that the
PTFE treatment makes the CFP more hydrophobic. PTFE was
introduced into the CFP by dipping, so it could ensure that the
pores inside PTFE-CFP and MPL-CFP were also hydrophobic.
It is well known that both surface energy and surface
morphology play important roles in contact angle.'"”*' Both
PTFE-CFP and MPL have been subjected to hydrophobic
treatment, so their surface energy is low. In addition, the MPL
is composed of carbon particles and has a small pore size (inset
in Figure le); this microstructure limits the water infiltration,
so the MPL is more hydrophobic.”*

2.2. Transverse Water Penetration. The drainage
process of liquid water through the CFP can be regarded as
a process in which the nonwetting fluid (water) replaces the
wetting fluid (gas), so this experiment was conducted in the
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two-phase flow regime.' Figure 3 shows the average mass flow
rate as a function of hydrostatic pressure. A series of vertical
lines are shown and indicate the number of different drops
seen on the surface of the CFP sample. The flow rates increase
as the number of drops increase and also increase at some
points where no new drops are observed. At these points, one
drop appears to grow and detach at a faster rate than before.'
The hydrostatic pressure is increased until 8—10 drops are
formed simultaneously, and then the pressure is stepped down
until the flow of water ceases.

The data in Figure 3a,3b are obtained from the CFP and
PTFE-CFP samples. The breakthrough processes are similar,
but the breakthrough pressure, shutoff pressure, and flow rate
show some variability, reflecting different wettability and pore
sizes between samples. The breakthrough pressures for CFP
and PTEE-CFP are 4100 and 4900 Pa, respectively, showing
that applying PTFE on the CFP increases the breakthrough
pressure by 0.2 times. According to the Young—Laplace
equation” in eq 1, the surface wettability and pore structure of
CFPs have great impacts on the capillary resistance, which is
relative to the breakthrough pressure

_ 4o-cos 0
B (1)
where p_ is the capillary resistance; o is the surface tension,
71.97 X 107 N/m; 0 is the contact angle, and d is the
diameter of capillary channels.

For simplicity, we assume that the pores are cylindrical and
run transverse across the CFP,'® and the maximum pore
diameters of CFP and PTFE-CFP are both 30 uym (inset in
Figure 1). The breakthrough pressure should be slightly greater
than the capillary resistance. Substituting the contact angle in
Figure 2d in eq 1, the calculated capillary resistance values for
CFP and PTFE-CFP are 6876 and 7569 Pa, respectively. Since
there may be pores larger than 30 ym in CFP, the calculated
results are larger than the experimental results but their trends
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Figure 3. Penetration of water through CFPs: (a) CFP; (b) PTFE-
CFP; and (c) MPL-CFP. The arrows designate the direction of
pressure change. Trial 1 (red line) is for the MPL-CFP sample initially
fully dried. Trial 2 (blue line) is water penetration for the same sample
after the initial water penetration from Trial 1.

are consistent. In addition, the water flow rates at initial
penetration for CFP and PTFE-CFP are 4.65 and 4.35 mg/s,
which means that the PTFE treatment makes the flow rate
decrease.”

Figure 3c shows the water flow rate through MPL-CFP as a
function of hydrostatic pressure. Trial 1 (red line) is for the
MPL-CFP sample initially fully dried. Trial 2 (blue line) is
water penetration for the same sample after the initial water
penetration from Trial 1.' The breakthrough pressure for
MPL-CFP is 6450 Pa, which shows that applying the MPL
increases the breakthrough pressure by 0.6 times owing to the
diminutive size of MPL pores, creating greater capillary
resistance. According to eq 1, the calculated capillary resistance
of MPL-CFP is 725088 Pa, which is far greater than the
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breakthrough pressure for CFP. We suggest that the reason
why the calculated capillary resistance is much higher than the
experimental result may be the destruction of the MPL
structure by water penetration. Therefore, the MPL promotes
the back-diffusion of water, leading to difficulty in water
removal.

In addition, only one drop is observed on the surface of the
MPL-CFP sample during the whole penetration process. We
suggest that the cracks or large pores in the MPL provide a
water flow channel and permit sustained water removal.
Inspired by these phenomena, we can introduce hydrophilic
components into the MPL to form a hydrophilic channel,
which can not only reduce the breakthrough pressure but also
control the water flow.

The shutoff pressure decreases compared with the initial
breakthrough pressure. We suggest that a small amount of
residual water remains attached in the porous CFP and this
water reduces the capillary resistance that water needs to
overcome to penetrate the CFP. Previous research showed that
water saturation in the CFP was considerably decreased after
the PTFE treatment and introduction of MPL.” After the initial
water penetration, the water saturation in pure CFP is higher,
and the capillary resistance that water needs to overcome to
penetrate the CFP is lower, so the shutoft pressure is lower.
However, the water saturation in PTFE-CFP and MPL-CFP is
still low, so they require a higher shutoff pressure to permit
sustained water removal.

The effect of the pore-size gradient on water transport was
also explored. The MPL measured above was at the top, and
the water passed through the MPL first and then through the
CFP. Here, the location of the MPL was changed from top to
bottom by reversing the direction of MPL-CFP; thereby, the
water passed through the CFP with large pores first and then
the MPL. The water penetration experiment was conducted
under the same conditions mentioned above. The results in
Figure 4 show that the breakthrough pressure increases by 0.2
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Figure 4. Penetration of water through MPL-CFP when the MPL is at
the bottom.

times and the water flow rate slightly decreases when the MPL
is at the bottom. It is confirmed that in hydrophobic CFPs,
water tends to flow from small pores to large pores.

There is a simple physical penetration model used to explain
these phenomena.”* The water states in MPL-CFPs are shown
in Figure §, the pore diameters of MPL and CFP are d, and d,,
respectively (dy, < d,). Such a composite porous structure
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Figure S. Water states of different positions of MPL: (a) MPL is at
the top and (b) MPL is at the bottom.

generates a superposed capillarg pressure difference (AP) from
two kinds of pores as follows”

AP = 40-cos by 4o-cos b,
d, d, ()

where o is the surface tension, 71.97 X 107 N/m; @ is the
contact angle; and d is the diameter of capillary channels.
The pore size (inset in Figure 1) of the MPL is significantly
smaller than that of the CFP and the contact angle (Figure 2d)
of the MPL is greater than that of the CFP. Thus, the capillary
pressure of the MPL (P,) is much larger than that of the CFP
(Pc,)- When the MPL is at the top, the AP will promote water
transmission, thereby reducing the breakthrough pressure.
However, when the MPL is at the bottom, the AP will inhibit
water transport, thus increasing the breakthrough pressure.
This model also verifies the accuracy of the results shown in
Figures 3c and 4. Therefore, we can design and fabricate
tailored CFPs with a pore-size gradient (increasing from CL to
the flow channel) to enhance the water removal in PEMFC.
Table 1 summarizes the breakthrough pressure, shutoft
pressure, and flow rate at initial penetration for different CFP

Table 1. Breakthrough, Shutoff, and Flow through CFP
Materials

breakthrough shutoff flow rate at initial

CFP materials  pressure (Pa)  pressure (Pa) penetration (mg/s)
pure CFP 4100 100 4.65
PTFE-CFP 4900 1800 4.35
MPL-CFP 6450 4550 3.17

(top)
MPL-CFP 7850 4150 2.12

(bottom)

materials. The shutoff pressure represents the minimum
pressure differential between the cathode CL and the flow
channel to permit sustained water removal from the CL." If the
pressure differential is below the shutoff pressure, the liquid
flow will stop and the pressure differential must build up to
exceed the shutoff pressure for water flow to recommence.
During the operation of the fuel cell, water breaking through
the CFP for the first time needs to overcome a higher pressure.
Once a pore is broken through, the water pressure only needs
to exceed the shutoff pressure for the flow to continue.

3. CONCLUSIONS

Changing the CFP surface wettability to more hydrophobic
creates greater capillary resistance for liquid water to penetrate
the pores of PTFE-CFP. The diminutive size of MPL pores
creates larger capillary resistance, so that liquid water requires
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quite higher pressure to pass through MPL-CFP. The cracks or
large pores in the MPL could provide a water flow channel and
permit sustained water removal. The pore-size gradient also
has significant impacts on the water transport behavior and
water is more inclined to flow from small pores to large pores
because of the capillary pressure difference.

4. MATERIALS AND METHODS

4.1. Materials. Pure CFP (TGP-H-060) with a thickness of
190 ym and PTFE-CFP (15 wt % PTFE emulsion-treated
TGP-H-060 CFP) were purchased from SUZHOU SINERO
TECHNOLOGY CO. MPL-CFP (MPL-coated TGP-H-060
CFP) with a thickness of 210 ym was supplied by JUNJIKEJI
CO.

4.2. Physical and Morphological Characterization.
The morphology of the samples was observed by scanning
electron microscopy (SEM, JSM-IT300, Japan). The surface
wettability of samples was tested using a contact angle meter
(OCA40Mircro, Germany). The pore-size distribution and
pore volume of CFPs were determined using an aperture
analyzer (PMI CFP-1100Al, America), which is a 3D
measurement.

4.3. Transverse Transport Experiments. A cell similar to
that used by Gauthier et al.' was applied to measure the
transverse liquid water transport shown in Figure 6. A sample

t J Water reservoir
CFP

Figure 6. Experimental system for water penetration and flow rate
measurements.

of CFP was placed between two chambers. One of the
chambers was filled with liquid water and connected to a water
reservoir through a tygon tube; the other side was kept at an
atmospheric pressure and allowed water to drain directly into a
beaker on the analytical balance (FA2204N, China). The piece
of the CFP exposed to water was 2.5 cm in diameter (total area
of ~5 cm?). CFPs were stored in desiccators prior to testing.
The water pressure on the CFP was controlled by changing the
height of the liquid water in the water reservoir. The
hydrostatic pressure of liquid water was increased incremen-
tally by 1 cm water (100 Pa) every 30 s. The mass of water
passing through the CFP was recorded every 30 s. The CFP
surface was visible through an acrylic plate, and the number of
drops forming on the surface of the CFP sample was recorded
at each hydrostatic pressure. The pressure measurements are
accurate to +10 Pa. Although there were differences between
different samples taken from the same CFP sample, which is a
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consequence of the tail of the pore-size distribution, the overall
trend was the same.
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