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Abstract: The gas diffusion layer (GDL), as the main mass transfer carrier in a hydrogen fuel
cell, transports fuel and discharges water, the only by-product of the electrochemical reaction. The
dispersion process of water in the pore will hinder the diffusion of gas, thus reducing the concentration
of fuel gas at the catalytic site, resulting in the decrease of the electrochemical reaction rate. In this
paper, the effect of wettability in the GDL hole on the water transport process is studied. When the
pore wall is hydrophilic, the liquid phase is affected by the gas phase eddy current velocity field, and
the particles at the center advance to the edge, forming a liquid phase interface with a thin center
and thick edge. With the increase of the wall contact angle, the curvature of the three-phase interface
increases, the wall adhesion decreases, and the liquid phase is more likely to be discharged. When
the contact angle is 130◦, the liquid phase almost does not shift in the hole with a radius of 5 µm.
With the increase of the radius or inlet pressure difference, the liquid phase is discharged gradually,
and the discharge rate of the liquid phase is only related to the wettability of the wall.

Keywords: fuel cell; wettability; mass transfer

1. Introduction

Energy is the basis of human survival, which is related to the progress and devel-
opment of human society. Among them, hydrogen energy, as a secondary energy and
renewable energy, has been widely used in the field of new energy and is of great signifi-
cance. The emergence of fuel cells further complements the width and breadth of mobile
power consumption, but one of the difficulties in the commercial development of fuel
cells lies in their internal multiphase flow coupling effect. Part of the water produced by
the electrochemical reaction is attached to the proton exchange membrane (PEM), partly
through the PEM to reach the anode, and then that part is electrically dragged back to the
cathode and partly flows out with the gas; the water left on the cathode side is partially
attached to the electrode and partly flows out with the gas, as shown in Figure 1.

The gas diffusion layer (GDL) is a key component of the fuel cell, which will complete
the diffusion transport of fuel gas and the discharge of water. If the water generated in
the fuel cell is not discharged in time, it will directly affect the working efficiency of the
PEM and electrode, and the problem of water flooding will block the pore diameter, thus
reducing the working efficiency of the fuel cell. However, if all the generated water is
discharged quickly, there will be PEM dehydration, and when there is less water in the fuel
cell, the activity of the catalyst will decrease, which will directly affect the performance and
life of the fuel cell.

GDL is a key component of two-phase transport, in which water and gas restrict each
other, and a large number of experimental studies have shown that the existence of water
can inhibit gas transport to a certain extent, resulting in the “blockage” of the transmission
pore size [1–5]. Krisztina Anita Nagy et al. [6] found that because the carbon cloth has
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a dual pore size distribution, water usually accumulates in larger pores, thus allowing
oxygen to be transported to CL in more and smaller pores. When the inner wall of the
GDL aperture has a higher surface roughness, it is more beneficial for the water droplets to
detach from the surface and reduce the mass transfer loss. Yan yaoBao et al. [7] studied
the effect of GDL surface roughness on the removal of water droplets in the flow channel
of the fuel cell by the fluid volume method. The simulation results showed that the three
different motion modes of droplets on the rough surface were rolling, lifting, and breaking,
which were affected by the air velocity. The numerical solution showed that, for a given
channel geometry, the optimal air velocity was most beneficial to the water management
in the GDL channel. A Bazylak et al. [8] found that the hydrophobic material attached to
GDL fiber was damaged by a fracture deformation with high roughness, which reduced
the hydrophobicity of the GDL, and the compressed area became the priority path for
liquid water transport. Therefore, the removal, state, and diffusion of water in the fuel
cell are affected by many factors, and the effect of water on the performance of fuel cells is
particularly prominent.
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Figure 1. Schematic diagram of water diffusion in fuel cells. GDL is a gas diffusion layer, CL is
a catalytic layer, and PEM is a proton exchange membrane. The red scissors in the figure are the
movement directions of the water diffusion, electrical drag back, and transmembrane transport from
the production site.

The effect of uneven PTFE distribution on the local porosity of the GDL is important,
and its drying rate after soaking will affect the distribution of PTFE in the material. Fast-
drying of the suspension resulted in two regions of high PTFE concentrations near the
surface of the GDL, and slow drying of the suspension resulted in an excessively high
PTFE concentration in the central region of the GDL. Alink, R. et al. [9] found that porosity
is not a critical factor limiting the current density, and the oxygen diffusion was also
improved when the liquid phase saturation distribution was optimized. In the review by
Ji, M. et al. [10], it was shown that hydrophobic pores provide channels for gas transport,
while hydrophilic pores facilitate the transport of liquid water, and as the content of
PTFE increases, its electrical conductivity decreases, porosity decreases, and mass transfer
resistance increases. Lin, G. et al. [11] believed that the optimal ratio of hydrophobic and
hydrophilic pores depends on the pore size and its distribution. Reshetenko, TV et al. [12]
found that the local changes of PTFE have an impact on the space and overall performance
of the fuel cell. At a high current density, the local performance of the fuel cell decreased
when the PTFE loading increased, but in a low humidity environment, this effect will
be moderated. C, J, Hwan et al. [13] found that an increase in the PTFE also resulted
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in an increase in the GDL thickness, a decrease in gas permeability, and through-plane
conductivity. In the low-current density region, water saturation has almost no effect on
the battery performance. In the high-current density region, water first exists in the form of
steam and then gradually condenses into a liquid state, and the water yield is greater. Wang
Chen et al. [14] analyzed the effect of PTFE loading and distribution on liquid flow utilizing
a LBM simulation. Under the action of the hydrophobic agent, the liquid first selectively
occupies the larger pores, and as the reaction proceeds, the liquid water is discharged onto
some preferential flow paths. SungHyunKwon et al. [15] used the capillary siphon method
to prepare the GDL with a PTFE concentration gradient along the vertical direction. They
found that excess PTFE would lead to CL overflow, the reason being that excess PTFE led to
an increase of the hydrophobic pores, and the experimental results showed that GDL with a
concentration gradient at 20 wt% PTFE is beneficial for water management of the PEMFC.

Previous works mostly focused on the effect of hydrophobicity or hydrophobic agent
contents on the mass transfer performance of the GDL, but there were a few studies
on the effect of wettability on the liquid phase behavior and mass transfer. For the
study of GDL water management, the wettability of the pore walls is the key to affecting
two-phase transport.

2. Experiment and Method
2.1. Preparation of Hydrophilic and Hydrophobic Carbon Cloth

The raw carbon cloth (Taiwan carbon energy, WOS1002) was immersed in deionized
water by ultrasonic oscillating for 20 min, then immersed in 30 wt% hydrogen peroxide
solution, placed in the oven at 80 ◦C for 1 h, dried, and calcined in air at 450 ◦C for 2 h,
washed with deionized water, and dried to get a hydrophilic carbon cloth.

Equipped with 20 wt% PTFE emulsion, sprayed on carbon cloth, placed in an oven for
1.5 h, then calcined in a natural environment at 380 ◦C for 2 h and washed with deionized
water to dry, hydrophobic carbon cloth was obtained and set aside. The size of carbon cloth
and the area of hydrophobic coating are shown in Figure 2.
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In the model, the simulation aperture can be obtained by rotating the rectangle 
through the Y-axis. As shown in Figure 3, domain 1 is the gas chamber, domain 2 is the 
liquid chamber, the intake direction is the negative direction of the Y-axis, and domain 3 
is the simulation reserved collection chamber, which is used to count the liquid outflow 

Figure 2. Sample drawing, where (a) is the carbon cloth after the hydrophilic treatment, and the
hollowed-out part of (b) is the hydrophobic spraying area.

2.2. Numerical Simulation

The numerical model is simple to simulate the two-phase transfer process in the
pore diameter, in which the interface contact angle [16–18] is used to characterize the
wettability of the pore wall, and the contact angle θ > 90◦ is hydrophobic; in the contrast, it
is hydrophilic.

In the model, the simulation aperture can be obtained by rotating the rectangle through
the Y-axis. As shown in Figure 3, domain 1 is the gas chamber, domain 2 is the liquid
chamber, the intake direction is the negative direction of the Y-axis, and domain 3 is the
simulation reserved collection chamber, which is used to count the liquid outflow value. To
meet the reality that the axial direction of the aperture is mostly horizontal or less vertical,
the gravity distribution points to the negative half of the X-axis. The interface contact Angle
definition is shown in Figure 4.
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2.2.1. Representation of Fluid Interfaces and Convection

The set function φ is introduced to distinguish the two phases. The liquid interface is
represented by the 0.5 isolines of the set function. The set function is expressed as a volume
fraction, φ = 0 is expressed as a gas, and φ = 1 is expressed as a liquid. The transfer of the
fluid interface separating the two phases is given by the following formula:

∂φ

∂t
+ u∇φ = γ∇·

(
ε∇φ− φ(1− φ)

∇φ

|∇φ|

)
(1)

The ε parameter determines the thickness of the two-phase contact interface, ε = hc/2,
and hc is the mesh size in the area through which the interface passes. The gamma
parameter determines the number of reinitializations, which is the maximum speed that
occurs in the model. The density and viscosity are:

ρ = ρair + (ρwater − ρair)φ (2)

µ = µair + (µwater − µair)φ (3)

Similarly, the dynamics of the two-phase flow are controlled by the Cahn-Hilliard [19]
equation, such as the φ area from −1 to 1, which is divided into two equations:

∂φ

∂t
+ u·∇φ = ∇·γλ

ε2 ∇ψ (4)

ψ = −∇·ε2∇φ +
(

φ2 − 1
)

φ (5)

where u is the fluid velocity, γ is the mobility, λ is the mixed energy density, and ψ is the
auxiliary variable.

To strengthen the contact angle in the boundary force:

Fθ = σδ(nwall ·n− cos θw)n (6)

where θW is the contact angle.
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Pc = Pl − Pg = −2σ cos θw

r
(7)

The subscripts l and g are the liquid and gas, respectively, r is the capillary radius, and
Pc is the capillary pressure.

2.2.2. Mass and Momentum Transfer

The model simulates the mass and momentum transfer of fluids based on the Navier–
Stokes equations for incompressible fluids. Its equation is

ρ
∂u
∂t

+ ρ(u·∇)u = ∇·
[
−pI + µ

(
∇u + (∇u)T

)]
+ Fst + ρg (8)

∇·u = 0 (9)

Among them, ρ is the density, µ is the dynamic viscosity, u is the viscosity, p is the
pressure, I is the unit tensor, g is the gravity vector, Fst is the surface tension acting between
the two-phase interface, and T is the temperature of 293.15 K.

Fst = σδkn (10)

k = −∇·n is the curvature, n is the interface normal vector, and δ is the Dirac function.

2.2.3. Boundary Conditions

In the case of natural diffusion, the model only needs domain 1 and domain 2, and
the liquid will move upward (actually, to the left, in the opposite direction of the intake
air) due to the action of adhesion. The velocity component is set to zero. When there is an
inlet pressure difference, the inlet is the inlet, p0 is a variable, and the volume fraction of
the liquid phase in domain 2 is 1. There is an intake pressure difference, and the liquid
movement direction may be the same as the intake direction, so domain 3 is only required
to meet the simulation conditions, the outlet selects the lower boundary of domain 3 and
ensures hydrostatic pressure compensation and suppression of the backflow, where the
static pressure is 0. φ = 1 in domains 1 and 3, φ = 0 in domain 2, the wetted wall is the right
boundary of domains 2 and 3, and periodic boundary conditions are selected for the rest of
the boundaries.

Taking different θ as the cases and selecting the inlet pressure as the variable, the
influence of the wettability of the GDL hole wall on gas–liquid two-phase transport is
studied. The specific variables are shown in Table 1.

Table 1. Table of the experimental variables.

Variable Value

Contact angle θW (◦) 60–140
Aperture size (µm) 5, 15
Inlet pressure (Pa) 0–10, 100

3. Results and Discussion
3.1. Electrochemical Test

Figure 5 is the electrochemical test curve, where a, b, and c are the initial carbon cloth,
hydrophobic carbon cloth, and hydrophilic carbon cloth, respectively. Figure 5A is the
electrochemical impedance spectrum, in which the ohmic impedance of the hydrophobic
carbon cloth is larger than that of the hydrophilic carbon cloth; this is because when water
is generated on the catalytic site of the catalytic layer, the hydrophobic carbon cloth will
directly generate liquid The phase barrier reduces the liquid water saturation inside the pore
size, the inside of the GDL pore size remains dry, and the surface roughness is increased
under the action of the PTFE, thereby increasing the contact resistance. In addition, with
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the continuous production of liquid water, a large amount of the liquid phase of the ions
converges between the GDL and the proton exchange membrane, causing a flooding
problem of the proton exchange membrane, which, in turn, increases the ohmic resistance.
The oblique line in the low-frequency region is the Warburg impedance of the ions on the
electrode—that is, the diffusion impedance of the ions when they diffuse to the electrode
surface. The slashed part in the electrochemical impedance spectrum of the hydrophilic
carbon cloth is almost parallel to the imaginary part, which is the characteristic of resistance
and capacitance in the series, which is characterized by capacitive ion diffusion, while
the initial carbon cloth shows the characteristics of pure resistance and electrochemical
capacitance. The hydrophilic carbon cloth is better than the hydrophobic carbon cloth, and
at a low frequency, the material transfer of the hydrophobic carbon cloth is a limited layer
diffusion, while the hydrophilic carbon cloth is the barrier layer diffusion.
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Figure 5. Electrochemical test curve (A) impedance spectrum. The current density is 1500 mA/cm2,
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Figure 5B shows the cathode polarization curve of a single cell. The open-circuit
voltages of the three-carbon cloths are similar. With the increase of the current density,
the voltage of the hydrophobic carbon cloth decreases the fastest, and the limiting current
density of the hydrophilic carbon cloth is about 2.2 times that of the hydrophobic carbon
cloth. Combined with EIS, it can be seen that the ohmic resistance of the hydrophobic carbon
cloth and the hydrophilic carbon cloth is caused by the ohmic resistance of the hydrophobic
carbon cloth. The voltage losses are about 214.05 mV and 201.15 mV, respectively, but in
the polarization curve, when the current density is 1500 mA/cm2, the voltage value of the
hydrophilic carbon cloth is about 2.2 times that of the hydrophobic carbon cloth, resulting
in a smaller activation loss. On the contrary, it is a hydrophilic carbon cloth. During the
operation of the fuel cell, the hydrophilic carbon cloth can better discharge the liquid phase
from the generation site, while the hydrophobic carbon cloth prevents most of the liquid
phase from entering the inside of the pore, resulting in the water-flooding problem of the
membrane that is also the reason for the rapid drop in the voltage of the hydrophobic
carbon cloth in Figure 5B. However, at the same time, due to the high-water content
inside the hydrophilic carbon cloth, the transport of fuel is reduced, thereby reducing the
concentration of the reactants, which is also the reason why the limiting current density of
the hydrophilic carbon cloth in Figure 5B is lower than that of the initial carbon cloth.
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3.2. Influence of Intrapore Wettability on Mass Transfer during Natural Diffusion

When the inner wall of the hole is hydrophilic, the liquid phase near the inner wall
of the hole first moves in the Y direction due to the drag adhesion force given by the wall.
During this process, the flow of the fluid is continuous and then drags the surrounding
particles to achieve the same movement trend. When the liquid volume fraction remains
constant, the central interface has contractile movement, which is attributed to the sudden
change of the phase interface pressure during the process of particle transfer. When the
interface at the center shrinks to a certain extent, and the contact angle between the interface
and the wall satisfies the initial wettability of the material, the energy caused by the sudden
change of the pressure is offset, the fluid flows back, and finally, the edge of the phase
interface protrudes outward, while the central boundary contracts inwardly. With the
weakening of the hydrophilicity, the interface tends to be smooth, as shown in Figure 6. On
the contrary, when the inner wall of the hole is hydrophobic, the edge shrinks inward and
protrudes outward away from the wall.
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As shown in Figure 7, for the inner wall of the hydrophilic hole, the liquid originally
existing in domain 2 will flow out, and with the increase of the contact angle (that is, the
hydrophilicity decreases), the growth rate of the fluid flow rate will gradually increase in
the whole transition state. However, in the final steady state, the rate is no longer affected
by the contact angle, or affected very little, the cosine value decreases with the increase of
the contact angle θW, and the corresponding boundary force increases.

Figure 7a shows the integral diagram of the volume fraction of the liquid particles
at the lower boundary of hydrophilic time domain 2. When gas particles are diffused
freely, the change rate of the liquid outward volume flow rate increases with the increase of
the contact angle. When the direction of the surface tension vector is consistent with the
contact angle and the rolling angle is constant, the change rate of the forward angle and the
backward angle decreases; the larger the contact angle, the weaker the dragging ability of
the wall to the liquid phase, and the flatter the curvature of the phase interface, the easier
it is for the liquid phase to be discharged from the pore diameter as a whole. Figure 7b,c
show the horizontal set function integral diagram and the pressure diagram of the phase
interface at the lower boundary of hydrophobic time domain 2, respectively. With time,
the pressure on the phase interface decreases from 1800 Pa to 1609.7 Pa when the contact
angle is 100◦, and the difference is 190.3 Pa. When the contact angle is 140◦, the pressure on
the phase interface decreases from 7940.8 Pa to 1004.5 Pa, and the difference is about 36.5
times that of the contact angle at 100◦. This is because, when the inner wall of the hole is
hydrophobic, the phase interface is protruding at the edge of the contraction center, and
the drag effect of the wall on the liquid phase is very small. With the free diffusion of the
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gas phase, the liquid phase particles are discharged at the wall. On the other hand, there is
a lag phenomenon in the movement of the particles at the center due to the capillary pore
pressure, and then, the lagging particles are discharged rapidly when the curvature of the
phase interface is satisfied and the fluid is continuous.
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it is hydrophobic.
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3.3. Effect of Wettability on Mass Transfer at Different Inlet Pressure

The simulation conditions set the pressure to 100 Pa, the contact angle to be 60–80◦,
and the pore diameter to be 15 µm. At the beginning of the experiment, the liquid is stable
in domain 2, and due to the wettability of the inner walls of the pores, the liquid tends to
expand outwards at the beginning, as shown in Figure 8(a1). The liquid in contact with the
wall then comes closer first, and the liquid away from the wall temporarily stays in place.
The gas forms a vortex velocity field tangent to this at the phase interface. The kinetic
energy only depends on the intermolecular force provided by the surrounding particles,
and the vortex velocity field moves toward the center of the liquid interface, changing
its particle potential energy, as shown in Figure 8(a2–a4); the arrow in the figure is the
direction of the gas phase velocity field vector. When the vortex velocity field keeps moving
to the center of the liquid interface, the gas-phase particles keep hitting the liquid-phase
particles, making their potential energy change. Finally, the pore size is dredged, and the
liquid phase respreads under the action of the wettability of the pore wall, forming a new
phase interface and gathering on the wall surface. At this time, the liquid reaches a certain
quasi-steady state, and then, under the influence of the gas flow rate, it all flows out in the
direction of the intake air. During the whole process, the upper end of the liquid phase
interface in contact with the wall maintains a stable receding angle. When the receding
angle and the advancing angle under the condition of the wettability of the wall surface are
satisfied, the liquid phase moves as a droplet as the whole.
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Figure 8. Two-phase transport state under each wettability phase when the inlet pressure is 100 Pa
and the aperture radius is 15 µm. (a) is contact angle 60◦, (b) is 70◦, and (c) is 80◦. The arrow in the
picture is the velocity vector direction of the gas particles, the liquid phase is blue, and the gas phase
is green. The 1–5 in figure are instantaneous graphs with time increasing in sequence.

Change the simulation conditions: set the pressure to 0–10 Pa, the aperture radius
to 5 µm, and the contact angle to 100–130◦. Figure 9a,b take the pressure difference and
contact angle as single variables, respectively, and measure the level set function value
and the integral value of the liquid phase volume fraction on the lower boundary line
of domain 2. When the inner wall of the pore is hydrophobic, the liquid phase is in the
shape of a convex lens as a whole in the aperture—that is, the liquid phase shrinks near the
wall and expands in the center, which is also the reason for the increase in the numerical
change graph obtained in Figure 9. Taking the value of 0 as the reference value of the
liquid phase discharge pore size, the liquid phase discharge speed is the fastest when the
pressure difference is 4 Pa. In Figure 9a, only the air intake velocity is determined, and the
flow of the liquid phase depends more on the drag force provided by the wettability of
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the inner wall of the hole, and when the inner wall of the hydrophobic hole is used, the
receding angle determines the ease of the rolling of the liquid phase. In Figure 9b, when
the contact angle is 130◦, the liquid phase remains in the pore size without almost any
displacement because of the existence of capillary pressure, as shown in Equation 7. As
the contact angle increases, the capillary pressure and the inlet pressure increases. The
difference cannot overcome the capillary pressure. At this time, the receding angle and
the capillary pressure work together to make the liquid phase into a pseudo-stable state
and remain stationary. However, when the pore radius or pressure difference is increased,
this pseudo-stable state will decrease with the capillary pressure. When broken, the liquid
phase will still be discharged.
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4. Conclusions

By changing the factors such as the inlet pressure difference, the size of the pores,
and the wettability in the pores, the model is simulated and tested, and the following
conclusions are drawn:

(1) In the case of the free diffusion of gas, if the wettability in the pores is hydrophilic
when the liquid phase particles are affected by the surface tension of the wall of the hole,
they preferentially move to the wall. When the angle between the liquid interface and the
wall of the hole reaches the maximum advancing angle, the particles of the liquid phase
will no longer move to the wall. Due to the continuity of the fluid and the invariance of
the volume, the particles at the wall surface far away from the hole shrink inward and,
finally, remain stable in the form of a concave lens. When it is hydrophobic, the liquid
phase interface remains stable in the form of a convex lens. Due to the surface tension
on the wall of the hole, the wall has a weaker binding ability to the liquid phase, and the
particles have hysteresis.

(2) When there is a pressure difference at the inlet since the wall has a strong drag
on the liquid in the hydrophilic pores, the inlet pressure gradually overcomes the viscous
force and surface tension, and finally, the liquid phase is discharged from the pores. When
the pores are hydrophobic, a small inlet pressure differential can expel the liquid phase, but
as the hydrophobicity increases, the greater the capillary pressure, and the more difficult it
is for the liquid phase to be expelled from the pores. The discharge rate of the liquid phase
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is only related to the wettability of the wall and the size of the pore and is not affected by
the inlet pressure difference or has little effect.

(3) The wettability of macropores is set to hydrophilic for liquid phase transport; the
wettability of small pores is set to hydrophobicity for gas-phase transport to avoid the
two-phase coupling problem to the greatest extent, thereby improving the mass transfer
efficiency of the GDL and fuel battery performance.
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