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Abstract
Effects of the Micro porous layer on the PEM Fuel Cell
Performance

Jaebong Sim
Department of Mechanical Engineering
The Graduate School
Seoul National University

Polymer electrolyte membrane fuel cell (PEMFC) is one of the types of fuel
cells operating at low temperature used in household appliances and vehicles due
to its high-power density and fast start / stop operating characteristics. Generally,
the components of the PEMFC can be classified into gas diffusion layer (GDL),
bipolar plate and membrane electrode assembly (MEA). Among them, GDL
facilitates the diffusion of reactant gas and the discharge of the generated water.
Additionally, it performs various functions such as the role of the conductor of
heat and electrons generated by the electro-chemical reaction and the mechanical
support of the catalyst layer (CL). Therefore, it is certain that research on the GDL
is very important.
In general, the GDL is composed of the substrate and the micro-porous layer
(MPL) and is treated with the PTFE to promote the water discharge from the GDL.
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Additionally, the MPL mainly consists of carbon black and PTFE, and the design
of these elements affects the PEMFC performance. Also, when laminating the
MPL onto the substrate, the MPL penetrates the substrate, and this MPL
penetration thickness also has substantial affects the performance. In this study,
the PEMFC performance tendency was investigated with varying the MPL PTFE
content and MPL carbon loading per unit area. Regarding the MPL PTFE content,
the performance improved as the cathode MPL PTFE content increased at low RH,
but at high RH, the PEMFC performance deteriorated as the cathode MPL PTFE
increased. In the case of the MPL carbon loading, the MPL carbon loading of 2
mg/cm2 demonstrated the best performance based on the experimental results in
this study, and this suggests that there exists an optimal MPL carbon loading for
the optimum performance of the PEMFC.
In addition, the effects of ratio variation in the substrate and MPL penetration
on the PEMFC performance were investigated with the reaction area of 25 cm2
for each driving condition. And the reasons for these performance tendencies are
explained by various experiments, physical properties measurement results and in
terms of the capillary pressure gradient. In summary, based on the experimental
results in this study, the MPL penetration ratio within 15% to 20% of the total
GDL thickness and the combined ratio of the MPL and MPL penetration within
35% to 40% is the best for overall PEMFC performance. In addition, when the
substrate ratio to the total GDL thickness is too low, such as 150T (~20%), water
flooding occurs severely in the substrate, and this accumulated water acts as a
back pressure, thereby causing severe capillary condensation in the MPL
ii

penetration region, which prevents the supply of the reactant gas. Further, if the
substrate ratio is too low, the discontinuity in the porosity and surface properties
between the MPL and the substrate are weakened; thus, the ability to discharge
water from high capillary pressure to low capillary pressure is deteriorated,
thereby resulting in poor performance.

Keywords: Polymer electrolyte membrane fuel cell; Gas diffusion layer;
Substrate; Micro porous layer; Micro porous layer penetration;
Capillary pressure;
Student Number: 2019-27627
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Introduction
1.1 Background
As global environmental regulations become stringent, proton exchange
membrane fuel cell (PEMFC) is attracting attention as the future power source to
replace internal combustion engines because they are suitable for high efficiency, low
operating temperature and rapid response to various load changes [1]. The PEMFC
consists of membrane electrode assembly (MEA), gas diffusion layer (GDL) and
bipolar plate. In addition, PEMFC uses hydrogen and oxygen as energy sources, and
under high load operating condition, the oxygen concentration in the catalyst layer
(CL) significantly decreases as more oxygen should be consumed, and this oxygen
deficiency has a dominant effect on performance. That is, the continuous supply of
oxygen to the CL and the discharge of water from the cathode CL to the flow channel
are the most important factor to prevent oxygen deficiency in the reaction area.
From this point of view, the GDL is a major component that provides a two-phase
flow path for reactant gas and liquid water and facilitates diffusion of these things. In
addition, GDL performs various functions such as the role of the conductor of heat
and electrons generated by the electro-chemical reaction and the mechanical support
for the CL.
Thus, research on the GDL is the key for the development of high efficiency
PEMFC. In this study, the effects of the GDL physical properties are quantitively
investigated through various experiments.
1

1.2 Literature Review
1.2.1 Effects of the basic gas diffusion layer components on the
PEMFC performance
Many studies have been conducted to improve the PEMFC performance, and
considerable research on the GDL has also been conducted. GDL is composed of a
substrate and a micro-porous layer (MPL). In addition, the MPL consists of carbon
black and polytetrafluoroethylene (PTFE), which prevents water flooding at the
interface of the CL and MPL, thereby facilitating the continuous supply of reactant
gas to the CL well. Existing studies have focused on varying the materials that
compose the GDL or the physical structures of the GDL [2-10]; however, it is more
important to further study the impact of the basic parameters of the GDL such as the
substrate and MPL on the PEMFC performance.
Many studies have been conducted on the effects of the substrate PTFE content
and MPL PTFE content on the PEMFC performance due to the PTFE dependence of
the water flux in the GDL [11-24]. Shimpalee et al. [11] compared the PTFE-treated
and non-PTFE-treated GDLs through simulations in terms of water flooding. Tsai et
al. [12] examined the optimal PTFE content of the substrate and the MPL when a
Nafion/PTFE membrane was used.
Velayutham [14] also studied the effects of the substrate PTFE content and found
that the substrate PTFE content exhibited a dominant effect on the PEMFC
performance. In addition, the author noted that a low PTFE content in the GDL
2

resulted in increased water flooding in the GDL and a lower mechanical strength,
conductivity, and water removal rate. Su et al. [15] investigated the effect of the PTFE
content on high-temperature PEMFC and confirmed its influence on the porosity,
electrical resistance, and mechanical properties. Reshetenko et al. [16] investigated
the effect of the substrate PTFE content on the PEMFC performance through
polarization curves, electrochemical impedance spectroscopy (EIS), and mercury
porosimetry, and revealed that the substrate PTFE content adversely affected the
porosity and pore volume of the GDL. Park et al. [17] compared the PEMFC
performances when GDLs with different substrate PTFE contents without the MPL
were used, and demonstrated the effect of substrate PTFE content on the air
permeability. They also revealed that the shear force and evaporation rate were the
main driving forces causing the discharge of water from the substrate.
In addition, previous studies have demonstrated that the MPL plays an important
role in the PEMFC performance in terms of water management and oxygen transport.
Bevers et al. [18] investigated the effect of the MPL PTFE content on the electrical
conductivity and gas permeability of the GDL. Velayutham [14] also evaluated the
PEMFC performance by varying the MPL PTFE content in the same manner as in this
study, and investigated the effects of the MPL PTFE content on the gas flow rate and
electrical resistance of the GDL. However, the authors used carbon cloth as the
substrate. Fishman et al. [19] investigated the effect of the PTFE content within the
GDL on the through-plane porosity distribution of the GDL and observed that the
PTFE content and through-plane porosity distribution were inversely proportional.
Park et al. [20] confirmed the effect of the MPL PTFE content on the PEMFC
performance and revealed that the porosity of the MPL decreased and the number of
3

hydrophobic pores increased, making it difficult for water to penetrate the MPL
surface as the MPL PTFE content increased, and suggested the optimum MPL PTFE
content. Sadeghifar et al. [21] investigated the effect of the PTFE within the GDL on
the thermal conductivity of the GDL and found that the porosity and through-plane
thermal conductivity decreased as the PTFE content increased. In addition, the
correlation between the GDL compression ratio and thermal contact resistance was
identified. Chen et al. [22] investigated the effect of the GDL PTFE content on the
thermal conductivity by using an FBG sensor.
Furthermore, to investigate the effect of the PTFE distribution across the GDL,
Chen et al. [23] used a three-dimensional multiphase lattice Boltzmann model to
compare the effects of the uniformly distributed PTFE and non-uniformly distributed
PTFE in the GDL, and investigated the impact of the PTFE on the changes in the
liquid saturation level. Molaeimanesh et al. [24] confirmed a two-phase flow in the
GDL by varying the PTFE distribution through the lattice Boltzmann method and
observed that the PTFE plays an important role in preventing liquid water traps in the
GDL.
Additionally, the effect of carbon loading, one of the main components in the
MPL, has also been studied [25-28]. Dai et al. [25] investigated the correlation
between the MPL carbon loading and water flux in the GDL and revealed that a high
carbon loading interfered with the water flux due to the reduction of mass transport
channels. However, the authors recommended the use of the MPL with a high carbon
loading when the fuel cell system operates at a low relative humidity (RH) because it
helps to hold more water in the MPL and prevents the membrane from drying out.
4

Orogbemi et al. [26] studied the relationship between the MPL carbon loading and gas
permeability. They demonstrated that these variables were inversely proportional and
the gas permeability was significantly reduced after carbon loading. The impact of
carbon loading on the gas permeability was due to the change in the GDL thickness
induced by carbon loading. Chen et al. [27] conducted experiments with different
MPL carbon loadings and fixed MPL PTFE weight percentages of 20%, and found
that the optimal carbon loading was 1.5 mg/cm2. In addition, they suggested that
carbon loading affected the catalyst utilization rate, electrochemical reaction sites, and
consequently, the charge transfer resistance. Lobato et al. [28] investigated the effects
of carbon loading on the gas permeability, electrochemical reaction area of the cathode
CL, porosity, tortuosity, and the GDL pore distribution, and revealed that the optimum
carbon loading was 2 mg/cm2 through the polarization curve and EIS. However, this
study examined the effect of the MPL carbon loading on polybenzimidazole-based
high-temperature PEMFC. This study quantitatively analyzes the effects of the MPL
PTFE content, and MPL carbon loading on the PEMFC performance in terms of the
capillary pressure gradient.

5

1.2.2 Effects of ratio variation in substrate and MPL
penetration on the PEMFC performance
Several authors investigated the effects of substrate thickness and reported that
the thinner the substrate, the better the performance [29-32]. Maheshwari et al. [29]
investigated the advantages and disadvantages of thin and thick substrates and
suggested the optimum thickness. They identified the effect of substrate thickness on
pore size distribution and confirmed that there is a slight difference in tortuosity,
porosity, and gas permeability when the substrate thickness is 300 μm and 250 μm;
these results are referenced in our study. However, Maheshwari et al. observed the
performance variation with the change in substrate thickness using polarization curves
and they focused on determining the optimum substrate thickness for the best
performance. Paganin et al. [30] identified the performance change with substrate
thickness and suggested the optimum thickness; however, there was insufficient
evidence to indicate that the performance deteriorated as the thickness decreased.
Park et al. [17] revealed that the dominant driving force for water discharge in
the substrate was shear force and evaporation rate; they proved that fuel cell
performance was not sensitive to RH as the GDL became thicker. Indeed, the
evaporation rate and shear force, and not the capillary pressure gradient, dominantly
affect the ability to discharge water from the substrate. However, based on the
experimental results in this study, a thicker GDL was found to be less sensitive to RH
in the serpentine FC at high current densities; the thinner GDL was less sensitive to
changes in RH at low current densities owing to the back diffusion caused by water
6

flooding in the cathode GDL. Lin et al. [31] explained why the fuel cell performance
deteriorated as the substrate became thinner in terms of pore distribution, and they
confirmed that the thinner the substrate, the smaller is the average pore size, pore
volume, and porosity, thereby reducing the performance and hydrophobic
characteristics of the GDL. Lee et al. [32] noted that the changes in the distribution of
pore size caused by changes in the substrate thickness had a significant effect on
PEMFC performance because gas and water transport are controlled separately by
small and large pores in a specific volume.
The MPL penetrates the substrate when laminating it onto the substrate, this
penetration thickness affects water management in the GDL [33-34]. However, there
is little research on the effect of MPL penetration on PEMFC performance. Zamel et
al. [33] investigated the relationship between the MPL penetration thickness, effective
diffusion coefficient, and thermal conductivity. They showed that the penetration
thickness is proportional to the effective thermal conductivity, but it is inversely
proportional to the effective diffusion coefficient. Cho et al. [34] noted that thinner
the MPL penetration thickness, the weaker is the capillary pressure gradient at the
substrate; this results in performance degradation at high RH caused by water flooding
in the substrate. However, the MPL penetration region is more sensitive to water
flooding than the substrate because the pore size and porosity of the MPL penetration
region are considerably smaller than those of the substrate. In other words, if the MPL
penetration is thick, water flooding occurs more severely in the MPL penetration
region, and the accumulated water in the MPL penetration region plays the role of
back pressure that requires additional pressure to discharge water; therefore, the
supplied reactant gas does not reach the reaction area well. Indeed, the thinner the
7

MPL penetration thickness, the larger the pores remain in the substrate; further, the
porosity and tortuosity are improved. That is, the evaporation rate, shear force, and
water saturation level in the substrate will be improved. Indeed, the evaporation rate
and shear force, not the capillary pressure gradient, dominantly affect the ability to
discharge water from the substrate. However, there is little research on the effects of
MPL penetration thickness on the PEMFC performance when the MPL and the MPL
penetration thickness are almost the same, but the substrate thickness is different or
total GDL thickness is the same but the MPL penetration ratio is different.
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1.3 Objective
The GDL provides a flow path of the reactant gas and two-phase water and is the
major component that promotes diffusion of the reactant gas. It is very important to
prevent water flooding in the GDL under high load driving conditions, and the twophase water in the GDL is greatly affected by the capillary pressure gradient. In this
study, the effects of MPL PTFE content and MPL carbon loading on the capillary
pressure gradient of each region in the GDL were quantitatively identified. In addition,
when the GDLs with the same MPL and MPL penetration thickness ratio and different
substrate thickness were used, the effects of each region in the GDL on the PEMFC
performance were investigated. Lastly, when the total GDL thickness is the same but
the MPL penetration thickness is different, the effects of different MPL penetration
thickness on the PEMFC performance were studied. The causes of the performance
tendency are determined using polarization curve, EIS, Mercury porosimetry, contact
angle, TGA, and in terms of capillary pressure gradient.

9

Experimental setup and experimental
variable of the gas diffusion layer
2.1 Experimental method
As shown in Fig. 2.1, when the active area was 25 cm2, the entire area of the fuel
cell (FC) was used and the stoichiometric ratio (SR) of the reactant gas was 1.5 for
the anode and 2.0 for the cathode. When the active area was 1 cm2, the 1 cm2 area near
the exit of the 25 cm2 FC was set using a gasket, and the SR of the reactant gas was
set to more than 20 for both the anode and the cathode. This reduces the effect of
convection occurring in the FC, minimizes the oxygen concentration gradient and
pressure gradient in the in-plane direction along the reaction area, and satisfies the
rapid oxygen diffusion assumed in the EIS analysis. When assembling single cell, the
GDL compression ratio was unified to 78%. However, for experiments where the
MPL and MPL penetration thicknesses were the same but the substrate thickness was
different, additional experiments were conducted by assembling single fuel cells with
70% compressed GDL. The polarization curves and EIS were obtained under the
experimental conditions listed in Table 2.1 and specifications of the single cell are
listed in Table 2.2.

10

Fig. 2.1 Setup of the active area. (a) Active area of 25 cm2. (b) Active area of 1 cm2.
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Table 2.1 Operating conditions for measuring the EIS and polarization curve when
active area is 25 cm2 and 1 cm2.
Parameter

Active area: 1 cm2

Active area: 25 cm2

Test mode

Galvanostatic technique

Frequency

20 kHz to 900mHz

Mass flow

Anode: 0.400 ln/min

Anode: SR* 1.5

(H2/air)

Cathode: 2.00 ln/min

Cathode: SR* 2.0

30, 60, 80, 100 %

30, 50, 60, 100 %

(anode/ cathode)

(anode/ cathode)

Inlet gas RH**

Temperature

65 ℃

Outlet pressure

Ambient pressure

*

Stoichiometric Ratio

**

Relative Humidity

Table 1.2 Specifications of the single cell.
Component

Condition
Parallel channels (anode/ cathode)

Flow
1/0.815 mm width (channel/rib)
Channel
0.4/0.6 mm depth (anode/cathode)
MEA†

Pt loading in the anode/cathode: 0.45mg/㎠

†Membrane Electrode Assembly (Catalyst Coated Membrane)
12

2.2 Experimental variable of the gas diffusion layer
2.2.1 Basic properties of the gas diffusion layer
In this study, three types of GDLs were used to analyze the effects of the MPL
PTFE content, and MPL carbon loading. The same carbon paper substrate was used
(MGL 280), which had a thickness of approximately 280 µm, and a single layer of the
MPL was laminated onto the substrate using a doctor blade method. In the case of the
MPL PTFE content, the MPL PTFE weight percent was varied to 35%, 50%, and 60%,
and the substrate PTFE weight percent was fixed at 5%. In addition, the MPL carbon
loading was varied to 1 mg, 2 mg, and 3 mg per square centimeter, and the substrate
and MPL PTFE weight percent were set to 20%.
The experimental cases for each variable are listed in Tables 2.3–2.4.
As presented in Table 2.3, since water management in the cathode region, such
as water flooding, is important, the MPL PTFE content of the anode GDL was fixed
at 35%, and then the MPL PTFE content of the cathode GDL was varied to 35%, 50%,
and 60%. In addition, to confirm the effect of the anode MPL PTFE content, a single
fuel cell was assembled with 60% MPL PTFE content at the anode GDL and 35%
MPL PTFE content at the cathode GDL, and compared with the first case in Table 2.3.
For experiments with carbon loading as a variable, the same GDL was used for the
anode and cathode, as presented in Table 2.4.
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Table 2.3 Experimental cases with the MPL PTFE content as a variable.
Anode

Cathode

25 cm2

MPL PTFE 35%

MPL PTFE 35%

25 cm2

MPL PTFE 35%

MPL PTFE 50%

25 cm2

MPL PTFE 35%

MPL PTFE 60%

25 cm2

MPL PTFE 60%

MPL PTFE 35%

Table 2.4 Experimental cases with the MPL carbon loading (mg/𝐜𝐦𝟐 ) as a variable.
Carbon loading

Anode

Cathode

25𝐜𝐦𝟐

1mg/cm2

1mg/cm2

25𝐜𝐦𝟐

2mg/cm2

2mg/cm2

25𝐜𝐦𝟐

3mg/cm2

3mg/cm2

14

2.2.2 MPL penetration region in the gas diffusion layer
Three types of GDL were used to analyze the effect of the substrate thickness
with the same thickness of MPL and MPL penetration thickness. All GDL thicknesses
are listed in Table 2.5. The thicknesses of the MPL and MPL penetration are 60 μm,
respectively, based on SEM imaging. The experimental cases with different substrate
thicknesses and the same MPL and MPL penetration thicknesses are summarized in
Table 2.6. Experiments were conducted using the same type of GDL at the anode and
the cathode; additionally, the single fuel cells were assembled with different GDLs at
the anode and cathode to further identify the effect of the substrate in each region.
In experiments with different MPL penetration ratio, three types of commercial
GDLs were used. The three GDLs were fabricated using the same carbon-paper-type
substrate with a thickness of 245 μm; the total thickness and electrical resistance of
the three GDLs were almost the same. However, in this study, results of several
experimental analyses confirmed that the MPL penetration thicknesses of these three
GDLs are different. MPT-1 is the GDL with the lowest MPL penetration ratio; MPT3 is the GDL with the highest MPL penetration ratio. The experimental cases are listed
in Table 2.7.
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Table 2.6 Gas diffusion layer type with the different substrate thickness but the same
MPL and MPL penetration thickness.
GDL

Total GDL thickness

300T

320±20μm

250T

250±20μm

150T

150±20μm

Table 2.7 Experimental cases with the different substrate thickness but the same MPL
and MPL penetration thickness.
Active area

Anode

Cathode

25 cm2 / 1 cm2

300T

300T

25 cm2 / 1 cm2

250T

250T

25 cm2 / 1 cm2

150T

150T

25 cm2

300T

250T

25 cm2

250T

300T

Table 2.8 Experimental cases with the different MPL penetration ratio but the same
total GDL thickness.
Active area

Anode

Cathode

25𝐜𝐦𝟐

MPT-1

MPT-1

25𝐜𝐦𝟐

MPT-2

MPT-2

25𝐜𝐦𝟐

MPT-3

MPT-3
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Effects of basic gas diffusion layer
components on PEMFC performance
3.1 MPL PTFE content
The PTFE weight percentage relative to the total weight of the GDL increases as
the MPL PTFE content increases, as depicted in Fig. 3.1-(b). As expected, the contact
angles of the substrate surface were almost the same, while the contact angle of the
MPL surface increased as the MPL PTFE content increased, as shown in Fig. 3.1-(a).
In addition, because the doctor blade method that loads one layer of the MPL
onto one side of the substrate was used, the PTFE drying speed increased as the PTFE
content increased, resulting in more significant mud-cracking at the MPL surface due
to a decrease in the drying time during the sintering process, as shown in Fig. 3.2.
Therefore, the average pore diameter increases as the MPL PTFE content increases,
as presented in Table 3.1. However, the porosity and pore intrusion volume decreased
with increasing MPL PTFE content, which implies that the average pore diameter
does not significantly affect these variables. Fig. 3.3-(b) also depicts that the pore
distributions of the three GDLs with different MPL PTFE contents were almost the
same because one layer of the MPL was stacked onto the same substrate. However,
because the PTFE blocks a few of the GDL pore voids [36], as the MPL PTFE content
increases, the number of pores corresponding to the MPL slightly decreases, as
depicted in Fig. 3.3-(b). Additionally, it can be confirmed that as the MPL PTFE
content increases, the amount of water that the MPL can contain decreases, as
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illustrated in Fig. 3.3-(a). The same results are presented in the pore intrusion volume
data listed in Table 3.1. This result indicates that the GDL with the MPL PTFE content
of 35% can retain relatively more water within the MPL.
A brief description of the water discharge capability of the GDL in terms of the
capillary pressure is as follows. The movement of two-phase water generated by

the electrochemical reaction is determined by the capillary pressure and water
flux in the GDL. The capillary pressure is expressed as [35]

PC = τ cos(θC ) (C

(1−𝜀)
𝜀𝑑𝑝

(5)

)J(s)

Further, because it is difficult to determine the capillary pressure at the interface
of each layer quantitatively, the average value on both sides of the interface was used,
and the capillary pressure gradient in each region was determined by subtracting the
capillary pressure at each interface and by dividing the thickness of its region, as
shown in Fig. 3.4.
Among the variables affecting the capillary pressure in Eq. (5), it is assumed that
all the variables except the pore size have the same value as before. The capillary
pressure in the substrate of the three GDLs was set to 1 because the same substrate
was used. In addition, because the MPL pore size was approximately 100 times
smaller than the pore size of the substrate, the capillary pressure in the MPL was set
to 100, when the MPL PTFE content was 35%. When the MPL PTFE content was 50%
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and 60%, the capillary pressure was set to 90 and 80, respectively, because the average
MPL pore size and the number of cracks in the MPL increases, as the MPL PTFE
content increases. The pore size of the MPL penetration region may be slightly
different depending on the MPL PTFE content. However, no significant difference is
observed, and the pore size of this region is generally approximately 10 times smaller
than the substrate pore size; thus, the pore size of the MPL penetration region of the
three GDLs was consistently set to 10 [34]. In addition, it was assumed that each GDL
had the same substrate thickness and MPL penetration thickness; thus, each thickness
was set to 1. On the other hand, the MPL thickness slightly increased as the MPL
PTFE content increased due to the large volume per unit mass of the PTFE in
comparison with carbon. Therefore, when the MPL PTFE content was 35%, the MPL
thickness was set to 1; when the PTFE content was 50%, the MPL thickness was set
to 1.1; and when the PTFE content was 60%, the MPL thickness was set to 1.2. The
capillary pressure of the interface of each layer was determined in the same manner
as before.
In summary, as shown in Fig. 3.2, as the content of MPL PTFE increases, more
cracks are generated on the MPL surface, resulting in weaker capillary pressure
gradients within the MPL. Even if the capillary pressure is corrected by the MPL
contact angle, it does not significantly affect the capillary pressure gradient because
the equation of the contact angle is a cosine function. That is, as the PTFE content
increases, the effect of increasing the contact angle and increasing the cracks have an
opposite effect on the capillary pressure gradient in the MPL, but the effect of cracks
on the capillary pressure gradient is greater than the effect of the contact angle. In
other words, As the MPL PTFE content decreases, the capillary pressure gradient in
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the MPL increases, leading to better discharge of water from the MPL, as illustrated
in Fig. 3.5.
As shown in Fig. 3.6 at low RH, the performance improved as the cathode MPL
PTFE content increased, but at high RH, the PEMFC performance deteriorated as the
cathode MPL PTFE increased. In addition, the performance deteriorated as the anode
MPL PTFE content increased; however, the negative effect of the anode MPL PTFE
content on the performance was less than that of the cathode MPL PTFE content..
Fig. 3.6 shows that single cell performance deteriorates at high current density
as the cathode MPL PTFE content increases. This is because the water discharge
capability deteriorates as the MPL PTFE content increases, causing severe water
flooding in the cathode GDL and preventing the continuous supply of the reactant gas
to the CCL.
On the other hand, at low RH, the performance improved as the cathode MPL
PTFE content increased. This is because as the cathode MPL PTFE content increases,
the capillary pressure gradient in the MPL decreases, so the water vapor continuously
accumulated in the MPL increases over time to the saturation level even at low RH,
and this accumulated water in the MPL acts as the back pressure that requires
additional pressure to discharge water from the MPL. This phenomenon induces an
increase in the back diffusion of liquid water from the CCL to the membrane, leading
to a hydrated membrane at low RH.
Fig. 3.7 shows the total resistance and HFR, and the HFR decreased as the RH
increased. As the PTFE content of cathode MPL is increased, the electrical resistance
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of the GDL is expected to be increased because the ratio of the total weight of carbon
to the MPL is decreased, but the scale of this resistance is small, and thus does not
have a dominant effect on HFR. However, as the MPL PTFE content increases, the
capillary pressure gradient in the MPL decreases. Thus, an increase in the cathode
MPL PTFE content increases the water saturation level in the cathode region, resulting
in a decrease in the HFR due to the hydrated membranes. As expected, the total
resistance increased as the cathode MPL PTFE content increased.
Furthermore, because the effective diffusion coefficient is strongly affected by
porosity, the MPL PTFE content negatively affects the porosity and tortuosity. Thus,
as presented in Table 3.1, the porosity decreases as the MPL PTFE content increases.
That is, the increase in the PTFE content restricts or prevents the diffusion path of the
reactant gas and the generated water. In summary, a high MPL PTFE content is
unsuitable in terms of water diffusion, although it has the advantage of membrane
hydration at low RH [37].
Voltage transient response experiments were also performed in the case where
the MPL PTFE content was variable, and the current was varied from 0 A/cm2 to 1.0
A/cm2 [34]. Moreover, because it was maintained at 0 A/cm2, it is assumed that water
flooding did not occur in the GDL before the current was changed, and the sudden
drop in voltage when the current density was changed indicates the HFR [38]. As
shown in Fig. 3.8, the HFRs of the three GDLs were similar for the sudden current
change due to the sufficiently hydration of the membrane at RH 100%. However, after
a certain period of time, the voltage drop rates of the three GDLs were different,
indicating water flooding in the cathode GDL.
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Fig. 3.1 Results of contact angle and TGA when the MPL PTFE content is variable.
(a) Contact angle of the substrate and MPL. (b) TGA measurement result.
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Fig. 3.2 FE-SEM images of the MPL. (a) When the MPL PTFE content is 35%. (b) When the MPL PTFE content is 50%.
(c) When the MPL PTFE content is 60%.
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Fig. 3.3 Mercury porosimetry results. (a) Cumulative intrusion. (b) Pore size distribution.
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Fig. 3.4 Schematic diagram of capillary pressure and capillary pressure gradient.
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Fig. 3.5 Schematic diagram of capillary pressure of three GDLs.
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Fig. 3.6 Single cell performance comparison for each cell at a specific RH. (a) Polarization curves at RH 30%. (b) Polarization
curves at RH 60%. (c) Polarization curves at RH 80%. (d) Polarization curves at RH 100%.
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Fig. 3.7 Total resistance and HFR. (a) Total resistance at RH 100%. (b) HFR at RH
100%. (c) Total resistance at RH 60%. (d) HFR at RH 60%. (e) Total
resistance at RH 30%. (f) HFR at RH 30%.
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Fig. 3.8 Voltage transient response as the current density is changed from 0A/𝐜𝐦𝟐 to
1.0A/𝐜𝐦𝟐 at RH 100%.
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Table 3.1 Mercury porosimetry results when the MPL PTFE content is a variable.
MPL PTFE

Average pore
diameter (µm)
Pore Intrusion
Volume (mL/g)
Porosity (%)

MPL PTFE

MPL PTFE

35%

50%

60%

0.39721

0.42005

0.44058

1.4067

1.3353

1.3277

77.88799

66.29475

59.64913
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3.2 MPL carbon loading
As shown in Fig. 3.9, the MPL carbon loading of 2 mg/cm2 demonstrated the
best performance, and the MPL carbon loading of 1 mg/cm2 and the MPL carbon
loading of 3 mg/cm2 demonstrated relatively low performance. When the MPL carbon
loading was 1 mg/cm2, the performance was the worst at all values of RH, and the
performance severely deteriorated at high current density at RH 60%. When the MPL
carbon loading was 3 mg/cm2, the performance was better than that when the MPL
carbon loading was 1 mg/cm2; however, the performance was lower than that when
the MPL carbon loading was 2 mg/cm2. This performance trend was observed at all
RHs, and it was identified that there exists an optimum MPL carbon loading on the
PEMFC performance.
The reasons for the optimum point rather than the linear tendency according to
the change in the MPL carbon loading are as follows.
The first reason is the different water discharge capability caused by the different
MPL carbon loadings. In terms of the capillary pressure and capillary pressure
gradient, the water discharge capability with changes in the MPL carbon loading was
investigated. A schematic of the capillary pressure and capillary pressure gradient of
the three GDLs is illustrated in Fig. 3.10. Because the substrate pore size is
approximately 100 times larger than the MPL pore size, after setting the MPL and
substrate capillary pressures in the case wherein the carbon loading was 1 mg/cm2 to
100 and 1, respectively, the capillary pressures of the remaining two GDLs were
determined. Because the three GDLs used the same substrate, the capillary pressure
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in the substrate was set equally to 1, and in determining the MPL capillary pressure
of the remaining two GDLs, the pore size in Table 3.3 was considered in Eq. (5).
Furthermore, because the effect of the MPL carbon loading on the MPL penetration
is almost negligible, the pore size of the MPL penetration region of the three GDLs is
considered to be the same, which was set to 10. Furthermore, because the contact
angle on each side exhibits almost the same value, this contact angle is not reflected
in the capillary pressure. In addition, it was assumed that the thickness of the other
regions except the MPL was the same, and the MPL thickness was set to increase as
the carbon loading increased. In the mercury porosimetry results up to a pore size of
130 μm, the pore size of the total GDL decreased as the carbon loading increased, as
presented in Table 3.2. However, in determining the MPL capillary pressure, referring
to the mercury porosimetry results up to a pore size of 1 μm in Table 3.3, the pore size,
pore intrusion volume, and porosity increased as the carbon loading increased; thus,
the capillary pressure in the MPL was set to decrease as the carbon content increased,
as depicted in Fig. 3.10. These results can also be confirmed in Fig. 3.11.
As the average pore size of the MPL increases, the capillary pressure between
the MPL and CL interface decreases, reducing the capillary pressure gradient in the
MPL. Thus, it can be inferred that the generated water does not discharge well in the
MPL as the MPL carbon loading increases. Thus, this implies that when the carbon
loading is 3 mg/cm2, each pore has the worst water discharge capability in comparison
with other GDLs. In addition, referring to the cumulative intrusion result in Fig. 3.11(b), as the MPL carbon loading increases, the number of pores in the MPL increases.
However, as presented in Table 3.3, the MPL pore size, pore intrusion volume, and
porosity increased as the MPL carbon loading increased due to the large pores and
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generated cracks during the sintering process, as shown in Fig. 3.12. Therefore, it can
be determined that the water discharge capability is improved, and the amount of
water that can be retained in the MPL increases as the MPL carbon loading increases.
Furthermore, for the same reason, in the case of a carbon loading of 3 mg/cm2, the
sensitivity to the water flooding in the MPL is low in comparison with that in the case
of a carbon loading of 1 mg/cm2; thus, it can be inferred that the continuous supply of
reactant gases is well supplied. In addition, in terms of capillary pressure, water can
penetrate the MPL when the capillary pressure in the CL exceeds the capillary
pressure at the interface between the CL and MPL; thus, in the case of a carbon loading
of 3 mg/cm2, capillary pressure required for water to penetrate the MPL is low, and
thus the water can easily penetrate the interface between the MPL and CL compared
to other GDLs. Additionally, based on the porosity and average pore size of the MPL,
the gas permeabilities of the carbon loadings of 1, 2, and 3 mg/cm2 were
1.72 × 10−8 , 1.02 × 10−6 , and 9.57 × 10−6 , respectively [39]. These results suggest
that the gas permeability deteriorates as the MPL carbon loading decreases. In addition,
platinum in the CL and carbon black in the MPL are activated to become a reaction
area in which electrochemical reaction occurs, and the MPL carbon black plays a role
of widening the electrochemical reaction area. In other words, in the case of the carbon
loading of 1 mg/cm2, referring to the pores having a pore size of less than 0.1 µm, as
depicted in Fig. 3.11-(a), since the amount of the MPL carbon black activated with the
platinum is too small, the area for the electrochemical reaction will be smaller than
other GDLs.
In summary, based on these data, it can be determined that there is an optimum
carbon loading.
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The second reason is as follows: As the MPL carbon loading is increased, the
total thickness of the GDL is linearly increased, which leads to an increase in the gas
travel distance for the electrochemical reaction. In addition, when the carbon loading
is 3 mg/cm2, if the GDL is compressed to 78% of the total thickness, the absolute
compression thickness is greater than that of other GDLs; thus, owing to the excessive
surface pressure of the region in contact with the rib of the serpentine FC, the pore
size and porosity of the substrate are further reduced, and the tortuosity are increased,
leading to a decrease in the capillary pressure gradient in the substrate. However, in
the case of a carbon loading of 1 mg/cm2, a suitable contact surface between MPL and
CL is not formed owing to the thin MPL [40] in comparison with that when the carbon
loading is 2 mg/cm2, resulting in performance deterioration in the serpentine FC.
Furthermore, as depicted in Fig. 3.13, the total resistance increases in the following
order of carbon loadings: 2, 3, and 1 mg/cm2, demonstrating the same trend as the
polarization curve, however the HFRs of the three GDLs were similar.
The results of the electrical resistance of the GDL and MPL are depicted in Fig.
3.14-(a) and (b). As the MPL carbon loading increased, the electrical resistance of the
MPL increased linearly based on Ohm’s law, and the electrical resistance of the GDL
was about 0.125 times that of the HFR. In addition, since the three GDLs were
manufactured using the same substrate, the electrical resistance of the GDL increased
with increasing MPL carbon loading due to the increase in its thickness, and this
electrical resistance increased by about 0.002 Ω ∙cm2 per 1 mg/cm2 of the MPL carbon
loading.
In addition, as shown in the TGA results in Fig. 3.14-(c), as the carbon loading
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of the MPL increases, the weight percentage of carbon relative to the total weight of
the GDL increases. Moreover, because the MPL PTFE contents of the three GDLs
were equal to 20%, the MPL contact angles of the three GDLs were similar (154°).
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Fig. 3.9 Single cell performance comparison for each cell at a specific RH. (a) Polarization curves at RH 30%. (b) Polarization
curves at RH 60%. (c) Polarization curves at RH 80%. (d) Polarization curves at RH 100%.

36

Fig. 3.10 Schematic diagram of the capillary pressure and capillary pressure gradient in the carbon loading 1mg, 2mg and
3mg per square centimeter samples.
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Fig. 3.11 Mercury porosimetry. (a) Pore size distribution up to 130 ㎛ pore size. (b) Cumulative intrusion up to 130 ㎛ pore
size.
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Fig. 3.12 FE-SEM images of the MPL. (a) When the MPL carbon loading is 1mg/𝐜𝐦𝟐 . (b) When the MPL carbon loading
is 2mg/𝐜𝐦𝟐 . (c) When the MPL carbon loading is 3mg/𝐜𝐦𝟐 .
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Fig. 3.13 Total resistance and HFR. (a) Total resistance at RH 30%. (b) HFR at RH
30%. (c) Total resistance at RH 50%. (d) HFR at RH 50%. (e) Total
resistance RH 80%. (f) HFR at RH 80%. (g) Total resistance at RH 100%.
(h) HFR at RH 100%.
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Fig. 3.14 Results of electrical resistance and TGA. (a) Electrical resistance of the MPL. (b) Electrical resistance of the GDL.
(b) TGA result.
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Table 3.2 GDL property up to 130 ㎛ pore size according to the MPL carbon loading.
Carbon

Carbon

Carbon

1mg/𝐜𝐦𝟐

2mg/𝐜𝐦𝟐

3mg/𝐜𝐦𝟐

0.51369

0.33176

0.32196

Bulk density (g/mL)

0.629345

0.596682

0.583537

Porosity (%)

46.21906

58.04518

69.4629

0.7344

1.0772

1.1904

130um
Average pore
diameter (µm)

Pore intrusion
volume (ml/g)

Table 3.3 GDL property up to 1 ㎛ pore size according to the MPL carbon loading.
Carbon

Carbon

Carbon

𝟐

𝟐

3mg/𝐜𝐦𝟐

0.05333

0.05956

0.08617

Bulk density (g/mL)

1.09128

1.094288

1.19562

Porosity (%)

6.744113

23.05665

37.43486

0.0909

0.1647

0.3131

1um
Average pore
diameter (µm)

Pore intrusion
volume (ml/g)

1mg/𝐜𝐦
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2mg/𝐜𝐦

Effects of ratio variation in substrate and
micro porous layer penetration on PEMFC
performance
4.1 Different substrate thickness with the same MPL and MPL
penetration thickness
4.1.1 Experimental results when the active area is 25 cm2
Fig. 4.1 shows the SEM imaging of the cross section of the GDL and the substrate.
The cross-sectional image confirms that the thinner the substrate thickness, the greater
is the MPL penetration ratio to the total thickness of the GDL. In the case of 300T,
MPL and MPL penetration thickness accounts for about 40% of the total thickness of
the GDL, about 48% for the 250T, and about 80% for the 150T. In addition, in the
case of 150T, the MPL penetrated to the bottom of the substrate surface, and therefore,
the pores corresponding to the substrate were reduced considerably, as shown in Fig.
4.1-(f). That is, it suggests that attention should be paid to the MPL penetration
thickness in order to improve PEMFC performance using a thin substrate.
At all RHs, the performance improved with an increase in the substrate thickness
when the MPL and MPL penetration thickness were the same, as shown in Fig. 4.2.
This improvement in performance was attributed to the fact that an increase in the
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average pore size, porosity, and the amount of water that the GDL can retain as the
substrate thickness increases. Further, as this study used a serpentine FC composed of
rip and channel, the thicker the substrate, the greater was the relative compression
thickness of the GDL. Thus, the GDL in contact with the rip forms an improved
surface pressure with the MEA so that the reactant gas is better distributed along the
reaction area, thereby resulting in an improvement in charge transfer resistance.
However, in the case of 150T, as the RH increased, there was a modest change in the
performance compared to other GDLs at the low and medium current densities.
Although the MPL penetration thickness is the same, the relative MPL penetration
thickness ratio into the substrate increases compared to the total thickness of the GDL
as the substrate becomes thinner, which leads to smaller average pore size, porosity,
and greater tortuosity in the GDL. Therefore, in the case of 150T, the GDL is thin, so
the movement distance of water is relatively short, but due to the aforementioned
reasons and the small void volume within the GDL, the water saturation level in the
cathode GDL increases rapidly, and water flooding occurs easily. For the same reason,
since the effective areas for oxygen and water transfer in the GDL are reduced, the
resistance to oxygen to approach the CL increases, resulting in lower PEMFC
performance. Thus, the thinner the substrate, the worse is the performance at high RH
and high current density compared to other GDLs as the generated water does not
discharge well from the cathode GDL.
At RH 30%, the difference in the fuel cell performance was not large, and the
performance difference increased as RH increased. Further, as RH increased, the
performance improved because of the increasing proton conductivity caused by the
hydration of the membrane.
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The experimental results for different anode and cathode GDL thicknesses are
given as: The single fuel cell performance improved as the anode total GDL thickness
increased; this is because the thicker the GDL, the larger is the pore size and porosity
of the GDL, and therefore, the reactant gas is better supplied to the CL and the surface
pressure between the CL and the GDL is improved. In addition, the negative effect
caused by an increase in the travel distance of hydrogen is negligible [41] because the
diffusion velocity of hydrogen is very fast. Furthermore, the thickness of the cathode
GDL has a greater effect on performance compared to that on the anode GDL because
of water flooding.
The EIS was measured to confirm HFR and total resistance, as shown in Fig. 4.3
The HFR includes contact resistance, electronic resistance, and protonic resistance in
the membrane. The total resistance decreased as the thickness of the cathode GDL
increased at all RHs, and it exhibited the same tendency as the polarization curve. At
RH 100%, the HFR was similar because the membrane was sufficiently hydrated.
However, at RH 30%, 150T had the smallest HFR. This is because the water
saturation level in the cathode GDL rapidly increases as the substrate becomes thinner
owing to the decrease in the water discharge capability caused by the small pore size
and porosity, thereby resulting in back diffusion and a slightly more hydrated
membrane. But, in the case of 150T, the total resistance increased rapidly from
0.4A/cm2 at all RHs because of severe water flooding, which makes it difficult to
supply the reactant gas continuously.
Fig. 4.4 shows the results of mercury porosimetry. As shown in Fig. 4.4-(b), only
the substrate thickness was different and made of the same MPL and MPL thicknesses;
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the pore distribution of the MPL and MPL penetration was almost the same, and only
the pore distribution of the substrate was different. The pore size of the substrate
greatly reduced as the substrate became thinner owing to the effect of the MPL
penetration. In addition, as the substrate ratio decreases, the effective areas of the GDL
for oxygen and water transfer and void volume within the GDL decrease.
In the case of 300T, it is not sensitive to the water flooding because of its large
porosity and pore size in the substrate, and it can be inferred that the water discharge
capability will be greater than that of other GDLs because of the large difference in
the capillary pressure gradient between the MPL and substrate. In addition, as shown
in Fig. 4.4-(a), 300T can contain the largest amount of water in the GDL; that is, it
can be expected that the reactant gas will be supplied continuously to the CL even at
a high current density. Thus, when the thickness of the MPL and MPL penetration is
the same, the porosity, pore size, and the amount of water that the GDL can contain
increases as the substrate thickness increases; this results in a low water saturation
level in the substrate. This is because, according to the Kelvin equation, the saturation
pressure is inversely proportional to the pore size.
Fig. 4.5-(a) shows the contact angle using a contact angle meter (DSA 25). As
expected, the contact angle of the MPL surface was almost the same, whereas the
contact angle of the substrate surface increased as the substrate thickness became
thinner as the MPL penetrated more into the substrate. In addition, as shown in the
TGA results using DSC7/TGA7 in Fig. 4.5-(b), as the substrate became thinner, the
PTFE weight percentage linearly increased because of the MPL penetration effect.
A brief description of the water discharge capability in the GDL in terms of
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capillary pressure is as follows.
The pore size of the substrate, MPL, and MPL penetration was set as the peak
point in Fig. 4.5-(b). In addition, the MPL penetration pore size was assumed to be
the same because the three GDLs had approximately the same MPL penetration
thickness and the same MPL was loaded onto the same type of substrate. As shown in
Fig. 4.5-(b), the pore sizes for MPL, MPL penetration, 300T substrate, 250T substrate,
and 150T substrate were set to 0.06, 1.3, 50, 39, and 32 μm, respectively.
Among the variables affecting capillary pressure (pore size, contact angle,
saturation, and porosity in Eq. (5)), it is assumed that all variables except the pore size
have the same value [34]. That is, if the capillary pressure at the MPL surface is set to
100, the capillary pressure of MPL penetration is 4.6, and the capillary pressures for
the substrate of 300T, 250T, and 150T are 0.12, 0.153, and 0.187, respectively [34].
In addition, from the EDS results, it was confirmed that all three GDLs used the
same composition for the MPL and the substrate. In addition, when referring to the
SEM images in Fig. 4.1-(a), (b), and (c), the thickness of the MPL and MPL
penetration is equal to 60 µm.
Consequently, as shown in Fig. 4.6, the capillary pressure gradient in the MPL
and MPL penetration region are the same, and the difference in capillary pressure
gradient only occurs in the substrate. As the substrate thickness decreases, the water
discharge distance becomes shorter and the capillary pressure gradient in the substrate
becomes larger, and thus, it can be considered that the water is discharged better.
However, each GDL is compressed at the same ratio and the substrate is mostly
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composed of carbon fibers and has many voids, and thus, it will be more compressed
compared to the MPL when compressing the GDL. In the case of 300T, the substrate
thickness will be more compressed; that is, once the GDL is compressed, the negative
effect of 𝛿𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 on the capillary pressure gradient in the substrate will be smaller.
Furthermore, compressing 150T will have a considerably worse effect on the pore size
and porosity because the original 150T has very small pore size and porosity
compared to other GDLs.
In

addition,

the

thinner

the

substrate,

the

greater

is

the

PC,MPL penetration−Substrate , which can prevent water discharge from this interface
until the PC,MPL penetration exceeds PC,MPL penetration−Substrate . It can thus be
inferred that water flooding can easily occur in the MPL penetration region.
Furthermore, the capillary pressures of 300T and 250T at the interface between the
substrate and the FC is smaller than 150T; i.e., in the case of 150T, water could not be
discharged relatively well at this interface. Additionally, in the case of 150T, since the
effective area for evaporation within the GDL is relatively small, the possibility of
liquid water evaporation is necessarily reduced. However, in the case of 150T, the
amount of water continuously accumulated in the cathode GDL increased over time
even at low RH to the saturation level, which acts as a back pressure that requires
additional pressure to discharge water from the GDL. That is, the cathode GDL retains
a high amount of water such as the water concentration between the MPL and the CL;
the back diffusion to the membrane increases. Owing to this phenomenon, the HFR
of 150T was lower than other GDLs at RH 30%, as shown in Fig. 4.3-(f); however,
the total resistance is greater than that of other GDLs, as shown in Fig. 4.3-(e).
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LaManna et al. [42] investigated the correlation between the GDL thickness and
effective diffusion coefficient; they suggested that these variables are inversely
proportional. Additionally, they noted that MPL penetration has a higher negative
effect on the thin GDL and the effective diffusion coefficient of the GDL is strongly
affected by porosity and pore size. When referring to the capillary pressure gradient
in each region, the capillary pressure gradient in the substrate is very small compared
to other regions. ∇PC,porosity in Fig. 4.6 is a value obtained by substituting the
porosity of the entire GDL into Eq. (5). That is, the difference in the capillary pressure
gradient at the substrate is further increased. This helped confirm that the effect of the
capillary pressure gradient on the water discharge capability in the substrate is
negligible, and it was confirmed that the dominant driving forces for water discharge
from the substrate are shear force and evaporation rate, which are strongly affected by
pore size and porosity [17].
In addition, as the substrate thickness increased, the surface pressure between the
GDL and CL is improved, as shown in Fig. 4.7.
To obtain indirect information about the amount of water vapor and oxygen that
the GDL can contain, voltage transient response experiments were performed. Cho et
al. [43] checked the voltage variation when the current was suddenly changed from
0.3 A/cm2 to 1.5 A/cm2 and divided the time until the voltage stabilized into the time
delay for the oxygen supply and the water supply to the membrane. In this study, the
current was changed from 0 A/cm2 to 1.5 A/cm2 at RH 100%, and the performance
change between the three GDLs was compared. Moreover, because it was maintained
at 0 A/cm2, it is assumed that water flooding did not occur in the GDL before the
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current was changed, and the sudden drop in voltage when the current density was
changed indicates the HFR [38]. As shown in Fig. 4.8, the voltage slightly increased
in the beginning because the membrane was hydrated by the generated water.
However, after a certain period, voltage drops occurred in the case of 150T, suggesting
water flooding in the cathode GDL.
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Fig. 4.1 FE-SEM imaging. (a) 300T cross section. (b) 250T cross section. (c) 150T cross section. (d) 300T substrate. (e)
250T substrate. (f) 150T substrate.
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Fig. 4.2 Single cell performance comparison for each cell at a specific RH. (a) Polarization curve at RH 30%. (b) Polarization
curve at RH 60%. (c) Polarization curve at RH 80%. (d) Polarization curve at RH 100%.
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Fig. 4.3 Total resistance and HFR. (a) Total resistance at RH 100%. (b) HFR at RH
100%. (c) Total resistance at RH 60%. (d) HFR at RH 60%. (e) Total
resistance at RH 30%. (f) HFR at RH 30%.
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Fig. 4.4 Mercury porosimetry results. (a) Cumulative intrusion. (b) Pore size distribution.
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Fig. 4.5 Results of contact angle and TGA when the substrate thickness is variable. (a)
Contact angle of the substrate and MPL. (b) TGA measurement result.
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Fig. 4.6 Schematic diagram of the capillary pressure in the 300T, 250T and 150T samples.
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Fig. 4.7 Surface pressure at the interface of the flow channel and the GDL.
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Fig. 4.8 Voltage transient response as the current density is suddenly changed from
0A/𝐜𝐦𝟐 to 1.5A/𝐜𝐦𝟐 at RH 100%.
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4.1.2 Experimental results when the active area is 1 cm2
Fig. 4.10 illustrates the polarization curves with an active area of 1 cm2, which
shows the same performance tendency as that when the active area is 25 cm2. At low
RH, the performance difference between each single cell is not large, and performance
improves as the substrate thickness increases. Further, in the case of 150T, the
performance variation caused by the change in RH was not large.
To confirm performance tendency, two additional experiments were conducted.
First, single cells were assembled by reducing the GDL compression ratio from
78% to 70%, and then, the performance was evaluated. As a result, the performance
of all single cells improved slightly because of the increase in surface pressure
between the MPL and the MEA; however, the performance tendency was the same as
that shown in Fig. 4.10.
Second, in the case of 150T, additional experiments were conducted by varying
the cell tightening torque considering whether it was excessive or insufficient.
However, the best performance was achieved at a tightening torque of 46.08 kg∙f∙cm
(about 1Mpa), as shown in Fig. 4.11.
To solve this tendency, additional experiments were conducted with an absolute
compression thickness of 250T set to 33μm, which is the same thickness when the
150T was 78% compressed (33μm); the experimental results are shown in Fig. 4.12.
Because of reducing the absolute compression thickness of the 250T, the HFR and the
total resistance increased. That is, the increase in HFR shown in Fig. 4.12 was
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attributed to the contact resistance, which is one of the ohmic resistance. In other
words, as the GDL becomes thinner, the GDL needs to be further compressed to
reduce the contact resistance between the MEA, GDL, and FC.
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Fig. 4.9 Single cell performance comparison for each cell at a specific RH when the active area is 1𝐜𝐦𝟐 . The solid line
indicates the performance when the GDL is compressed by 78%, and the dotted line means the performance when
the GDL is compressed by 70%. (a) Polarization curve at RH 30%. (b) Polarization curve at RH 60%. (c)
Polarization curve at RH 80%. (d) Polarization curve at RH 100%.
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Fig. 4.10 Comparison of single cell performance by varying the 150T tightening
torque at RH 100%.
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Fig. 4.11 Polarization curves and measured impedance by varying the GDL compression thickness at RH 100%. (a)
Polarization curves using 250T GDL at RH 100%. (b) Polarization curves using 150T GDL at RH 100%. (c)
Impedance using 250T GDL at RH 100%. (d) Impedance using 150T GDL at RH 100%.
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4.2 GDL with the different MPL penetration ratio
To investigate the effect of the MPL penetration ratio, three GDLs with the same
total GDL thickness and different MPL penetration ratios were used. The SEM images
in Fig. 4.12 show that these three GDLs were manufactured with different MPL
penetration ratios. MPT-1 had the smallest MPL penetration ratio, and MPT-3 had the
largest MPL penetration ratio. For other reasons, as shown in Fig. 4.13-(a), the HFR
increased as the MPL penetration ratio increased because of the increase in the PTFE
content compared to the total weight of the GDL; further, this was observed in the
TGA, as shown in Fig. 4.13-(c). Table 4.1 shows the weight of the substrate from
which the MPL was removed through the taping process. The thickness was almost
the same for all three substrates, and when the weight was adjusted to the same
thickness, it was confirmed that the weight of the substrate increased in the order of
MPT-1, MPT-2, and MPT-3, because of the MPL penetration ratio. In addition, as
illustrated in Fig. 4.14-(a) and (b), pores with a pore size of 1~10 μm indicates the
MPL penetration region. In the case of MPT-1, there are many pores with a pore size
of 10 μm and few pores with a pore size of 1 μm because the MPL did not penetrate
considerably. That is, the smaller the MPL penetration ratio, the smaller the number
of pores with a pore size of approximately 1 μm and the larger the number of pores
with a pore size of approximately 10 μm. Further, based on the mercury porosimetry
results, the average pore size of the GDL was found to be inversely proportional to
the MPL penetration ratio.
For performance measurement, a single fuel cell was fabricated with 78%
compressed GDLs. As shown in Fig. 4.15, the performance increased as the MPL
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penetration ratio decreased at high RH, and at a low current density (0.1 A/cm2–0.5
A/cm2) and low RH, the performance improved as the MPL penetration ratio increased;
however, the performance rapidly decreased at RH 100% because of the severe water
flooding in the MPL penetration region. This is because, in the case of MPT-3, the
MPL penetration ratio with small pore size and porosity is large, and therefore, water
flooding becomes more severe in the MPL penetration region; the water accumulated
in the MPL penetration region plays the role of back pressure. Eventually, the cathode
GDL retains a large amount of water equal to the concentration of water between the
MPL and the CCL, thereby increasing back diffusion to the membrane and causing a
hydrated membrane and low ohmic resistance. However, at all RHs and high current
density, MPT-1 with the smallest MPL penetration ratio showed the best performance
because of its good water discharge capability.
The water discharge capability of the three GDLs will be verified in terms of the
capillary pressure gradient. A schematic of the capillary pressure and capillary
pressure gradient of the three GDLs is shown in Fig. 4.16. Through the contact angle
results, the contact angles of three GDLs were distributed within the range of ± 3°;
however, because this is a cosine function, it does not significantly affect the capillary
pressure, and therefore, it is not reflected in the capillary pressure.
In addition, after assuming that other variables besides the pore size in Eq. (5)
have the same value, the capillary pressures of Psubstrate and PMPL were set to 1
and 100, respectively, for the same reason as before. Further, the three GDLs used the
same substrate, and the capillary pressure of the substrate was set equal to 1.
When referring to the peak point of the MPL region, which corresponds to the
65

micropores, the MPL peak points of the three GDLs were almost the same. Therefore,
the capillary pressure of the MPL was set equal to 100.
Because the pore size of the MPL penetration is approximately 10 times larger
than that of the MPL, the capillary pressure of the MPL penetration was set to 10, and
the thickness of the MPL penetration is shown in Fig. 4.12. The total thickness was
set to 3, as shown in Fig. 4.16 because the total thickness of the three GDLs was the
same; the MPL thickness was set to 1 for all three GDLs. Finally, because the
thickness of the substrate portion decreases as the thickness of the MPL penetration
increases, the thickness of the MPL penetration increases by 0.5 and the substrate
thickness decreases by 0.5 as the MPL penetration thickness increases, as shown in
Fig. 4.16.
As described previously, the capillary pressure gradient in each region is
inversely proportional to the thickness of the corresponding region. That is, as shown
in Fig. 4.16. MPT-1 has a very large capillary pressure gradient in the MPL penetration
region owing to its relatively thin MPL penetration thickness. The water discharge
capability in the MPL penetration region of MPL-2 and MPT-3 is lower than that of
MPT-1 owing to the low capillary pressure gradient.
The capillary pressure gradient in the substrate increased with increasing MPL
penetration thickness. However, the effect of the capillary pressure gradient on the
water discharge capability from the substrate was small compared to that of the other
regions. In the case of MPT-1, the amount of water that can be contained in the
substrate is relatively large and the possibility of water flooding in the MPL
penetration region is low because of the large capillary pressure gradient. In addition,
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for MPT-1 because the number of pores with a large pore size in the substrate is
relatively large, the water saturation level in each pore decreases and the evaporation
rate increases; thus, water vapor does not phase change into the liquid water well. This
will lead to better water vapor diffusion in the GDL.
Although the effective thermal conductivity slightly increases as the MPL
penetration thickness increases, the effective diffusion coefficient decreases, and thus,
it can be inferred that many pores are blocked by water in the MPL penetration region
[33]. In addition, the larger the MPL penetration ratio, the lower is the porosity and
the higher is the tortuosity; therefore, the shear force of the reactant gas and generated
water applied to the carbon fiber increases compared to other GDLs, thereby resulting
in water flooding in the GDL [17]. In addition, as the MPL penetration ratio larger,
the effective areas for oxygen and water transfer and void volume within the GDL
decrease, which reduces water discharge capability and increases water saturation
level in the cathode GDL.
However, if the MPL penetration thickness is high, such as MPT-3, the
membrane will be more fully hydrated even at low RH because of the high-water
content in the GDL, and its performance will be improved at low RH.
Fig. 4.17 shows the total resistance and HFR through EIS measurements. With
the same tendency as the polarization curve, the total resistance increased with
increasing MPL penetration ratio at all RHs.
However, in the case of MPT-1, owing to the high-water discharge capability and
the small MPL penetration ratio, the MPT-1 becomes relatively drier than other GDLs,
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and it is difficult to dissipate heat from the electrochemical reaction area [33]. This
resulted in a slightly higher HFR at RH 30% and 60%, as shown in Fig. 4.17-(a). In
the case of MPT-3, the thermal conductivity coefficient of the GDL increases and the
evaporation rate of liquid water in the MPL decreases because of the large MPL
penetration ratio. That is, because a relatively large amount of liquid water is
maintained in the MPL and MPL penetration regions even at low RH, and the
accumulated water in the MPL and MPL penetration regions acts as a back pressure;
therefore, the HFR of the MPT-3 were the lowest at RH 30%, as shown in Fig. 4.17(f).
At RH 100%, the three GDLs of the HFR were similar because the membrane
was sufficiently hydrated. The total resistance increased with increasing current
density at all RHs owing to water flooding, thereby making it difficult to supply the
reactant gas continuously. In particular, the total resistance of MPT-3 increased
dramatically. However, at RH 30%, the total resistance of the MPT-3 was the lowest
at low current densities (0.1 to 0.6 A/cm2) for the same reason as the HFR.
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Fig. 4.12 FE-SEM imaging of GDL cross section.
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Fig. 4.13 Results of GDL electrical resistance and TGA. (a) Electrical resistance of the substrate at 1MPa. (b) Electrical
resistance of the GDL at 1MPa. (c) TGA result.
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Fig. 4.14 Mercury porosimetry. (a) Pore size distribution up to 130 ㎛ pore size. (b) Cumulative intrusion up to 130 ㎛ pore
size.
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Fig. 4.15 Performance comparison of each single fuel cell at a specific RH. (a) Polarization curve at RH 30%. (b) Polarization
curve at RH 60%. (c) Polarization curve at RH 100%.
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4.16 Schematic diagram of capillary pressure and capillary pressure gradient in the MPT-1, MPT-2 and MPT-3 samples.
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Fig. 4.17 Total resistance and HFR. (a) Total resistance at 30%. (b) HFR at RH 30%.
(c) Total resistance at RH 60%. (d) HFR at RH 60%. (e) Total resistance RH
100%. (f) HFR at RH 100%.
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Table 4.1 Substrate weight and thickness when the MPL is removed.
Substrate

Weight (g/cm2)

Thickness (mm)

MPT-1

0.22796

0.228

MPT-2

0.26412

0.202

MPT-3

0.29265

0.228
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Conclusion
First, the effects of the MPL PTFE are summarized.
At low RH, the performance improved as the cathode MPL PTFE content
increased, but at high RH, the PEMFC performance deteriorated as the cathode MPL
PTFE increased.
The RH where PEMFC performance begins to deteriorate is as follows:
1. MPL PTFE 35% – RH 100%.
2. MPL PTFE 50% – RH 60%.
3. MPL PTFE 60% – RH 50%.
Next, the effects of MPL carbon loading are described.
The MPL carbon loading of 2 mg/cm2 demonstrated the best performance, and
the advantages and disadvantages of carbon loading are as follows.
Advantages of the MPL carbon loading of 1 mg/cm2.
- Short gas/water travel distance.
- Large capillary pressure gradient in the MPL
Disadvantages of the MPL carbon loading of 1 mg/cm2.
- Small reaction area for the electrochemical reaction.
- Small number of pores in the MPL.
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- Small pore size, porosity, and pore intrusion volume in the MPL.
Advantages of the MPL carbon loading of 3 mg/cm2.
- Large reaction area for the electrochemical reaction.
- Large pore size, porosity, and pore intrusion volume in the MPL.
- Low pressure required at the interface between the MPL and CCL for liquid
water to penetrate the MPL.
- Generated cracks in the MPL, which improves the water discharge capability.
Disadvantages of the MPL carbon loading of 3 mg/cm2.
- Long gas travel distance.
- Owing to the thick GDL, excessive pressure is applied to the area in contact
with the rib of the serpentine FC, resulting in a decrease in porosity and pore size and
an increase in tortuosity.
This combined impact suggests that there exists an optimal MPL carbon loading
for the optimum performance of the PEMFC.
In addition, when the GDLs with the same MPL and MPL penetration
thicknesses and different substrate thickness were used, the effects of the substrate
thickness on the PEMFC performance were summarized.
The performance difference of each single cell increased as RH increased. This
is because the water discharge capability deteriorates as the ratio of the substrate to
the total thickness of the GDL decreases.
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At RH 30%, the performance difference between each cell was not significant,
and in the case of 150T, the change in performance was not significant because of the
change in RH as the cathode water saturation level rose rapidly and the back diffusion
was activated, which led to a hydrated membrane even at low RH. Further, the
dominant driving forces for draining water from the substrate are the shear force and
evaporation rate, which are strongly affected by porosity and pore size.
In summary, in the case of a fuel cell system that uses a serpentine FC and
operates at low RH, it is recommended to use a relatively thin substrate to improve
the total power output per volume of the fuel cell system if the MPL penetration
thickness is the same. For fuel cell systems driven at high RH and requiring high
power output at high current density, it is better to use a relatively thick substrate GDL
when the MPL penetration thickness is the same to discharge water well and provide
a continuous supply of reactant gas even at high current densities.
Lastly when the GDLs with different MPL penetration ratio and the same total
GDL thickness are used, the effects of different MPL penetration ratio on the PEMFC
performance are as follows.
1. The lower the MPL penetration ratio, the greater is the capillary pressure
gradient in the MPL penetration region; i.e., the better the discharge of water generated
by the electrochemical reaction. Thus, it is recommended to use GDLs with large pore
size and high porosity caused by small MPL penetration ratio for fuel cell systems
operating under high humidification conditions to ensure that water vapor and liquid
water are well drained from the GDL.
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2. The larger the MPL penetration ratio with small pore size and porosity, the
smaller is the capillary pressure gradient in the MPL penetration region, and therefore,
more water will be retained in the MPL and MPL penetration regions because of the
water flooding. Because the accumulated water in the MPL penetration region plays
the role of back pressure, the cathode GDL retains a large amount of water that is
equal to the concentration of water between the MPL and the CCL, which increases
the back diffusion to the membrane and leads to a hydrated membrane and low ohmic
resistance at low RH. Thus, it is recommended to use GDLs with a high MPL
penetration ratio for fuel cell systems operating at low humidification conditions to
aid in membrane hydration.
In summary, based on the experimental results in this study, the MPL penetration
ratio within 15% to 20% of the total GDL thickness and the combined ratio of the
MPL and MPL penetration within 35% to 40% is the best for overall PEMFC
performance. In addition, when the substrate ratio to the total GDL thickness is too
low, such as 150T (~20%), water flooding occurs severely in the substrate, and this
accumulated water acts as a back pressure, thereby causing severe capillary
condensation in the MPL penetration region, which prevents the supply of the reactant
gas. Further, if the substrate ratio is too low, the discontinuity in the porosity and
surface properties between the MPL and the substrate are weakened; thus, the ability
to discharge water from high capillary pressure to low capillary pressure is
deteriorated, thereby resulting in poor performance.
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국 문 초 록
고분자 전해질형 연료전지 (Polymer Electrode Membrane Fuel Cell,
PEMFC)는 전해지막-전극 접합체 (Membrane Electrode Assembly,
MEA)를 전해질로 사용하는 연료전지로서, 100℃이하의 낮은 작동
온도에서 구동되며, 출력 전력 밀도가 뛰어나고 빠른 시동 및
정지의 장점으로 인하여 자동차용 혹은 가정용 발전 시스템으로
주목받고 있다. 이러한 고분자 전해질형 연료전지는 전해지막-전극
접합체, 기체확산층 (Gas diffusion layer, GDL), 반응 가스의 유로
역할을 하는 분리판 (Bipolar plate, BP)으로 구성되어 있다. 이 증
기체확산층은 촉매층으로의 반응 가스 확산, 전기 화학 반응 후
생성된 물 배출을 용이하게 하며, 전자 및 열 전도체 역할 그리고
기계적 강성 지지체 등의 다양한 기능을 수행하기에, 기체확산층에
관한 연구가 중요하다고 볼 수 있다.
일반적으로 기체확산층은 기판 (Substrate)과 미세기공층 (Micro
porous layer, MPL)으로 구성되어 있으며, 미세기공층은 카본 블랙
(Carbon black)과 PTFE 로 구성되어 있다. 또한, 미세기공층을 기판에
적재할 때 미세기공층이 기판을 침투하며 해당 미세기공층의 관통
두께는 PEMFC 성능에 상당한 영향을 미친다. 본 연구에서는
미세기공층의
부하량을

PTFE

달리하여

함량

및

PEMFC

단위

성능

면적당

미세기공층

탄소

경향성을

확인하였다.

또한

미세기공층 침투 두께는 같지만 기판 두께가 다른 기체확산층과
기체확산층의

두께는

같지만

미세기공층
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침투

두께가

다른

기체확산층이 PEMFC 성능에 미치는 영향을 확인하였다. 실험
변수에 따른 성능 경향의 이유를 다양한 실험, 물리적 특성 측정
결과 및 기체확산층 내의 모세관 압력 구배 측면에서 설명하였다.
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