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Abstract 

Analysis of Oxygen Transport Characteristics in the 

Cathode Medium of a PEM Fuel Cell by Limiting Current 

Method and Electrochemical Impedance Spectroscopy 

 

Hwanyeong Oh 

Department of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

Oxygen reduction reaction that occurs on the cathode catalysts is a crucial 

factor in determining the efficiency and performance of a polymer electrolyte 

membrane (PEM) fuel cell. To improve the oxygen reduction reaction, 

optimizing the amount of platinum or the structure of Pt/C agglomerate is being 

encouraged. In addition, smooth oxygen transport from the channel to the 

catalyst is also required so that enough oxygen concentration on the catalyst is 

maintained. Thus, previous studies have considered the oxygen transport 

characteristic, however, most of them have only focused on the total oxygen 

transport resistance from the channel to the catalyst. Even though some of them 

tried to dissect and analyze various oxygen transport components, they have not 

considered the detailed components of oxygen transport mechanisms in a PEM 
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fuel cell. Moreover, the cell operating conditions considered in those research 

were restricted. In this paper, to analyze the oxygen transport characteristics in a 

PEM fuel cell, the oxygen transport components such as the substrate, micro-

porous layer (MPL), catalyst layer, and ionomer film are considered, and various 

operating conditions including the water condensation are also reflected. 

First, by the limiting current method, the oxygen transport resistance of a 

PEM fuel cell from the channel to the catalysts is measured. Then, from the 

variation of the oxygen transport resistance with the change of various operating 

conditions, the oxygen transport resistance is dissected into different 

components of a PEM fuel cell, and each contribution on the oxygen transport 

resistance is compared. To achieve this, the oxygen transport mechanism at each 

component is specified by calculating the ratio of gas mean free path to pore 

diameter, and the different sensitivity of each oxygen transport mechanism on 

operating parameters such as the temperature, relative humidity, and type of inert 

gas is utilized. As a result, the ionomer film (oxygen permeation) has the largest 

contribution (32.2 ∼ 41.1%) at a low humidified condition (RH ≤ 50%), and 

the MPL (80% molecular diffusion & 20% Knudsen diffusion) has the largest 

contribution (32.5 ∼ 36.0%) for the rest. 

Additionally, not only to include the operating condition where the water is 

condensed, but also to understand the mass transport resistance, which is an 

electrical resistance directly corresponded to the cell performance, the 
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electrochemical impedance spectroscopy (EIS) is conducted with the changes of 

the current density, inlet gas relative humidity, and type of inert gas. By 

minimizing the oxygen concentration gradient along the channel, a lumped 

equivalent circuit, which consists of resistors and a capacitor, can be used to 

measure the mass transport resistance. Moreover, the equation of mass transport 

resistance correlated to the ratio of oxygen transport resistance to oxygen 

concentration at the catalyst is induced. From the equation and experimental 

results in various operating conditions, the portion of mass transport resistance 

influenced by the hydration on ionomer film, flooding in pores, and molecular 

diffusion is analyzed. In addition, as the current density increases, the effect of 

increased oxygen consumption on the catalyst is also investigated. Although the 

MPL is known to help expelling the water through the gas diffusion layer (GDL), 

it can also increase the mass transport resistance due to its smaller pore size and 

lower porosity compared to those of the substrate.  

To improve the water management in a PEM fuel cell, a pore size gradient 

structure is introduced in the substrate of a GDL, for both the water hydration on 

ionomer film and the water removal out of GDL. The formation of pore-size 

gradient in the substrate can be confirmed by the scanning electron microscope 

(SEM) and mercury porosimetry, and the effects of the structural change on the 

oxygen transport and water management are analyzed by the limiting current 

method and EIS. The pore size gradient has not affected the oxygen transport 

resistance in the under-saturated condition due to unchanged thickness and 
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porosity. However, as water begins condensation at a high current density, the 

pore size gradient structure decreases the mass transport resistance by removing 

condensed water toward the channel. 

In this study, the oxygen transport resistance is quantitatively dissected and 

analyzed with different material properties of components in a PEM fuel cell, 

and the amount of mass transport resistance influenced by the oxygen transport, 

oxygen consumption, and water management in various operating conditions 

was evaluated. Furthermore, as an experimental process of assessing oxygen 

transport characteristics is suggested, this study contributes not only to establish 

a R&D strategy to improve the oxygen transport and cell performance, but also 

to investigate the efficacy of a development for a PEM fuel cell system. 

 

Keywords: Oxygen transport, Electrochemical impedance spectroscopy (EIS), 

Limiting current density, Gas diffusion layer (GDL), Catalyst layer, 

Ionomer film 
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Chapter 1. Introduction 

1.1 Background 

Due to the characteristics of zero-emission and higher efficiency [1, 2], fuel cell 

has gained attention as the new generation power source for automotive vehicles 

and stationary/portable power supplies. In particular, the proton exchange 

membrane (PEM) fuel cell is known to be best suited for low operating 

temperatures (less than 80 °C) and fast response to various load changes compared 

to other types of fuel cells. 

A sluggish oxygen reduction reaction restricts the performance of a PEM fuel 

cell [3-5]. The oxygen reduction reaction is determined by both the kinetic 

characteristic of the catalysts, which describes how quickly oxygen is reduced by 

two electrons at the catalyst, and the oxygen concentration at the reaction surface, 

which is determined by how quickly oxygen is transported from the flow channel to 

the catalyst. At the high load operation region of the PEM fuel cell, the oxygen 

concentration at the catalyst significantly decreases as more oxygen is required and 

consumed, while the kinetics of oxygen reduction at the catalyst becomes 

insignificant. Therefore, oxygen transport is considered to be the primary factor to 

enhance the power density and operation region of a unit cell [6-10], which can 

lead to PEM fuel cell commercialization with a more compact and economical 

stack. 
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For the oxygen to arrive at the catalyst and be reduced, it has to transport through 

the gas diffusion layer (GDL), the pores of catalyst layer, and the ionomer film (ex. 

Nafion water solution) covering the Pt/C particles [11] as shown in Figure 1.1 [12]. 

When the oxygen gas transports through the GDL or the pores of catalyst layer, the 

transport mechanism follows the molecular diffusion or Knudsen diffusion, 

depending on the ratio of the mean free path to the pore size [11, 13, 14]. Then, 

some of oxygen gases permeate through the ionomer film by dissolving in the film 

surface and diffusing through the film [11, 15, 16]. To improve the oxygen transport 

rate of a PEM fuel cell, the contributions of the components on the oxygen 

transport need to be analyzed to pin-point the most adverse factor, thus improving 

the overall efficiency. 

In addition, the performance of a PEM fuel cell depends on the water 

management inside the cell [17-24]. Through the membrane, the protons can be 

transported only if it is hydrated. Thus, more water can increase the ion 

conductivity across the membrane, and decrease the ohmic resistance of the cell. 

On the other hand, increased water can interfere with the transport of fuel gas 

toward the catalyst layer; the former can accumulate inside the pores due to the low 

temperature of a PEM fuel cell. Consequently, as water saturation increases, the 

oxygen transport is hindered, and the mass transport loss tends to increase [17-19]. 

In this respect, the study of oxygen transport characteristic requires the 

consideration of water management in a PEM fuel cell. 
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1.2 Literature Review  

1.2.1 Measurement of oxygen transport resistance 

A typical method to analyze the oxygen transport characteristic is measuring gas 

permeability in a porous media of a PEM fuel cell from the pressure drop through 

the media against a constant gas flow, or vice versa [25-28]. Based on Darcy’s Law, 

Gostick et al. [27] measured the gas permeability of several commercial GDLs with 

varying perpendicular directions, compression ratio, and porosity. As a result, most 

GDLs showed higher in-plane permeability than through-plane permeability, and 

they displayed noticeable anisotropy of permeability in two perpendicular in-plane 

directions in the case of fibers aligned in one direction. In addition, in-plane 

permeability decreased as the GDL is compressed, and the compression to half 

thickness reduced the permeability by an order of magnitude. It was also found that 

the compression changed the porosity influencing the permeability, well matched 

with the Carman-Kozeny model that predicts the permeability corresponding to the 

change of porosity. However, the measurement is based on the effect of gas flow 

inertia, thus it only includes the effect of advection, but not a diffusion factor which 

predominates in general oxygen transport in a PEM fuel cell. Moreover, the 

ionomer film covering Pt/C agglomerates influences oxygen transport as oxygen 

dissolves in the film and diffuses toward the catalysts [29-31], while a hydrophobic 

backbone of the ionomer forms a barrier for oxygen diffusion towards the 

electrocatalysts [32]. As the oxygen transport through thin-film ionomers had been 
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emphasized as a current major problem in the PEM fuel cell [33, 34], the film effect 

needs to be considered for investigating the oxygen transport characteristic. 

To analyze the oxygen transport resistance, an in situ experiment called the 

limiting current method, which considers all of the oxygen transport mechanisms 

from the flow channel to the catalysts, has been used [7, 35-40]. The limiting 

current density is reached when the oxygen at the catalyst is depleted. Therefore, 

the limiting current density can effectively indicate how efficiently oxygen is 

transported to the catalyst. 

In addition, to separate diffusion components of the fuel cell following different 

diffusion mechanisms such as the molecular diffusion and Knudsen diffusion, the 

limiting current density was measured by changing the type of inert gas or 

controlling the gas pressure [35, 36, 38, 40]. Initiatively, Beuscher et al. [35] 

isolated the molecular diffusion of a flow channel and GDL from the total oxygen 

transport resistance by comparing the limiting current densities obtained with air or 

heliox. The differences between the inert gasses were reflected in the differences 

between the two limiting current densities. For the air cathode at relative humidity 

(RH) 100%, the molecular diffusion resistance accounted for 44% of the total 

oxygen transport resistance. However, different reaction rates, following the 

different limiting current density, might induce varying quantities of liquid water at 

the catalyst, which would interfere with oxygen transport by molecular diffusion as 

well as Knudsen diffusion and ionomer permeation. Therefore, only considering 

molecular diffusion in the separation process might lead to inaccuracies. Despite 
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this consideration, this paper does not regard variations in the liquid water quantity, 

but provides a brief comment regarding the use of a very short retention time to 

minimize excessive liquid water formation. 

Later on, to reduce the water condensation effect, Caulk et al. [37] separated the 

under-saturated and over-saturated regions from the experimentally conducted trend 

of the oxygen transport resistance by varying the oxygen concentration. It was 

indicated that the limiting current density at a low oxygen concentration is attained 

before the water product begins to condense. Recently, by diluting the oxygen on 

the cathode to ensure under-saturated condition inside the cell, the molecular 

diffusion resistance was dissected by using different types of inert gas [38, 40]. The 

transition region from the dry region to the wet region is dependent on the thermal 

conductivity and the effective water vapor diffusion coefficient [37, 39]. 

In addition, Baker et al. [36] dissected the total oxygen transport resistance into 

the channel, substrate, micro-porous layer (MPL) (or pressure-dependent segments), 

and pressure-independent components by changing the gas pressure of the cathode 

with using different thicknesses of substrate and MPL. With Toray 060 substrate 

and a 25 µm MPL at RH 62% and 150 kPa, the contributions of substrate, channel, 

MPL, and other resistances were measured as 53%, 24%, 8%, and 15%, 

respectively. However, for the MPL, the oxygen diffusion mechanism must be 

clearly distinguished between molecular diffusion and Knudsen diffusion. 

Nonoyama et al. [38] considered only molecular diffusion, while Reshetenko et al. 

[40] considered only Knudsen diffusion, and Baker et al. [40] considered both. In 
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the case of the catalyst layer, molecular diffusion can be influential in secondary 

pores formed among Pt/C agglomerates due to some of the pores having sizes 

similar to those of the MPLs (10 nm order size) [41, 42]. As a result, the dominant 

diffusion mechanism at the catalyst layer must be confirmed instead of simply 

conceding that only Knudsen diffusion occurs at the catalyst layer [38]. 

Considered as the major barrier for oxygen transport, the ionomer film on the 

cathode is currently being issued. In addition to the thickness-dependent diffusion 

resistance across the film [29, 34], the interfacial resistance at the ionomer/Pt 

influences the ionomer permeation resistance [32, 33]. Liu et al. [34] measured the 

oxygen transport resistance as a function of the Nafion thickness without an 

additional resistance at the Pt/Nafion interface. To exclude the effect of interaction 

with Pt, they deposited the Nafion film onto an inert substrate such as a track-

etched polycarbonate membrane (PCM) with widely spaced 10 nm pores. By 

measuring the oxygen transport resistance with the film supported by the PCM, it 

was found that the thickness-dependent resistances at RH 68% of 50 nm, 200 nm, 

500 nm, and 2 µm films yield the values of 9.5, 13, 27, and 45 s/m, respectively. In 

addition, Kongkanand et al. [33] emphasized an significant effect of the Pt/ionomer 

interface with showing that the resistance only considering the film thickness is 3-

10 times smaller than the resistance measured in a catalyst layer including the 

interface resistance. 

For the ionomer resistance to be separated, with the assumption of that the 

temperature only affects oxygen permeation within the ionomer film, not Knudsen 
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diffusion, Nonoyama et al. [38] anatomized the non-molecular resistance into the 

resistance at the pores of catalyst layer and the resistance at ionomer film, 

accomplished by varying the cell temperature. At RH 90% and 150 kPa, the 

ionomer resistance and catalyst layer resistance indicated 66.1 s/m and 4.6 s/m at 

50℃, and 35.1 and 4.4 s/m at 80℃, respectively, which means that the ionomer 

resistance is a major barrier of oxygen transport. However, Knudsen diffusion can 

also significantly vary under different temperatures [40]. Thus, Reshetenko et al. 

[40] separated the ionomer film contribution using an extrapolation to a zero 

diluent weight by varying the type of inert gas. Under the RH 100%, 48.3 kPa back 

pressure, and 60℃, for the case of 5% O2 balanced with N2, the ionomer resistance 

and molecular diffusion resistance were measured as 61.7 and 52.9 s/m. However, 

they posited that the molecular diffusion resistance becomes non-existent when the 

molecular weight of inert gas is zero, even though an oxygen gas molecule interacts 

not only with the diluent but also with other oxygen gas molecules. In addition, the 

measured ionomer resistance might include also the Knudsen diffusion resistance 

because the Knudsen diffusion is actually reflected in the non-molecular diffusion. 

1.2.2 Analysis of oxygen transport characteristic considering the liquid 

water saturation 

During the operation of a PEM fuel cell especially in an automotive application, 

it is frequently under a high load and fully humidified condition, which can cause 

water condensation or even flooding. The produced liquid water can potentially 



 8 

block the path of reactants in the gas diffusion layer, and the catalyst layer; thus, 

impeding the oxygen molecules transport to catalysts inside a PEM fuel cell. 

Owejan et al. [39] utilized the limiting current method with increasing oxygen mole 

fraction in channel to increase the current density and provide D/Deff as a function 

of water saturation. In addition, the effective diffusion coefficient measured by the 

limiting current method was compared to the coefficient predicted by Bruggeman 

relationship with reflecting averaged saturation value obtained by the neutron 

radiography. As a result, the measured effective diffusion coefficient was lower 

than the predicted effective coefficient, which indicates that the oxygen transport 

resistance increases more when the liquid water is non-uniformly distributed 

compared to the condition under uniformly distributed water. 

  In an over-saturated condition, to separate oxygen transport resistance into the 

components of a PEM fuel cell, the limiting current method might be unreliable. To 

dissect the molecular diffusion factor, the type of inert gas or the pressure needs to 

be varied [37, 38]. However, the change of inert gas or pressure accompanies the 

different amount of water product following the change of limiting current density. 

At the under-saturated condition, the different amount of water exists likely in 

vapor form, which doesn’t block the pores, maintaining the same Knudsen 

diffusion resistance while changing only the molecular diffusion. However, if the 

water product is condensed at an over-saturated condition, the change of inert gas 

or pressure affects not only the molecular diffusion, but also the Knudsen diffusion 

because the different amount of liquid water likely changes effective porosities in 
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the GDL and catalyst layer. Therefore, the previous limiting current density method 

is uncertain to isolate the molecular diffusion in an over-saturated condition. 

To reflect the over-saturated condition, the electrochemical impedance 

spectroscopy (EIS) can be used to analyze the mass transport resistance correlated 

to the oxygen transport. The method can maintain the same current density to avoid 

the different amount of water product even if different inert gas is used to separate 

only the molecular diffusion. Since the liquid water distribution inside a PEMFC is 

determined mostly by the capillary pressure gradient between the layers [9, 43, 44], 

we can expect that the water distribution at each layer is s 5imilar regardless of the 

inert gas. Accordingly, the Knudsen diffusion is assumed to be identical regardless 

of the inert gas, and only the molecular diffusion can be dissected by the EIS with 

different inert gas even at an over-saturated condition. 

In previous researches to analyze oxygen transport characteristic utilizing the 

EIS, the paper written by Springer et al. [45] is one of frequently used references. 

They measured the AC impedance spectra with various operating conditions such 

as different voltage states, dry or well humidified condition, and single or double 

substrate, with a steady-state and 1-D AC impedance model developed by 

embodying the substrate and the cathode catalyst layer. In this study, it was stated 

that the drop of O2 concentration increased effective charge transfer resistance at 

high current densities, and drier condition in the cathode induced poorer interfacial 

kinetics of the oxygen reduction reaction. In addition, two sheets of substrate 

lowered the interfacial impedance at low current densities while it increased the 
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low frequency component of the impedance at high current densities. It inferred 

that the thicker substrate holds sufficient water for better kinetics in the catalyst 

layer while the substrate induces flooding at high current densities. However, even 

though the change of AC impedance was shown with varying operating conditions 

which refers that the lower frequency component reflects the mass transport 

limitation, the quantification about the mass transport resistance was insufficient. 

Later, Malevich et al. [46] quantitatively separated the charge transfer by mid-

frequency response and the mass transport by low-frequency response, and they 

showed that the cell with MPL decreased both the charge transfer resistance and the 

mass transport resistance compared to that without MPL. The mass transport 

resistance was obtained from Warburg impedance; however, the diffusion time 

constant calculated by Warburg impedance and the constant estimated by known 

properties differed by at least an order, which means that the separated mass 

transport resistance value is unreliable. Nakamura et al. [47] investigated the charge 

transfer resistance and the mass transport resistance at various humidified 

conditions with using the equivalent model where each resistance consists of the 

parallel combination of a resistor and a capacitor. It was explained that the high 

humidity temperature increased the mass transport resistance due to oxygen 

transport interfered by liquid water, while the low humidity temperature increased 

the resistance due to sluggish oxygen transport through the ionomer film. However, 

during the separation process of each resistance, the curves of the equivalent circuit 

and the Nyquist plot did not match well, thus the resistance values have also the 
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uncertainty. Kim et al. [48] also separated the each resistance by the EIS with the 

equivalent circuit consisting of resistors and capacitors, and they varied the relative 

humidity and the current density to investigate the effect of MPL. However, the 

reason of increasing mass transport resistance focused only on the flooding effect 

without considering more oxygen consumption corresponded to the increase of 

current density, and some results were not on the trend of mass transport resistance 

that increases with the relative humidity. 

To increase the accuracy of EIS result, Yi et al. [49] adopted a 1-D transmission-

line model considering non-linear arrangement of the proton transport resistance, 

charge transfer resistance, and double layer capacitance along the catalyst layer 

thickness, and demonstrated that the model is predictable with comparing the 

model results with experimental EIS results. Using the model, the contributions of 

the proton transport resistance in the cathode and the oxygen transport resistance 

were investigated. The increase of proton transport resistance in the cathode shifted 

the semi-circle impedance away from the origin with forming a 45-degree line on 

the origin, and the increase of oxygen transport resistance resulted in a higher 

resistance of oxygen reduction reaction following a lower oxygen concentration on 

the reaction surface of catalyst. In addition, it was also found that a higher proton 

transport resistance in the cathode induced the current density gradient higher from 

the GDL to the membrane, while a higher oxygen transport resistance increased the 

current gradient toward the GDL. However, the analysis was performed only on the 
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sole condition at 0.2 A/cm2 and 150°C. Thus, exact analysis at various conditions is 

still required. 

1.2.3 Design of the gas diffusion layer for water management 

The gas diffusion layer (GDL) is a main component that provides the path for the 

two-phase flow of hydrogen, air and liquid water [50-53]. There is a trade-off 

relationship between water absorption for better hydration in the membrane and 

water drainage for the smooth mass transport regarding the water management in 

PEM fuel cell. Because of the trade-off characteristic of the water management, the 

conventional GDLs have been optimized only for particular operating points, such 

as dry, hydrated or saturated conditions [54-57]. 

To optimize the water balance considering various humidity conditions, multiple 

layered GDLs have been designed especially focusing on micro porous layers 

(MPL) rather than substrate as the MPL is easier to designed and controlled than 

the substrate. Several researchers have developed double or triple layered MPLs 

with different hydrophobicity or porosity; however, these concepts still have their 

specific limitations [58-62]. Tang et al.[58] designed a triple layered MPL, which is 

formed by controlling the amount of the pore former such as NH4CL. This MPL 

structure has porosity gradient increasing from the catalyst side toward the substrate 

side. This gradient in porosity induces an additional driving force for the water 

drainage. However, only the enhanced performance at high current density was 

emphasized, and there was no consideration of the dry conditions. Contrary to 
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Tang’s paper, Kitata et al.[61] focused only on no-humidification conditions at the 

cathode. These researchers designed hydrophilic and hydrophobic double layered 

MPLs with different amounts of polytetrafluoroethylene (PTFE) and polyvinyl 

alcohol (PVA). The researchers confirmed the enhancement of performance at the 

dry condition, as the hydrophilic layer between the substrate and the hydrophilic 

MPL holds enough water. Chun et al.[59] also designed a double layered MPL with 

different hydrophobicity using different polymer binders. The surface design 

consisting of a middle hydrophilic layer with a hydrophobic surface showed 

enhanced performance at both relative humidity (RH) 100% and RH 50%; the 

middle hydrophilic layer had the role of an internal humidifier, and the hydrophobic 

surface helped the water penetrate toward the substrate. However, this GDL still 

had a low performance of 0.6 V even at 700 mA and 450 mA under RH 100% and 

RH 50%, respectively. Next, Weng et al.[60] investigated the effect of a triple 

layered MPL formed with different amounts of PTFE. They found that a decreasing 

hydrophobicity from the substrate to the catalyst layer enhanced the cell 

performance over a wide range of conditions especially under low humidity, but the 

GDL still has the limitations of an increasing voltage fluctuation and flooding 

during high loads and full humidity. Cho et al.[62] studied the effect of double 

layered MPLs having different slurry densities. In their study, the structure formed 

with the arrangement substrate/ dense MPL/ coarse MPL showed the best dynamic 

performance with faster recovery and a low fluctuation of voltage under load 

changes, whereas it showed lower steady-state performance than that of the 

structure with a single MPL at a full load condition. 
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Unlike the various MPL designs, rarely there have been design optimizations for 

substrates that are intended to overcome the trade-off characteristic of the GDLs. 

This might be due to the difficulty to control the local properties of the substrate 

[63]. However, the substrate can be a more dominant component in controlling the 

water balance. While the MPL drains water from the cathode’s catalyst layer, the 

substrate manages the drained water and possesses more water within its thicker 

and more porous structure [63-65]. Therefore, the substrate using activated carbon 

fibers (ACFs) which have a surface area larger than that of normal GDLs was 

designed in one of our studies [66]. On the surface of the ACFs, uniform size pores 

were produced by distributing carbon filler and carbonized resin evenly. The size 

was determined by the areal weight of the whole carbon fiber used. However, it was 

confirmed that the ACF GDL induced biased performances. Therefore, it can 

operate only in restricted conditions because only small macro pores induced 

flooding and only large macro pores caused water starvation of the membrane. 

Consequently, it can be inferred that the coexistence of both large and small macro 

pores is essential to encompass various humidity conditions. 
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Figure 1.1 A schematic of the cross-section view of a PEM fuel cell [12] 
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1.3 Objective 

Even though some previous studies attempted to measure and dissect the oxygen 

transport resistance, the contribution of each component, including the substrate, 

MPL, catalyst layer, and ionomer film, could not be quantitatively compared based 

solely on the previous papers. These papers only considered the partial section of a 

PEM fuel cell with uncertain diffusion mechanisms and assumptions. In this study, 

including all oxygen transport components of a PEM fuel cell, such as the substrate, 

MPL, catalyst layer, and ionomer film, the oxygen transport resistance (s/m) of 

each component is quantitatively analyzed by the limiting current method, and the 

each contribution is compared. Before the measurement, a strategy for dividing the 

total oxygen transport resistance into different segments of the components is 

required to be established, and exact mechanism of oxygen transport at each layer 

needs to be clear. This is beneficial to understand the oxygen transport 

characteristic in each component of a PEM fuel cell, induced by the material 

property of each layer. 

As the limiting current method to separate the components is only valid at under-

saturated condition, to consider also the water condensation effect, the EIS at a 

specific current density is conducted. From the mass transport resistance (Ω·cm2) 

correlated to the oxygen transport, measured by the EIS, it helps to understand the 

actual and direct influence of oxygen transport characteristic on the cell 

performance. Using methods to maintain the stability and linearity of EIS and to 
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reduce additional impedance factors that complicates the AC impedance spectra, 

the mass transport resistance is tried to be apparently and quantitatively analyzed. 

With a lumped equivalent circuit, the EIS is conducted with varying the type of 

inert gas, the current density, and the inlet gas relative humidity to clarify the main 

source to any change of the mass transport resistance and to investigate the effect of 

flooding. 

In addition, to improve the oxygen transport and water management considering 

the capillary pressure gradient through the GDL and catalyst layer, a pore-size 

gradient is applied in the substrate of the GDL. The GDL structure is visualized by 

the mercury porosimetry and SEM, and the effect of the structural change on the 

oxygen transport is investigated by the limiting current method and EIS. 
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Chapter 2. Oxygen transport and water management 

in a PEM fuel cell 

2.1 Oxygen transport 

For an electrochemical reaction of a PEM fuel cell to occur, supplied oxygen 

from the flow channel has to arrive at the reaction surface of catalysts. This requires 

transportation through the substrate, MPL, pores in the catalyst layer, and ionomer 

film covering Pt/C agglomerates, as shown in Figure 2.1. The oxygen transport 

resistance is affected by these four components and determines the oxygen 

concentration gradient from the channel to the Pt surface. Each component has 

different oxygen transport mechanisms, followed by different influential factors. 

2.1.1 Oxygen diffusion in the gas diffusion layer and catalyst layer  

When oxygen diffuses through pores of the GDL and the catalyst layer via 

relatively large pores where the molecular diffusion mechanism predominates, a 

molecule effectively interacts with a greater amount of molecules during the 

diffusion as shown in Figure 2.2 (a). This causes the diffusion to be influenced by 

the inert gas or the pressure as follows [67]:  
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As shown in Figure 2.2 (b), a molecule interacts with the pore wall rather than 

other molecules in relatively small pores where the Knudsen diffusion mechanism 

predominates. Therefore, the molecule diffuses irrelevantly to inert gas or pressure, 

as follows [68]: 
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To identify which mechanism predominates at each layer, the Knudsen number at 

each layer must be calculated. 
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Depending on the Knudsen number, which is the ratio of the oxygen gas mean 

free path to the pore diameter at each layer, diffusion follows either the molecular 

diffusion mechanism (if 
d

n
K  < 0.1), the Knudsen diffusion mechanism (if 

d
n

K  > 

10), or a combination of both (if 0.1 < 
d

n
K  < 10) [13, 14]. 

The mean free path is defined as the travel length of a moving molecule divided 

by the number of molecular collisions. This value can be determined for a species, i, 

with an N-component mixture gas by the following equation [69]. 
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With the values in Table 2.1, the mean free path of oxygen gas was obtained by 

varying the inert gas and humidity as shown in Table 2.2. 

The pore diameters of the substrate and MPL were investigated using the 

mercury porosimetry of the GDL. Based on the two peaks shown in Figure 2.3 (c), 

the representative pore diameters of the MPL and substrate are considered to be 

52.3 nm and 54.6 μm, respectively. The pore diameters are feasible because the 

average pore diameter of SGL 24BC MPL is 90 nm [70] according to the reported 

diameters obtained via X-ray tomography. The mean pore diameters of various 

commercial GDL substrates vary from 23.8 to 70 μm [71]. Following the calculated 

Knudsen number given in Table 3, it is likely that the substrate is dominated by 

molecular diffusion, while the MPL is dominated by a combination of both 

molecular and Knudsen diffusion, following the calculated Knudsen number given 

in Table 2.3. 

On the other hand, the pore diameter of the catalyst layer was analyzed from the 

BET method to clearly be in the range from 0.35 nm to 200 nm. The result shown 

in Figure 2.5 (c) shows two peaks of 32.3 nm and 157.2 nm, the smaller one 

indicates the primary pores inside the Pt/C agglomerate and the larger one indicates 

the secondary pores between agglomerates. The calculated Knudsen numbers for 

the catalyst layer show that oxygen transport in the catalyst layer used here can be 
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dominated by both Knudsen and molecular diffusion, as shown in Table 2.3. 

Specifically, oxygen transport in the primary pores could be considered primarily 

consisting of Knudsen diffusion and that in the secondary pores partially includes 

molecular diffusion. 

2.1.2 Oxygen permeation through the ionomer film 

Before oxygen reaches a catalyst, some oxygen molecules permeate through the 

ionomer film partially covering the Pt/C agglomerate, as shown in Figure 2.5. The 

film originally attracts hydrated protons to the catalysts on the cathode. However, 

the thin-ionomer film forms a hydrophobic backbone adjacent to the Pt surface 

because of a confinement effect and favorable interaction with the Pt [32, 33]. This 

leads the reduced oxygen permeation toward the electrocatalysts. 

During the permeation, oxygen dissolves at the ionomer film and then diffuses 

through the film toward a catalyst. Therefore, oxygen permeation is a combination 

of dissolution and diffusion processes. The permeability is the product of the 

diffusion coefficient and solubility [15, 30]. 

i i i
D S                          (2.5) 

As the relative humidity (RH) increases, the diffusion coefficient increases, and 

the solubility decreases [31]. Gas molecules must overcome the potential barrier 

formed by van der Waals force between the polymer chains in order to diffuse 
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through the ionomer film [16]. An increase in water content improves the flexibility 

of the film and induces Nafion swelling [16, 30, 72, 73], and it increases the 

distance between the polymer chains of the film and decreases the van der Waals 

force. Therefore, the diffusion coefficient increases as water product increases. 

Even though the solubility in a hydrophilic region is lower than in a hydrophobic 

region, improved diffusion by water increases oxygen permeability. This is because 

the increase in the diffusion coefficient is generally more significant than the 

decrease of solubility [31]. In essence, the sensitivity of humidity on ionomer 

permeation resistance is exponentially proportional [38], and the type of ionomer 

film determines and differs the coefficient inside the exponent [31]. 
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Table 2.1 Properties of gases 

 

Gas Molecular Weight 
Diffusion volume 

[74] 

Molecular collision 

diameter (Å) [75] 

Oxygen 32 16.6 3.46 

Nitrogen 28 17.9 3.64 

Helium 4 2.88 2.6 

Water vapor 18 12.7 2.65 
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Table 2.2 Calculated mean free path (nm) of oxygen in a mixture gas 

 

Conc.* - RH† mixed with nitrogen mixed with helium 

2% - 30% 80.58 55.44 

21% - 30% 81.78 59.65 

2% - 90% 82.49 59.33 

21% - 90% 83.55 63.36 

* Concentration of oxygen in a dry mixture gas 

† Relative humidity of a mixture gas 
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Table 2.3 Calculated Knudsen number at each layer under a 2 ~ 21% oxygen 

concentration and 30 ~ 90% relative humidity 

 

Description Substrate MPL 

Catalyst layer 

Primary 

pores 

Secondary 

pores 

Pore diameter 54.6 μm 52.3 nm 32.3 nm 157.2 nm 

Knd with N2 0.00149 ~ 0.00154 1.54 ~ 1.60 2.49 ~ 2.59 0.51 ~ 0.53 

Knd with He 0.00108 ~ 0.00117 1.06 ~ 1.21 1.71 ~ 1.96 0.35 ~ 0.40 

Diffusion 

mechanism 

Molecular Diffusion 

(if 𝐾𝑛𝑑 < 0.1) 

Molecular + Knudsen Diffusion 

(if 0.1 < 𝐾𝑛𝑑 < 10) 
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Figure 2.1 Oxygen transport in the components of a PEM fuel cell [11] 
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Figure 2.2 Diffusion mechanisms following the path width (a) molecular diffusion 

(b) Knudsen diffusion [11] 
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Figure 2.3 (a) SEM images indicating cross-sectional and top views of JNT30-A3 

GDL (b) Pore size distribution at JNT30-A3 GDL investigated from the 

mercury porosimetry [11] 
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Figure 2.4 (a) Cross-sectional SEM image of GORE PRIMEA®  5730 CCM (b) 

Surface SEM image of the cathode of GORE PRIMEA®  5730 CCM (c) 

Pore size distribution at the catalyst layer obtained from BET analysis 

[11] 
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Oxygen Gas 

Ionomer film

 

 

Figure 2.5 Structure of the catalyst layer and oxygen permeation at the ionomer 

film [11, 76] 
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2.2 Water management 

2.2.1 Under/Over-saturated region criterion 

Water condensation inside a PEM fuel cell blocks the diffusion path by hindering 

oxygen transport toward the catalysts. To determine the phase of the water inside 

the PEM fuel cell, the concentration of supplied oxygen was varied from 1% to 

100% in the dry mixture gas before being humidified, and the trend of oxygen 

transport resistance was experimentally investigated [37, 39] with calculation of the 

oxygen transport resistance by limiting current method as explained in section 3.1.1. 

At a low oxygen concentration where the electrochemical reaction is too low to 

form enough water product for condensation to occur, the oxygen transport 

resistance maintained a constant value. However, the oxygen transport resistance 

starts to increase when the increase of oxygen concentration extends past the 

limiting current density measured with a smaller oxygen concentration and induces 

enough water to initiate condensation. The condensed water acts as an additional 

hindrance to oxygen transport. In Figure 2.6, the oxygen transport resistance is 

constant until the oxygen concentration reaches 4% (near 0.9 A/cm2). It can be 

assumed that the cell only operates in the under-saturation condition as long as 

oxygen is supplied at a concentration of less than 4% and a humidity of less than 

90% even at the limiting current density. 
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2.2.2 Electro-osmosis drag and back diffusion through the membrane 

Electro osmotic drag and back diffusion [44, 77] are factors to balance water 

through the membrane following equation (2.6) and Figure 2.7 (a).  
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In equation (2.6), the first term is the electro osmotic drag, and the second term is 

the back diffusion. 
d r a g

n  is the number of water molecules following the movement 

of each proton, water content   in the membrane is the ratio of the number of 

water molecules to the number of charged sites (Ex. SO3
-H+ of Nafion), 

d ry
  is the 

dry density of the membrane [kg m-3], 
m

M is the membrane equivalent weight [kg 

mol-1], water diffusivity ( )D

  is a function of  , and z is the distance through 

the membrane thickness. 

The amount of water moved by electro osmotic drag and back diffusion is 

affected by the flux of water from porous layers [78], which can be calculated by 
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where 
( ) , ( )l g

  are the relative mobilities of individual phases,  is the dynamic 

viscosity, K is the permeability, and 
( ), ( )l g

  is the density of individual phases. 

Especially, when the water exists in the liquid state, the water flux is dominantly 
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determined by the capillary pressure gradient, 
C

P . 

2.2.3 Capillary pressure gradient between porous layers 

The driving force of the liquid water flux is the capillary pressure gradient 

between boundaries (Figure 2.7 (b)). The capillary pressure at each layer is 

calculated as follows [43]: 
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Τ is the surface tension, Θc is the contact angle, ε is the porosity, J(s) is the 

Leverett J-function, and s is the liquid water saturation. 

In equation (2.8), the permeability K can be expressed with the pore diameter dp 

[43]: 
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Finally, the capillary pressure can be shown by 
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Figure 2.6. Oxygen transport resistance with different oxygen concentrations 

balanced with nitrogen in the cell built with JNT30-A3 GDL operated at 

ambient pressure and a 90% relative humidity inlet gas. The flow rates 

of the inlet dry gases were maintained at 0.2 and 2.59 ln/min in the 

anode and cathode, respectively. [11] 
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Figure 2.7. (a) Water balance through the membrane influenced by the electo-

osmosis drag and back diffusion (b) Capillary pressure gradient through 

each porous layer [44, 62, 66] 
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Chapter 3. Analysis of oxygen transport resistance at 

each component of a PEM fuel cell by 

limiting current method 

In chapter 3, the limiting current density is measured only at the under-saturated 

condition which is achieved by using 2% oxygen concentration in the dry gas on 

the cathode. Therefore, the molecular diffusion is dissected by changing the inert 

gas. The change of the inert gas causes the different amount of water vapor product, 

not liquid water, followed by the change of limiting current density within under-

saturated condition. Then, the ionomer permeation and Knudsen diffusion are 

separated by varying the relative humidity of inert gas. This chapter is based on the 

Ref. [11]. 

3.1 Experimental method 

3.1.1 Method to measure the oxygen transport resistance 

The total oxygen transport resistance from the channel to the Pt surface can be 

measured by using the limiting current density. It can be considered that the oxygen 

transport rate is equal to the oxygen consumption rate at the steady-state condition. 

Near the limiting current density, it can be assumed that all the oxygen at the Pt 

surface is consumed, and the oxygen concentration at the Pt surface is zero. 
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Therefore, the oxygen transport resistance can be calculated by measuring the 

limiting current density, as follows (equation 3.1): 
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3.1.2 Experimental strategy to separate each component of a PEM fuel 

cell 

Table 3.1 shows the oxygen transport mechanisms at each component of a PEM 

fuel cell and their correlations with the operating conditions. Considering the 

different transport mechanisms, the strategy to dissect oxygen transport resistance 

was established as shown in Figure 3.1. First, the type of inert gas is changed to 

separate molecular diffusion resistance from total oxygen transport resistance. 

Unless the water saturation condition is changed, the change in inert gas only 

influences molecular diffusion. Secondly, relative humidity of the supplied gas is 

changed, and the change in oxygen transport resistance excluding molecular 
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diffusion resistance is measured. The oxygen transport resistance caused by 

ionomer permeation and Knudsen diffusion can be separated since only ionomer 

permeation is influenced by the relative humidity. Third, when conducting the 

above experiments using GDLs with or without the MPL, oxygen transport 

resistance through the MPL can be measured by comparing the increases in the 

oxygen transport resistances caused by molecular diffusion and Knudsen diffusion. 

Fourth, by measuring the increase of molecular diffusion resistance with the 

thickness of the substrate, the molecular diffusion resistance of the substrate is 

separated from the catalyst layer. Lastly, the contribution of each transport 

mechanism on oxygen transport resistance and the contribution of each component 

of a PEM fuel cell can be quantitatively analyzed. 

3.1.3 Experimental condition 

2% oxygen in supplied dry gas which is indicated in Figure 2.6 was used on the 

cathode to maintain an under-saturated condition inside the cell. Additionally, the 1 

cm2 active area near the outlet of the 25 cm2 device was utilized by using a 1 cm2 

GDL that enclosed the necessary parallel channels and the gasket covering the other 

channel as shown in Figure 3.2. Using partial areas leads to an increase in the 

stoichiometric ratio (SR) of oxygen without increasing the mass flow rate, causing 

the pressure gradient along the channel to be insignificant. Therefore, the 1 cm2 

active area can control the oxygen concentration and pressure to retain the stability 

and homogeneity over the active area. Limiting current density is measured by 
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following the operating conditions described in Table 3.2 with the PLZ 664WA 

electronic load. For experimental repeatability, the V-I measurement began just 

after OCV mode at exactly 1 minute, and a purge of at least 3 minutes with dry 

nitrogen at 2 liters per minute at both the anode and cathode is carried out for all 

experimental cases. Also, all cells were activated for at least 24 hours before the 

main experiment to produce their maximum performance regardless of the different 

activation speeds. 

Table 3.3 shows the components used in this study. In particular, three types of 

GDL were used to investigate the effects of the MPL and substrate thickness. 

JNT30-A3, a carbon paper substrate with MPL, was used as the reference GDL. 

JNT30 and JNT40 are GDLs that consist of only a carbon paper substrate, with the 

only difference between them being their thickness. 
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Table 3.1. Correlation among the transport mechanism and operating condition for 

each component of a PEM fuel cell 

 

Transport 

mechanism 

Correlation 
Affected 

component  
Pressure Temperature 

Inert 

gas 
humidity 

Molecular 

diffusion 
Yes T1.75 Yes No 

Sub*,MPL,

CL 

Knudsen 

diffusion 
No T0.5 No No MPL,CL 

Permeation 

(dissolution

diffusion) 

No exp(-1/T) No Yes 
Ionomer 

Film 

* Substrate 
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Table 3.2. Operating conditions for measuring the limiting current density 

 

Parameter Condition 

Activation 
0.6 V (for 5 mins) ↔ 0.4 V (for 10 secs), 

during 24 hours 

Test mode V-I measurement (1.0 V  0.05 V in 50 secs) 

Active area 1 cm2 

Mass flow 
Anode: 0.2 ln/min (SR* > 27.3) 

Cathode: 2.59 ln/min (SR* > 14.1) 

Oxygen concentration 

in dry gas 
2 % (balanced by N2 or He) 

Inlet gas RH† 30 ~ 90 % 

Cell temperature 65 ℃ 

Outlet pressure Ambient pressure 

* Stoichiometric Ratio 

† Relative Humidity  
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Table 3.3. Components used for the experiment 

 

Component Condition 

Separator 

Parallel channels 

1 cm2 (14 mm by 7 mm)  

1/0.815 mm width (channel/rib), 0.4/0.6 mm depth (anode/cathode) 

GDL 

JNT30-A3 (with MPL, porosity 82%, thickness 340 ± 5 μm) 

JNT30 (a carbon paper, porosity 86%, thickness 250 ± 5 μm) 

JNT40 (a carbon paper, porosity 86%, thickness 340 ± 5 μm) 

MEA* 

GORE™ PRIMEA® 5730 CCM† 

Pt weight on CL: 0.1 / 0.4 mg/cm2 (anode/cathode) 

CL Thickness: 7.5 ± 1 / 13 ± 1.5 μm (anode/cathode) 

* Membrane Electrode Assembly 

† Catalyst Coated Membrane 
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Change the type of inert gas

(To separate the molecular diffusion)

Vary the relative humidity of the inert gas

(To separate the ionomer permeation)

Test the cell with or without MPL 

(To separate the MPL)

Vary the thickness of the substrate 

(To separate the substrate)

 

 

Figure 3.1. Strategy to separate the components of oxygen transport resistance 
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Figure 3.2. Utilization of the 1 cm2 active area near the outlet of a 25 cm2 unit cell 

[11] 
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3.2 Experimental results 

3.2.1 Calculation of the total oxygen transport resistance 

The total oxygen transport resistance from the channel to the catalyst was 

calculated with the measured limiting current density which was extracted from the 

average current density at approximately 0.05 V as shown in Figure 3.3. Since such 

low voltage can cause hydrogen evolution at the cathode catalyst and disturb the 

signal [7, 36, 37], the voltage was limited above 0.05 V while the hydrogen 

evolution was being checked from the irregular changes of measured current [7, 36, 

37]. The effect of ohmic resistance on the polarization curves can be negligible 

since the ohmic loss obtained at 0.4 A/cm2 merely varies between 0.015 V (at RH 

90%) and 0.033 V (at RH 30%), calculated by multiplying the current density and 

high-frequency resistance. 

From the measured the limiting current density and given equation (3.3), the total 

oxygen transport resistances with different relative humidities and inert gases are 

plotted while varying the relative humidity and inert gas as shown in Figure 3.4. It 

is observed that lighter the inert gas and higher the RH, lower the total oxygen 

transport resistance. However, underlying principles and quantitative effects need to 

be analyzed and are provided in the following section. 

3.2.2 Dissection of molecular diffusion 
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Molecular diffusion resistance is separated by comparing the total oxygen 

transport resistance while changing the inert gas type [38, 40]. Molecular diffusion 

resistance is inversely proportional to the molecular diffusion coefficient, as 

determined by considering multi-components, such as oxygen, inert gas, and water 

vapor as follows [74] 

1

( )
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jM D

i m

j ij

x
D

D




                         (3.4) 

Within the same diffusion distance, the ratio of the molecular diffusion 

resistances that are balanced by nitrogen and helium is determined by the ratio of 

the molecular diffusion coefficients with helium and nitrogen as follows. 
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2 2 2
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O H e O N

R D
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                        (3.5) 

At the under-saturated condition followed by the provision of 2% oxygen in dry 

gas, the water product mostly exists in vapor form even at the limiting current 

density. Local condensation might occur in small pores, however, we have carefully 

designed the experiment to diminish the condensation effect. Firstly, small active 

area and small oxygen concentration are used to minimize the amount of the water 

produced. Secondly, the humidity of the inlet gas is set lower than 100% to further 

prevent the local condensation. Consequently, the different limiting current 

densities induced from each of the inert gasses generate varying quantities of water 
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vapor but not liquid water. In addition, the different water production rates are 

negligibly small compared to the flow rate of the supplied water vapor within the 

supplied gas, with a high SR. Thus, when the inert gas changes at the under-

saturated condition, the oxygen transport resistance with the exception of the 

molecular diffusion resistance can be assumed to be the same, as shown below. 

2 2 2 2 2 2

 
to ta l M D to ta l M D

O N O N O H e O H e
R R R R

   
                (3.6) 

From equations (3.5) and (3.6), the molecular diffusion resistance with nitrogen 

or helium was calculated with the total oxygen transport resistances measured in 

Figure 3.5. During varying RH values from 30% to 90%, molecular diffusion 

resistance with nitrogen was nearly constant at 22.80 s/m, matched with the 3.4% 

increase of the molecular diffusion coefficient. Resistance with helium increased 

from 7.77 to 9.67 s/m while matching the 17.4% decrease of the coefficient. Since 

the molecular weight and the diffusion volume of helium are less than one-quarter 

of those for water vapor (in Table 2.1), the molecular diffusion resistance with 

helium increases as the RH increases. 

3.2.3 Dissection of Knudsen diffusion and ionomer permeation 

The Knudsen diffusion and ionomer permeation resistances are dissected from 

molecular diffusion resistance. As explained in Section 2.1.2, ionomer permeation 

is exponentially proportional to the relative humidity, while Knudsen diffusion is 

undisturbed when condensation is mostly absent. Thus, when the relative humidity 
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varies, the change of the resistance is only from ionomer permeation and not from 

Knudsen diffusion. Quantitatively, the ionomer film of our GORE™ PRIMEA®  

5730 series has a coefficient inside the exponent of 1.942, which was confirmed by 

our experiment and determined empirically from cells with various GDLs and 

different operating pressures. Therefore, with the GORE™ PRIMEA®  5730 CCM, 

the correlated equation of the non-molecular diffusion resistance to the relative 

humidity is obtained as,  

2
[ 1 .9 4 2 ( )]

N o n M D

O
R a exp R H b


                 (3.7) 

a, b = arbitrary constants 

The first exponential term indicates the ionomer permeation resistance, and the 

second constant term corresponds to the Knudsen diffusion resistance. 

From the empirical fitting of the non-molecular diffusion resistances with the RH 

to Equation (3.7), the ionomer permeation and Knudsen diffusion resistances were 

dissected as shown in Figure 3.6. Ionomer permeation resistance varied from 27.58 

s/m to 8.60 s/m following the RH change from 30% to 90%, while Knudsen 

diffusion was constant at 16.85 s/m. 

3.2.4 Separation of the oxygen transport resistance in the MPL 

The oxygen transport resistances were compared with and without the MPL to 

separate the contribution of the MPL. Figure 3.7 (a) and (b) show that both the 
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molecular diffusion resistance and Knudsen diffusion resistance increased when the 

MPL was added, while the ionomer permeation resistance remained the same with 

use of the same MEA. From the margin of increase, the molecular diffusion 

resistance of the MPL with nitrogen approximately averaged 14.16 s/m and the 

Knudsen diffusion resistance approximately averaged 3.44 s/m, demonstrating that 

molecular diffusion is more dominant than Knudsen diffusion in the MPL. 

Additionally, from the Knudsen diffusion resistance in Figure 3.7 (a), the Knudsen 

diffusion resistance in the catalyst layer was obtained as 13.41 s/m 

3.2.5 Separation of the molecular diffusion in the substrate and 

catalyst layer 

The diffusion in the catalyst layer also includes molecular diffusion as explained 

in Section 2.1.1. Therefore, in order to separate the molecular diffusion resistance 

into the substrate and catalyst layer, the substrate thickness was varied, and the 

resulting change in molecular diffusion resistance was measured and is shown in 

Figure 3.8. When the supplied oxygen concentration decreases and load increases, 

through-plane transport is dominant while in-plane transport is relatively modest 

[79, 80]. As mentioned earlier, our experiment involved a low supplied oxygen 

concentration of 2% and considered the condition at limiting current density. Which 

were the reasons that it is safe to posit the linear correlation of the substrate 

thickness and the oxygen transport resistance. Therefore, if the substrate resistance 

is considered to be proportional to the thickness of the substrate, the slope shown in 
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Figure 3.8 (d) indicates the substrate resistance with the thickness and the y-

intercept corresponds to the molecular diffusion resistance in the catalyst layer, 

showing the credibility of the assumption. For JNT30, the substrate showed a 

molecular diffusion resistance of 7.40 s/m, while the catalyst only had a resistance 

of 1.08 s/m. However, the value contains an uncertainty since the y-intercept is 

susceptible to error apparent from the slope. Instead of using three points to 

measure the linear slope, when only randomly chosen two points among the points 

are used to obtain the slope, the y-intercept varies from 0.10 to 2.39. Thus, rather 

than using the exact value of 1.08, it is more important to keep in mind that the 

molecular diffusion resistance in the catalyst layer only has a small part. 

3.2.6 Contribution on the oxygen transport resistance of the 

components of a PEM fuel cell. 

From the arrangement of the experimental results, the contributions to total 

oxygen transport resistance are compared with respect to each of the components of 

a PEM fuel cell (Figure 3.9). The ionomer film is the most influential component at 

the low humidity condition, until a RH of 50% is reached. However, the 

contribution from the ionomer film decreased with the increase of RH because 

ionomer permeation is enhanced, while the other diffusions are not disturbed or 

enhanced. For the diffusion media, the substrate, catalyst layer, and MPL, from 

smallest to largest, showed the size of oxygen transport resistance due to the MPL’s 

smaller pore size (52.3 nm) than that of the substrate (54.6 μm) and because its 
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layer (approximately 90 μm) is thicker than that of the catalyst layer (approximately 

13 μm on the cathode). The MPL is known to expel water through the GDL toward 

the flow channel by forming a higher capillary pressure gradient from the catalyst 

to the channel [48, 61]. However, at the under-saturated condition, the insertion of 

MPL plays the role of hindering oxygen transport. 

In Table 3.4, the portions of the oxygen transport mechanism involved in each of 

the components are dissected. The substrate is determined by molecular diffusion, 

and the ionomer film is governed by the permeation mechanism, including 

dissolution and diffusion. Distinctively, the MPL and catalyst layer are affected by 

both molecular diffusion and Knudsen diffusion, and the MPL was governed by 8:2 

ratio, while the molecular diffusion in the catalyst layer was an insignificant portion 

of only 7.5%. Considering the uncertainty of the molecular diffusion resistance in 

the catalyst layer explained in section 3.2.6, the portion can vary from 0.7% to 

15.1%. The diffusion contribution at each layer is completely different, though the 

Knudsen numbers of the MPL and catalyst layer, which were calculated based on 

the most common pores from Figure 2.3 (b), are similar as shown in Table 2.3. This 

can be explained by the fact that the MPL also includes MPL penetration having the 

pore diameter of 1 μm order [44] as shown in Figure 2.3 (b), and the MPL contains 

surface cracks on its surface as shown in Figure 2.3 (a), leading to an increase in 

the molecular contribution. 
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3.2.7 Analysis of tortuosity and pore diameter based on the calculated 

oxygen transport resistance 

Based on the value of calculated oxygen transport resistance, layer properties 

such as the tortuosity and the pore diameter can be induced. Considering simple 

Brownian motion in 1-D section, the mean squared displacement of gas is 

determined by the effective diffusion coefficient and travel time as follows [81]: 

2
2

e ff
M S D D t                        (3.8) 

As the MSD and the travel time can be calculated from the layer thickness and 

the calculated oxygen transport resistance, the effective diffusion coefficient is able 

to be obtained. 

In the substrate, as oxygens diffuse through the pores in convoluted path with 

molecular diffusion mechanism, the effective diffusion coefficient is affected by the 

porosity and the tortuosity as follows [77]: 




e f f i
D D                          (3.9) 

By the tightening process of the cell, if it is assumed that the substrate is only 

compressed while the MPL is maintained, the compressed thickness and porosity 

for the substrate can be calculated by using that the compression ratio of GDL was 

20%. Thus the tortuosity of substrate was obtained as shown in Table 3.5 from 
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equations (3.8) and (3.9). The tortuosity contains the effects of a tortuous substrate 

structure and the in-plane movement of oxygen from below the channel to below 

the rib through the substrate. 

In the MPL, the oxygen tends to interact with the pore wall. Following to the 

Bruggemann correction, the effective diffusion coefficient in the porous layer is 

determined by the porosity as follows [77]: 

1 .5


e f f c o m b in e d
D D                     (3.10) 

As both molecular diffusion and Knudsen diffusion predominate in the MPL, the 

diffusion coefficient follows the Bosanquet formula to reflect both mechanism [82]. 
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1 1
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                (3.11) 

From equations (3.8), (3.10) and (3.11), the pore diameter of MPL is obtained as 

shown in Table 3.5. The induced value is larger than the representative pore 

diameter of 52.3 nm in Table 2.3 because the MPL penetration part and surface 

cracks are also reflected in the oxygen transport resistance of MPL. 
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Table 3.4 The contribution of oxygen transport mechanisms to oxygen transport 

resistance in the components of a PEM fuel cell built with JNT30-A3 

GDL at the under-saturated condition 

 

 Molecular diffusion Knudsen diffusion 

Substrate 100% - 

MPL 80.2% 19.8% 

Catalyst layer 7.5% (0.7% ~ 15.1%) 92.5% (84.9% ~ 99.3%) 

Ionomer film Permeation (dissolution + diffusion) 
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Table 3.5 Tortuosity and pore diameter calculated from the oxygen transport 

resistance at each layer 

 

 Substrate MPL 

Oxygen transport resistance 7.64 s/m 17.31 s/m 

Thickness 
182 µm 

(compressed from 250 µm) 
90 µm 

Porosity 
0.69 

(compressed from 0.86) 
0.4 [83] 

Calculated tortuosity 1.92 - 

Calculated pore diameter - 106.3 nm 

 



 56 

 

 

Figure 3.3. An example measurement of the limiting current density (at 90% inlet 

gas RH) [11] 
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Figure 3.4. Total oxygen transport resistance at different relative humidities with 

switching inert gas [11] 
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Figure 3.5. Molecular diffusion resistance at different relative humidities with 

switching inert gas [11] 
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Figure 3.6. Knudsen diffusion resistance and ionomer permeation resistance at 

different relative humidities [11] 
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Figure 3.7. The difference of the oxygen transport resistances with and without the 

MPL for (a) JNT30 GDL and (b) JNT30 - A3 GDL [11] 
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Figure 3.8. Molecular diffusion resistance with (a) JNT30 GDL, (b) JNT40 GDL, 

and (c) double JNT30 GDL (d) plotted against the substrate thickness 

[11] 
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Figure 3.9. The contribution of the components of oxygen transport resistance in a 

PEM fuel cell built with JNT30-A3 GDL operated at the under-saturated 

condition [11] 
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Chapter 4. Analysis of mass transport resistance by 

electrochemical impedance spectroscopy 

considering the water condensation 

In chapter 4, to assess the oxygen transport characteristics in a PEM fuel cell 

under various operating conditions including where the water condensation occurs, 

the EIS was conducted. Since the EIS can maintain the amount of water product by 

setting the specific current density, it can separate the effect of molecular diffusion 

on the mass transport resistance in a PEM fuel cell with varying the type of inert 

gas. 

4.1 Experimental method 

4.1.1 Experimental condition 

The measurement of EIS follows the experimental condition shown in Table 4.1. 

Since the over-saturated condition is also considered, instead of a low oxygen 

concentration where the under-saturated condition is assured in Figure 2.6, 21% 

oxygen concentration, which is the same with the standard air condition, is used for 

the cell to reach the over-saturated region. The current density increases discretely 

from 0.4 A/cm2 to 2.4 A/cm2 to increase the amount of water product and also 

induce the water condensation inside a PEM fuel cell. At a specific current density, 

two types of inert gases, nitrogen and helium, are switched to separate the effect of 
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the molecular diffusion. In addition, inlet gas humidity are changed from 50% to 

100% to distinguish the effects of the ionomer permeation and flooding. To ensure 

the linearity and stability of the AC impedance measurement, a potential amplitude 

need to be maintained at less than 10 mV [84, 85]. The collapse of the linearity 

means the shift of the steady point. Thus, a swing width of AC current between 5 

and 0.5% is selected at each experimental case while confirming the voltage signal 

measured by DAQ board with 100 Hz, for ensuring both the larger width of AC 

current to decrease the noise of the signal and smaller width of AC current for 

increasing linearity. 

The cell components used for this experiment are the same in Table 3.3. Only 1 

cm2 active area is used to ensure constant oxygen concentration and pressure along 

the flow channel over the active area by inducing high SR with same mass flow. 

As an example of application of the EIS technique explained in this chapter, the 

effect of a MPL was analyzed by using two GDLs with and without MPL. As 

shown in Table 3.3, JNT 30–A3 (with MPL) and JNT40 (without MPL) GDLs were 

used, whose substrate have same porosities and structures, and those GDLs have 

similar thickness to be analyzed with eliminating the effect of different thickness. 

4.1.2 Method to analyze the experimental result of electrochemical 

impedance spectroscopy 
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To specifically analyze the experimental result of EIS in Figure 4.1 (a), the 

lumped equivalent circuit model is used as shown in Figure 4.1 (c) [3]. It consists 

of ohmic resistance, proton transport resistance at cathode, and faradaic resistance 

which are arranged in series. The impedance equations induced from the model 

structure in Figure 4.1 (c) are like below: 

m o d
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When the model plot is fitted to the experimental plot as shown in Figure 4.1 (a), 

the smaller x-intercept the experimental plot is the ohmic resistance, and the 

difference between the smaller x-intercepts acquired from the experiment and the 

model represents the proton transport resistance in cathode, and the diameter of 

model is the faradaic resistance [3, 49]. The characteristic frequency w  is the 

frequency where the imaginary part of the impedance is highest as shown in Figure 

4.1 (b) 

The faradaic resistance is the resistance caused from the oxygen reduction 

reaction. From the modified Butler-Volmer equation shown in equation (4.4), the 

faradaic resistance can be expressed in equation (4.5) [3]. 
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While the current density varies during the measurement, the exchange current 

density and the active surface area of the catalyst can be assumed to be unchanged 

because the material property of the catalyst is equal at given temperature [3]. Thus, 

the derivatives at the second and the third term in the bracket become zero, and the 

equation (4.5) can be simplified as follows. 
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The first term indicates the ideal charge transfer resistance, where the oxygen 

transport is excluded. 
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The charge transfer resistance can be calculated from the current density and the 

transfer coefficient (α) that reflects neither the ohmic resistance nor the mass 

transport resistance. The transfer coefficient was obtained from the Tafel-slope 

measured from current density ranging from 0.0002 to 0.05 A/cm2 as shown in 
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Figure 4.2. The current density region is small enough to assume that only the 

kinetic effect is influential [77]. In addition, as pure oxygen is used, the oxygen 

transport effect can be ignored. Thus, the measured transfer coefficient depends 

only on the material properties of the catalyst layer. When the Tafel slope was 

measured with different humidity, the difference among slopes was less than 3%, 

which can be regarded as an experimental error. Therefore, it is assumed that the 

measured coefficient can be applied only if the same MEA is used, regardless of 

different operating conditions. 

As the charge transfer resistance is obtained by equation (4.7), and as the 

faradaic resistance is experimentally measured from the diameter of semi-circle as 

in Figure 4.1 (a), the mass transport resistance following the oxygen transport and 

consumption rate can be obtained from equation (4.6). 
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In general, the faradaic resistance includes a secondary semi-circle (overlapping 

arc) [45] or an another protrusive peak [3] at low frequency region as the oxygen 

concentration gradient occurs in porous media, consequently affecting the oxygen 

concentration at the catalyst surface. Schneider et al. showed that those types of 

impedance formation at low frequency relate to the variation in oxygen 

concentration along the flow channel, and the additional impedance was reduced by 

higher air flow rates [86]. In our study, since the SR is maintained over 12.5 at the 

cathode by using a small active area, the oxygen concentration gradient of in plane 
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direction over the active area is homogeneous and stable under AC current. In 

addition, by securing the linearity within less than 10 mV for minimizing the 

oxygen concentration variation at the catalysts during the measurement [85], single 

semi-circle impedances was obtained at all cases. This single semi-circle shape 

makes quantification of each impedance factor to be simple and accurate without 

complicated assumptions or equations. Futhermore, when only the oxygen transport 

mechanism at steady-state is focused, the experimental result measured under this 

condition is valid. 

Not only the oxygen reduction reaction, but also the hydrogen oxidation reaction 

at the anode can be effective to the electrochemical impedance spectra. To 

investigate the contribution of the anodic reaction, when the concentration of either 

the oxygen or the hydrogen is diluted, the change of the EIS was observed as 

shown in Figure 4.3. 

Diluting the oxygen concentration increases the semi-circle diameter about 3 

times in Figure 4.3 (a). However, using only the half of hydrogen concentration is 

almost negligible on the size of the semi-circle, while it only shifts the semi-circle 

slightly right in Figure 4.3 (b), which relates to the increases in the proton transport 

resistance in cathode. Therefore, it can be assumed that the diameter of semi-circle 

is only determined by the charge transfer and oxygen transport at the cathode. 
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Table 4.1 Operating conditions for measuring the EIS 

 

Parameter Condition 

Frequency 20 KHz to 1 Hz 

Swing width of AC 

current 

A value between 0.5 and 5 % 

(within a voltage amplitude of less than 10 mV) 

Current density 0.4, 0.8, 1.2, 1.6, 2.0, 2.4 A cm-2 

Mass flow 
Anode: 0.2 ln/min (SR* > 9.4) 

Cathode: 0.64 ln/min (SR* > 12.5) 

Oxygen concentration 

in dry gas 
21 % (balanced by N2 or He) 

Inlet gas RH† 50 ~ 100 % 

Cell temperature 65 ℃ 

Outlet pressure Ambient pressure 

* Stoichiometric Ratio 

† Relative Humidity  
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Figure 4.1. Analysis of electrochemical impedance at 1.6 A/cm2 with RH 80% (a) 

nyquist plots (b) bode plots (c) equivalent circuit 
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Figure 4.2. Measurement of transfer coefficient (α) with different relative 

humidities using 25 cm2 cell with 0.2 ln/min pure hydrogen in the anode 

and 0.64 ln/min pure oxygen on the cathode 
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Figure 4.3. The change of electrochemical impedance at 1.6 A/cm2 with RH 80% 

using N2 for diluting fuel concentration either in cathode (0.64 ln/min) 

or in anode (0.2 ln/min) (a) from 21% to 10.5% oxygen concentration. 

(b) from pure to 50% hydrogen concentration 
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4.2 Experimental result 

4.2.1 Electrochemical impedance change with different operating 

conditions 

By changing the current density, the experimental results of EIS with nitrogen or 

helium are measured as shown in Figure 4.4. As the current density increases, the 

real component of the total impedance, shown as a higher x-intercept value of the 

semi-circle, initially decreases, then it increases again above 1.2 A/cm2. As 

qualitatively expected, the initial decrease is mainly due to the decrease in charge 

transfer resistance while the increase comes later from the increase in the mass 

transport resistance. The size difference between semi-circles with nitrogen and 

helium becomes significant starting at 1.2 A/cm2, which means that the molecular 

diffusion has a remarkable influence on the impedance. From the result of Figure 

4.4, the impedance factors at each current density can be differentiated as shown in 

Figure 4.5 by following the method in section 4.1.2. 

In Figure 4.5 (a), as the charge transfer resistance is inversely proportional to the 

current density following equation (4.7), it becomes insignificant at high current 

density, following the general statement that the activation loss becomes steady as 

current density increases [77]. The ohmic resistance and proton transport resistance 

decrease with the increase of membrane hydration and ionomer film hydration, 

respectively. As the current density increases, the osmosis drag force of water 



 74 

increases from the anode to the cathode following the current flow while the back 

diffusion from the cathode to the anode also increases due to the increase of water 

product at the cathode. Following the balance between the osmosis drag force and 

the back diffusion, the ohmic resistance varies with current density. In figure 4.5 (b), 

with the JNT30-A3 GDL, the ohmic and proton transport resistance steadily 

increases with the current density depending on the osmosis drag force rather than 

the back diffusion. Figure 4.5 (c) shows the change of mass transport resistance 

with the current density. As the current load increases, the mass transport resistance 

decreases under the current density until 0.8 A/cm2, and then it increases later. 

At a steady-state condition, the oxygen transport rate equals the oxygen reaction 

rate. 
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From equating equation (4.9) and (4.10), the equation of oxygen concentration at 

the catalyst surface is obtained as equation (4.11). 
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At a specific current density, 
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From equation (4.8) and (4.12), 
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From equation (4.13), the mass transport resistance (Ω·cm2) is proportional to 

the oxygen transport resistance (s/m), while it is inversely proportional to the 

oxygen concentration at the catalyst surface. 

Fundamentally, the higher current density, which leads to higher oxygen 

consumption, decreases the oxygen concentration at the platinum, thus it tends to 

steadily increase the mass transport resistance. However, as shown in Figure 4.5 (c), 

the mass transport resistance decreases with the current density until 0.8 A/cm2. The 

oxygen permeation at the ionomer film covering the Pt/C agglomerates is 

exponentially proportional to the relative humidity as shown in section 3.2.3. 

Therefore, the decrease of the mass transport resistance is likely due to the decrease 

of the oxygen transport resistance with the faster oxygen permeation at the ionomer 

film which is further hydrated by the increase of water production. 

In Figure 4.5 (c), over the current density of 0.8 A/cm2, the mass transport 

resistance increases with the current density, which can be expected from both 
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higher oxygen consumption and sluggish oxygen transport impeded due to water 

condensation. To clearly discern the reason of the increase, the mass transport 

resistance with different inlet gas relative humidity and different inert gas is 

investigated at a specific current density, in order to exclude the effect of different 

oxygen consumption correlated to different current densities. 

In Figure 4.6, at 0.4 A/cm2, as the relative humidity increases, the mass transport 

resistance decreases. The result is attributed to the higher hydration on the ionomer 

film. This trend corresponds to the previous result such as the decrease of mass 

transport resistance with the increase of current density from 0.4 to 0.8 A/cm2 in 

Figure 4.5 (c). In Figure 4.6, at 2.0 A/cm2, the mass transport resistance is almost 

steady until the inlet gas relative humidity of 90%, which means that the ionomer 

film is already almost saturated from the higher water production at 2.0 A/cm2. 

Over the humidity of 90%, the mass transport resistance increases likely due to 

flooding, partially blocking the oxygen transport. When the current density 

increases from 2.0 to 2.4 A/cm2, the increasing point is advanced to lower humidity. 

Thus, at the relative humidity of 80% in Figure 4.5 (c), it is uncertain to regard 

flooding as the reason of the increase of mass transport resistance from 0.8 to 2.0 

A/cm2. As shown in Figure 4.6, the current density of 2.0 A/cm2 at RH 80% is still 

on steady line, and 2.4 A/cm2 at RH 80% is just the starting point of flooding. Thus, 

the increase of mass transport resistance in Figure 4.5 (c) is likely only due to the 

oxygen consumption rather than flooding. Even though 2.0 A/cm2 can be enough 



 77 

current density to induce flooding [87], the flooding here is not severe due to the 

high flow rate at the cathode [6, 88] with SR of 15. 

Although there is no additional obstacle for the molecular diffusion of oxygen 

such as flooding, the gap of mass transport resistance between the cells with helium 

and nitrogen increases as indicated in Figure 4.5 (c). At RH 80 ~ 100%, the oxygen 

transport resistance with nitrogen is only 36 ~ 38% higher than that with helium 

[11]. However, at 2.0 A/cm2, the mass transport resistance with nitrogen is twice 

higher than that with helium. This indicates that the oxygen concentration at Pt with 

nitrogen is lower than that with helium by 70%, based on the calculation from 

equation (4.13). The decreasing rate of oxygen concentration at the catalyst against 

the oxygen transport resistance is proportional to the current density following 

equation (4.11); therefore, it needs to be recognized that the equally high oxygen 

transport resistance can also lead to a more significant decrease of the oxygen 

concentration at the catalyst and an increase of the mass transport resistance, as the 

current density increases. 

4.2.2 Effect of the MPL on the electrochemical impedance 

As an example showing the utility of this impedance method, the EIS was 

conducted on the cell without a MPL, and the results were compared to those of the 

cell with the MPL measured in previous section. Figure 4.7 (a) compares the mass 

transport resistances measured at RH 80% with the MPL and without the MPL, 

changing the inert gases. The MPL plays the role of water barrier between the 
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catalyst layer and the substrate, forcing the water to the membrane from the cathode 

due to the much smaller permeability and a smaller average pore size and porosity 

compared to the substrate [48, 89]. Thus it can contain more water product at the 

catalyst layer of the cathode [46]. Comparing the mass transport resistance at 0.4 

A/cm2, the cell without the MPL shows higher mass transport resistance than that 

with the MPL. The MPL helps the ionomer film to be hydrated by holding water 

product occurred by 0.4 A/cm2, while the ionomer film without the MPL becomes 

easily dehydrated. At 0.4 A/cm2 in Figure 4.7 (b), the ionomer film that is less 

hydrated without the MPL shows not only a higher mass transport resistance at 

each humidity condition, but also a higher variability with the humidity condition. 

While the MPL alleviates the dehydration of ionomer film even at low current 

densities, the ionomer film without the MPL is vulnerable to the dry condition 

without holding water in the catalyst layer. 

Even though the MPL decreases the mass transport resistance at 0.4 A/cm2 by 

humidifying the ionomer film at the cathode beginning at 0.8 A/cm2, the mass 

transport resistance rapidly increases with the current density as shown in Figure 

4.7 (a). The sufficient water holding at the catalyst would be expected to block the 

pores and thus increases the mass transport resistance. However, if the statement is 

true, when the relative humidity of inlet gas increases from 80% to 90% in Figure 

4.7 (b), then the mass transport resistance at 2.0 A/cm2 would significantly increase, 

but in actuality, it doesn’t. Rather, the reason of higher mass transport resistance 

with MPL is attributed to the smaller pore size compared to that of substrate. The 
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smaller pore size leads to higher oxygen transport resistance as shown in section 

3.2 and lower gas permeability [57, 61]. In section 3.2, Even though JNT30-A3 

(with MPL) and JNT40 (without MPL) have same thickness, the JNT30-A3 has the 

oxygen transport resistance of 25.0 s/m, while the JNT40 has that of 10.1 s/m. In 

Figure 4.7 (a), an evidence of the higher molecular diffusion resistance with the 

MPL can also be confirmed by the gap between nitrogen and helium begining to 

become remarkable even at 0.8 A/cm2 where the mass transport resistance with the 

MPL is still lower than that without the MPL. 

Even though MPLs are known to help expelling process of water through the 

GDL toward the channel by forming higher capillary pressure gradient near the 

catalyst to near the channel [48, 61], the effect is not significant here. Rather, as the 

MPL holds more water at the cathode, it induces flooding at the cathode, then it 

increases the mass transport resistance at 2.0 A/cm2 under the relative humidity 

between 90 to 100% in Figure 4.7 (b). Depending on its characteristic, a MPL can 

impede the water from expelling out of the catalyst to the substrate, causing the 

flooding at the cathode [57, 90]. On the other hand, the cell without the MPL 

decreases the mass transport resistance even at 2.0 A/cm2, which indicates that the 

ionomer film has not been saturated yet. 

The effect of water management with a MPL is dependent on properties of the 

MPL and cell operating conditions [57, 63, 90]. In the case of the MPL used here, it 

increases the molecular diffusion resistance and induces flooding in the cathode at 

high current densities. On the other hand, it decreases not only the mass transport 
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resistance at low current density following faster ionomer permeation, but also the 

ohmic and proton transport resistance at all current density region as shown in 

Figure 4.8 (a). 

In Figure 4.8 (a), as current density increases, the ohmic and proton resistance of 

the cell without the MPL decreases due to the increased amount of water product, 

and later it increases again due to the higher osmosis drag force causing the 

membrane to be dry. On the contrary, the cell with MPL shows lower and stable 

ohmic and proton transport resistances with the current density. This is because of 

stable and better water holding at the cathode and the membrane even at low 

current density, which was also confirmed by the lower mass transport resistance 

before 1.2 A/cm2 in Figure 4.7 (a). 

Even though the MPL increases the mass transport resistance at the high current 

density, the cell performance with the MPL is still higher than that without the MPL 

as shown in Figure 4.9. As the MPL lowered both the mass transport resistance at 

the low current density region and the ohmic & proton transport resistance at all 

current density region, the MPL was beneficial regardless of the corresponding 

current density. 

 



 81 

 

 

Figure 4.4. Results of electrochemical impedance spectroscopy conducted at RH 

80% using JNT30-A3 GDL (with MPL) and the inert gas of either 

nitrogen or helium with different current densities (a) 0.4 A/cm2 (b) 0.8 

A/cm2 (c) 1.2 A/cm2 (d) 1.6 A/cm2 (e) 2.0 A/cm2 (f) 2.4 A/cm2 
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Figure 4.5. The change of electrical resistance factors at RH 80% with different 

current densities using JNT30-A3 GDL (with MPL) and the inert gas of 

either nitrogen or helium (a) Charge transfer resistance (b) Ohmic and 

proton transport resistance (c) Mass transport resistance 
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Figure 4.6. The change of mass transport resistance using JNT30-A3 GDL (with 

MPL) and inert gas of nitrogen at 0.4, 2.0, and 2.4 A/cm2 with different 

relative humidities 
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Figure 4.7. Comparison of mass transport resistances between the cells with and 

without the MPL (a) with different current densities at RH 80% (b) with 

different RH at 0.4 and 2.0 A/cm2 
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Figure 4.8. Comparison of ohmic & proton transport resistances between the cells 

with and without MPL (a) with different current densities at RH 80% (b) 

with different RH at 0.4 and 2.0 A/cm2 
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Figure 4.9. Comparison of I-V Curves between the cells with and without MPL at 

RH 80% (The dwell time at each current density is 3 minutes.) 
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Chapter 5. Effect of pore-size gradient in the substrate of 

a GDL on the oxygen transport characteristics 

Regarding oxygen transport and water management in a PEM fuel cell, GDL is a 

crucial component that provides the path for the two-phase mass transport of 

hydrogen, air and water [50-53]. To optimize water management for oxygen 

transport, the water needs to expel from the pores in diffusion media while it 

hydrates the ionomer film of cathode. 

In Chapter 5, the effect of a pore-size gradient in the substrate of GDL was 

studied in the aspect of oxygen transport characteristics related to water 

management, indicated by the oxygen transport resistance (Ω·cm2) and the mass 

transport resistance (s/m). The pore size gradient structure is introduced to control 

the local capillary pressure gradient [9], which is the driving force of the water flux 

inside the PEM fuel cell. 

5.1 Design of gas diffusion layers 

5.1.1 Design concept for the pore-size gradient structure 

In this study, the two types of GDLs were used as depicted in Figure 5.1. To refer 

to each GDL in a simple way, the notations of “PG” and “NPG” were used for 

‘P’ore size ‘G’radient and ‘N’on-‘P’ore size ‘G’radient, respectively. PG has a dual 
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layered substrate for the pore size gradient structure developed during the substrate 

manufacturing process while NPG has a single substrate as an ordinary GDL. PG is 

the JNT30-A3 in Table 3.3, and NPG has the same properties as PG except the dual 

layered structure. The dual layered substrate of PG could be designed by arranging 

two types of carbon fibers separately, whose lengths are 13 mm and 6 mm, while 

NPG was manufactured by mixing the fibers. The size of the macro pores in the 

substrate was controlled by differentiating the portion of each fiber length. The pore 

size increases as the portion of long fibers increases [9, 10]. With this concept, the 

substrate with a pore size gradient could be developed with smaller macro pores 

near the MPL and larger macro pores near the channel. Therefore, large and small 

macro pores coexist in the substrate with an increasing pore size gradient in the 

direction from the MPL to the channel. The application of this dual layered substrate 

structure has not changed the thickness or average porosity since the same areal 

weight of material was used. 

5.1.2 Visualization of the pore-size gradient structure 

To investigate structural differences of the substrates, the surface SEM images 

and the cross-sectional SEM images of GDLs were captured by the SUPRA 55VP 

from Carl Zeiss and the JSM-5600 from JEOL, respectively. In addition, the pore 

distribution was also analyzed by mercury porosimetry with the AutoPore IV 9520 

from Micromeritics® . In the mercury porosimetry, the pore diameter that begins to 
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be filled is inversely proportional to the intrusive pressure of the mercury, and it 

follows the Washburn’s equation. 

4
c o s

p
d

P


                          (5.1) 

From equation (5.1), the pore distribution and the porosity can be calculated by 

measuring the pore volume filled as a function of intrusive pressure. 

The surface of the substrate without the MPL coating is shown in Figure 5.2. The 

NPG substrate shows almost the same structures on both sides of its single layer, as 

indicated in Figure 5.2 (a). On the contrary, the PG substrate shows different sizes of 

macro pores on different sides of its dual layer as indicated in Figure 5.2 (b) and (c). 

The cross-sectional structures of NPG and PG are compared in Figures 5.3 and 

5.4. The two GDLs have the same thicknesses and MPL structures, and both MPL 

parts penetrate equally into the substrate. In comparison with NPG which shows 

evenly distributed macro pores, the PG substrate shows more vacant structure with 

larger macro pores at the upper part (2nd substrate layer) and more dense structure 

with smaller macro pores at the bottom part (1st substrate layer). 

The change of pore size distribution, induced by the application of the pore size 

gradient structure, is shown in Figure 5.5. Because both GDLs have the same MPLs 

and MPL penetrations, the pore size distribution below a size of 10 μm is the same 

for both cases. The introduction of the 2nd substrate in the PG sample increases the 

pore distribution of the range between 50 μm to 100 μm as it increases the number 
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of large macro pores near the substrate surface. Simultaneously, as the intermediate 

macro pores of NPG were substituted by the larger ones of PG, the pore distribution 

below 50 μm decreases. The formation of the 1st substrate was expected to increase 

the pore distribution near 10 μm; however, there is no actual increase near this 

region. This indicates that the PG structure moved the small macro pores toward the 

MPL side rather than increasing their number. 

Consequently, the results of SEM and mercury porosimetry indicate that 

intermediate macro pores near the substrate surface become larger, while residual 

large and small macro pores shift toward the substrate surface and the MPL side, 

respectively. 
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Figure 5.1. Cross-sectional schematic of the GDLs used (a) Single substrate of non-

pore size gradient structure (b) Dual layered substrate for pore size 

gradient structure [9] 
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Figure 5.2. SEM images of the surfaces of (a) substrate of NPG (b) 1st substrate of 

PG (c) 2nd substrate of PG (PG has the dual layered substrate of (b) and 

(c), while NPG substrate has the single layer of (a).) [9] 
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Figure 5.3. Cross-sectional SEM images of NPG [9] 
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Figure 5.4. Cross-sectional SEM images of PG (More vacant structure at the upper 

part and more dense structure at the bottom part are shown in (b) unlike 

(a).) [9] 
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Figure 5.5. The change of pore distribution induced by the application of the pore 

size gradient structure (NPG  PG) [9] 



 97 

5.2 Effects of pore-size gradient in the substrate of GDL 

5.2.1 Change of the oxygen transport resistance 

In Figure 5.6, with PG and NPG GDLs, the oxygen transport resistances were 

measured and dissected into the molecular diffusion resistance, Knudsen diffusion 

resistance, and ionomer permeation resistance by the limiting current method used in 

chapter 3. Comparing two cases, since the same MEA and same MPL were used, 

they indicate almost same the Knudsen diffusion resistance and ionomer permeation 

resistance. However, although their substrates have different structure as shown in 

section 5.1.2, there is no noticeable difference in the molecular diffusion resistances 

of them as shown in Figure 5.6. In spite of the structural difference, their porosity 

are similar having about 82%. In addition, even though the mean pore diameter of 

PG is larger than that of NPG in Figure 5.5, the pore size of substrate in NPG (40.5 

μm) is also large enough to consider only the molecular diffusion, as inferred in 

Table 2.3. Since the molecular diffusion is not affected by the pore size as shown in 

section 2.1.1, the PG and NPG indicate almost the same molecular diffusion 

resistance due to the similar porosity. In conclusion, without water condensation, the 

effect of the pore size gradient is not significant. 

5.2.2 Change of the mass transport resistance 
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Unlike the less effect of pore-size gradient on oxygen transport resistance in the 

under-saturated condition, as the water start to be condensed, the pore size gradient 

structure in the substrate shows the advantage. The EIS measurement was 

conducted on the cells with PG and NPG, and the results are indicated in Figures 

5.7 and 5.8. In Figure 5.7 (a), when the current density increases especially over 1.6 

A/cm2, the NPG shows larger mass transport resistance with nitrogen compared to 

that with the PG.. 

The capillary pressure PC is inversely proportional to the pore diameter dp 

following the equation (2.11). In the pore size gradient structure, the larger macro 

pores in the 2nd substrate increase the capillary pressure gradient through the 

substrate toward the flow channel and expel the water accumulated inside the GDL 

toward the channel. The expelled water to the channel can be removed easily by the 

forced gas flow from inlet to outlet. Thus, at 2.0 A/cm2 with the relative humidity of 

inlet gas of 80% in Figure 5.7 (b), the PG likely hinders flooding inside the 

substrate while the NPG might induce the flooding. When the relative humidity of 

inlet gas increases from RH 80% to RH 90% at 2.0 A/cm2, the mass transport 

resistance with NPG increases while that with PG does not. In Figure 5.7 (a), the 

larger mass transport resistance with NPG occurs with nitrogen rather than helium 

likely because the flooding occurs in the GDL rather than catalyst layer. 

 In addition, the smaller macro pores in the 1st substrate of PG decrease the 

capillary pressure gradient through the MPL toward the substrate, and the pores 

enhance the back diffusion toward the catalyst layer and membrane. Thus, the PG 

helps to hydrate the ionomer film in the catalyst layer, which is indicated in lower 



 99 

mass transport resistance at 0.4 A/cm2 with RH 50% in Figure 5.7 (b). The better 

hydration could be also confirmed by that the PG shows the lower ohmic and 

proton transport resistance especially at the low current densities of 0.4 and 0.8 

A/cm2 in Figure 5.8 (a).  

The expected effect of PG vs. NPG on the water management is indicated in 

Figure 5.9. The better hydration by the 1st substrate of PG leads to the decrease of 

the ohmic and proton transport resistance, and the enhanced water removal by the 

2nd substrate of PG attributes to the decrease of mass transport resistance. Therefore, 

the cell performance with PG is higher than that with NPG especially at the high 

current density as shown in Figure 5.10. 
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Figure 5.6 Comparison of oxygen transport resistances between the cells (a) with 

PG (JNT30-A3 GDL) and (b) with NPG 
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Figure 5.7. Comparison of mass transport resistances between the cells with PG 

(JNT30-A3) and with NPG (a) with different current densities at RH 

80% (b) with different RH at 0.4 and 2.0 A/cm2 
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Figure 5.8. Comparison of ohmic & proton transport resistances between the cells 

with PG (JNT30-A3) and with NPG (a) with different current densities 

at RH 80% (b) with different RH at 0.4 and 2.0 A/cm2 
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Figure 5.9 Schematic of water management with (a) NPG and (b) PG 
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Figure 5.10. Comparison of I-V Curves between the cells with PG and NPG at RH 

80% (The dwell time at each current density is 3 minutes.) 
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Chapter 6. Conclusion 

6.1 Summary 

Oxygen transport mechanisms in all of the components of a PEM fuel cell such 

as the substrate, MPL, catalyst layer, and ionomer film were investigated. 

Depending on the pore diameter, oxygen transport in the substrate is dominated by 

molecular diffusion, while transport in the MPL or catalyst layer is governed by 

both molecular diffusion and Knudsen diffusion. Before the oxygen gas reaches the 

catalyst, some oxygen can permeate through the ionomer film covering the partial 

area of the Pt/C agglomerates following the permeation mechanism, which is a 

combination of dissolution and diffusion. 

The experimental strategy to dissect each of the components of oxygen transport 

resistance was established. The type of inert gas is changed to separate the 

molecular diffusion, and ionomer permeation is distinguished from Knudsen 

diffusion by adjusting the relative humidity of the inlet gas. Since the MPL and 

catalyst layer consist of both molecular diffusion and Knudsen diffusion, the 

diffusion in the MPL is separated by determining the difference between cells with 

and without the MPL. Then, the molecular diffusion in the catalyst layer is 

separated from that in the substrate by examining the behavior at different substrate 

thickness. 
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For the under-saturated condition, with respect to the total oxygen transport 

resistance, the ionomer film had the largest contribution (32.2 to 41.1%) at the low 

humidity condition (RH ≤ 50%) and the MPL had the largest contribution (32.5 to 

36.0%) at a humidity greater than 50%. Although the MPL and catalyst layer follow 

both molecular diffusion and Knudsen diffusion, the MPL is predominantly 

affected by molecular diffusion, while the catalyst layer is mostly affected by 

Knudsen diffusion. 

To reflect the operating condition where the water condensation occurs, the EIS 

was conducted since it can maintain the amount of water product by setting the 

specific current density. With the changes of the current density, inlet gas humidity 

and the type of inert gas, it was assessed how much the mass transport resistance is 

influenced by the hydration on ionomer film, flooding in pores, an increase of 

oxygen consumption, and molecular diffusion. At the low humidity condition, the 

hydration on ionomer film is crucial for the mass transport resistance as well as the 

ohmic & proton transport resistance. As the current density increases, the mass 

transport resistance increases due to the increase of oxygen consumption rather than 

flooding. In addition, the effect of molecular diffusion on the mass transport 

resistance becomes significant as the current density increases. 

From the application of both limiting current method and EIS, although a MPL is 

known to help the expelling process of water through a GDL, it could be confirmed 

that the MPL can increase the mass transport resistance at the high load condition 

due to the increased oxygen transport resistance and flooding in the cathode. On the 
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other hand, the MPL is advantageous to reduce both the mass transport resistance at 

the low current density and the ohmic & proton transport resistance due to the 

sufficient hydration at the ionomer film and membrane. 

To improve the oxygen transport and water management, the pore size gradient 

structure was produced by constructing a dual layered substrate with carbon fibers 

of different lengths. From the SEM and Hg porosimetry, it was observed that 

smaller macro pores reside near the MPL and larger macro pores are formed near 

the substrate surface. The structural change does not influence the oxygen transport 

resistance at the under-saturated condition due to the unchanged porosity, however, 

it decreases the mass transport resistances regardless of the saturation condition, 

likely as the smaller macro pores enhance water retention on the ionomer film and 

the larger macro pores promote the water removal out of the GDL toward the 

channel. 

To sum up, oxygen transport characteristics in all transport components of a 

PEM fuel cell are dissected and analyzed in the aspect of not only their material 

properties, but also water management. It will be helpful to understand the 

quantitative contribution of each component on both the oxygen transport 

resistance and electrical mass transport resistance, and to determine which 

component should be focused to improve the overall performance of a PEM fuel 

cell. 
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6.2 Contribution 

(1) The oxygen transport components of a PEM fuel cell such as the substrate, 

MPL, catalyst layer, and ionomer film were simultaneously considered and 

quantitatively assessed to analyze the oxygen transport resistance. To specify the 

oxygen transport mechanism at each layer, the pore size at each layer was directly 

measured by the mercury porosimetry or the BET analysis, and the Knudsen 

number at each layer was calculated. 

(2) In the process of analyzing the mass transport resistance by the EIS, as the 

oxygen concentration gradient along the channel is minimized with the high SR of 

cathode flow, the lumped equivalent circuit can be used without Warburg element, 

which leads to an intuitive and accurate analysis. Furthermore, the equation (4.13) 

of the mass transport resistance proportional to the ratio of oxygen transport 

resistance to oxygen concentration at the catalysts was induced, so that the EIS 

enables us to calculate the oxygen concentration based on the oxygen transport 

resistance, or vice versa. 

(3) As the EIS is conducted with varying changes of the current density, the type 

of inert gas and the relative humidity of inlet gas, the sources to the increase of 

mass transport resistance were identified. Even though previous papers only 

focused on the effect of flooding to explain the increase of mass transport resistance 

at any high load condition, the dominant effect of higher oxygen consumption was 

also highlighted in this paper. 
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(4) To improve simultaneously the water holding at the ionomer film and the 

water removal out of the GDL, the pore-size gradient in the substrate was 

developed, then the effect on the oxygen transport was confirmed by the limiting 

current method and EIS. 
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국 문 초 록 

고분자전해질 (PEM) 연료전지의 공기극 (Cathode)에서 발생하는 

산소환원반응은 연료전지의 효율 및 성능을 결정하는 가장 핵심적인 

반응이다. 이러한 산소환원반응을 원활히 하기 위해선, 촉매 량이나 

구조를 최적화하여 촉매 자체의 반응 효율을 높이는 것도 중요하지만, 

반응에 관여하는 산소가 공급 채널에서 촉매 부근까지 원활하게 

도달하게 함으로써, 촉매 부근의 높은 산소 농도를 유지하는 것 또한 

필수적이라 볼 수 있다. 이에 산소전달저항에 대한 다양한 연구들이 

선행되고 있으나, 대부분 특정 작동조건 하에서, 일부 구간에서 발생하는 

산소전달저항 측면에 초점이 맞춰져 있기 때문에, 연료전지 내부 

산소전달저항에 대한 전반적인 원인이나 현상 규명이 미흡한 실정이다. 

따라서 본 논문에서는 기체확산층 기재면, 미세다공층(MPL: Micro 

Porous Layer), 촉매층, 이오노머 막 등 산소전달저항에 관여하는 각 

요소를 세분화하여 분석을 수행하고, 내부 물의 응축 및 다양한 작동 

조건들을 반영하여 연구를 수행하였다. 

우선, 한계 전류 밀도를 측정하여 산소가 채널에서 촉매까지 전달되는 

속도를 나타내는 전체 산소전달저항을 파악하였다. 실험 조건 변화에 

따른 전체 산소전달저항의 차이로부터, 연료전지를 구성하는 각 요소 별 

산소전달저항 및 전체 저항에 대한 기여도를 분석하였다. 기공 지름에 

대한 기체의 평균 자유 경로 (mean free path)의 비율을 바탕으로, 각 

요소 별 산소 전달 매커니즘을 구분하였으며, 각 매커니즘 별로 온도, 
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습도, 비활성 기체 종류 등 작동조건과의 연관성이 다르다는 점을 

이용하여, 요소 별 저항 분리 전략을 수립하고 실험을 수행하였다. 실험 

결과, 50% 상대습도 이하의 저 가습 조건에서는 이오노머 막이 32.2% 

이상의 가장 높은 산소전달저항 기여도를 나타냈으며, 그 밖의 고 가습 

조건에서는 MPL 이 32.5% 이상의 가장 높은 기여도를 나타내는 것을 

확인하였다. 

또한, 물이 응축되는 조건을 고려하고, 산소 전달 효율 및 산소 농도에 

따라 발생하는 물질전달저항을 측정하기 위하여, 전류 밀도, 비활성 기체 

종류, 그리고 공급 기체 습도 변화에 따른 임피던스 분광법을 

수행하였다. 반응면적의 최소화 및 높은 stoichiometric ratio 를 

바탕으로, 채널 방향으로의 수소 및 산소의 농도 구배를 최소화 

함으로써, 저항 및 축전기로만 구성된 간결한 등가회로를 이용하여 

물질전달저항을 파악하였다. 또한 물질전달저항과 산소전달저항, 촉매 

표면에서의 산소 농도 간의 관계식을 유도하였고, 유도된 식 및 다양한 

작동 조건에서의 실험 결과를 바탕으로, 이오노머 막 가습, 기공에서의 

flooding 효과, molecular 확산, 그리고 부하 증가에 따른 촉매 

표면에서의 산소소모량 증가가 물질전달저항에 미치는 영향에 대해서 

분석하였다. MPL 이 물 응축 조건에서 기체확산층 내부에 발생하는 물을 

잘 배출해줌으로써 물질전달저항을 감소시킨다고 알려져 있지만, 

기재면에 비해 기본적으로 작은 기공 크기로 인해 기체확산층 내부 산소 

전달을 억제하거나, 설계 방법에 따라 오히려 촉매층에 flooding 을 

일으킴으로써 물질전달저항에 악영향을 줄 수 있는 점도 확인하였다. 
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마지막으로, 촉매층 이오노머 막의 수분 유지와 동시에 기체확산층 

내부에 응축되어 있는 물의 원활한 배출을 위해, 기체확산층 기재면에 

기공 크기 구배 구조를 도입하였다. 전자현미경 및 수은 기공측정법을 

활용하여 기재면의 구조 변화를 확인하였으며, 한계 전류 밀도 측정 및 

임피던스 분광법을 이용하여 해당 구조 변화가 산소 전달 및 물 관리에 

미치는 영향을 분석하였다. 기체확산층 평균 물성에 변화가 없으면, 

내부에 기공 크기별로 구배를 생성하더라도 저가습 조건에서는 

산소전달저항에 큰 변화가 없지만, 물이 응축되는 고부하 조건에서는 

채널로의 원활한 물 배출을 바탕으로 물질전달저항을 감소시키는 것을 

확인하였다. 

본 연구는, PEM 연료전지를 구성하는 각 부품의 서로 다른 특성이 

산소전달저항에 미치는 영향을 정량적으로 파악하였고, 다양한 작동 

조건과 물 응축에 따른 산소전달 특성 변화가 연료전지의 

물질전달저항에 어떻게 관여하는지를 설명하였다. 또한 이러한 산소 

전달 특성 분석을 위한 실험 방법을 제시함으로써, PEM 연료전지 산소 

전달 개선 및 성능 향상을 위한 R&D 전략 수립뿐만 아니라, 소재 개발 

후 그 효과를 검증 하는 과정에서도, 많은 도움이 될 것이다. 

 

주요어: 산소 전달, 한계 전류 밀도, 임피던스 분광법, 기체확산층, 

촉매층, 이오노머 막 

 

학번: 2010-23221 


	Chapter 1. Introduction                            
	1.1 Background                                                      
	1.2 Literature Review                                                 
	1.2.1 Measurement of oxygen transport resistance                          
	1.2.2 Analysis of oxygen transport characteristic considering the liquid water saturation                                                              
	1.2.3 Design of the gas diffusion layer for water management                

	1.3 Objective                                                       

	Chapter 2. Oxygen transport and water management in a PEM fuel cell                           
	2.1 Oxygen transport                                                
	2.1.1 Oxygen diffusion in the gas diffusion layer and catalyst layer            
	2.1.2 Oxygen permeation through the ionomer film                        

	2.2Water management                                               
	2.2.1 Under/Over-saturated region criterion                              
	2.2.2 Electro-osmosis drag and back diffusion through the membrane          
	2.2.3 Capillary pressure gradient between porous layers                     


	Chapter 3. Analysis of oxygen transport resistance at each component of a PEM fuel cell by limiting current method                                 
	3.1 Experimental method                                             
	3.1.1 Method to measure the oxygen transport resistance                    
	3.1.2 Experimental strategy to separate each component of a PEM fuel cell      
	3.1.3 Experimental condition                                          

	3.2 Experimental results                                              
	3.2.1 Calculation of the total oxygen transport resistance                    
	3.2.2 Dissection of molecular diffusion                                  
	3.2.3 Dissection of Knudsen diffusion and ionomer permeation               
	3.2.4 Separation of the oxygen transport resistance in the MPL               
	3.2.5 Separation of the molecular diffusion in the substrate and catalyst layer    
	3.2.6 Contribution on the oxygen transport resistance of the components of a PEM fuel cell                                                          
	3.2.7 Analysis of tortuosity and pore diameter based on the calculated oxygen transport resistance                                                     


	Chapter 4. Analysis of mass transport resistance by electrochemical impedance spectroscopy considering the water condensation         
	4.1 Experimental method                                             
	4.1.1 Experimental condition                                          
	4.1.2 Method to analyze the experimental result of electrochemical impedance spectroscopy                                                   

	4.2 Experimental result                                               
	4.2.1 Electrochemical impedance change with different operating conditions    
	4.2.2 Effect of the MPL on the electrochemical impedance                   


	Chapter 5. Effect of pore-size gradient in the substrate of a GDL on the oxygen transport characteristics 
	5.1 Design of gas diffusion layers                                       
	5.1.1 Design concept for the pore-size gradient structure                    
	5.1.2 Visualization of the pore-size gradient structure                       

	5.2 Effects of pore-size gradient in the substrate of GDL                   
	5.2.1 Change of the oxygen transport resistance                           
	5.2.2 Change of the mass transport resistance                             


	Chapter 6. Conclusion                           
	6.1 Summary                                                      
	6.2 Contribution                                                   

	Bibliography                                   
	국문초록                                   


<startpage>22
Chapter 1. Introduction                             1
 1.1 Background                                                       1
 1.2 Literature Review                                                  3
  1.2.1 Measurement of oxygen transport resistance                           3
  1.2.2 Analysis of oxygen transport characteristic considering the liquid water saturation                                                               7
  1.2.3 Design of the gas diffusion layer for water management                 12
 1.3 Objective                                                        16
Chapter 2. Oxygen transport and water management in a PEM fuel cell                            18
 2.1 Oxygen transport                                                 18
  2.1.1 Oxygen diffusion in the gas diffusion layer and catalyst layer             18
  2.1.2 Oxygen permeation through the ionomer film                         21
 2.2Water management                                                31
  2.2.1 Under/Over-saturated region criterion                               31
  2.2.2 Electro-osmosis drag and back diffusion through the membrane           32
  2.2.3 Capillary pressure gradient between porous layers                      33
Chapter 3. Analysis of oxygen transport resistance at each component of a PEM fuel cell by limiting current method                                  36
 3.1 Experimental method                                              36
  3.1.1 Method to measure the oxygen transport resistance                     36
  3.1.2 Experimental strategy to separate each component of a PEM fuel cell       37
  3.1.3 Experimental condition                                           38
 3.2 Experimental results                                               45
  3.2.1 Calculation of the total oxygen transport resistance                     45
  3.2.2 Dissection of molecular diffusion                                   45
  3.2.3 Dissection of Knudsen diffusion and ionomer permeation                47
  3.2.4 Separation of the oxygen transport resistance in the MPL                48
  3.2.5 Separation of the molecular diffusion in the substrate and catalyst layer     49
  3.2.6 Contribution on the oxygen transport resistance of the components of a PEM fuel cell                                                           50
  3.2.7 Analysis of tortuosity and pore diameter based on the calculated oxygen transport resistance                                                      52
Chapter 4. Analysis of mass transport resistance by electrochemical impedance spectroscopy considering the water condensation          63
 4.1 Experimental method                                              63
  4.1.1 Experimental condition                                           63
  4.1.2 Method to analyze the experimental result of electrochemical impedance spectroscopy                                                    64
 4.2 Experimental result                                                73
  4.2.1 Electrochemical impedance change with different operating conditions     73
  4.2.2 Effect of the MPL on the electrochemical impedance                    77
Chapter 5. Effect of pore-size gradient in the substrate of a GDL on the oxygen transport characteristics  88
 5.1 Design of gas diffusion layers                                        88
  5.1.1 Design concept for the pore-size gradient structure                     88
  5.1.2 Visualization of the pore-size gradient structure                        89
 5.2 Effects of pore-size gradient in the substrate of GDL                    97
  5.2.1 Change of the oxygen transport resistance                            97
  5.2.2 Change of the mass transport resistance                              97
Chapter 6. Conclusion                            105
 6.1 Summary                                                       105
 6.2 Contribution                                                    108
Bibliography                                    110
국문초록                                    119
</body>

