
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

공학박사 학위논문 

 

고분자 전해질막 연료전지에서 막을 투과하는 

기체 크로스오버 현상에 관한 연구 

 

A study on the gas crossover through the membrane 

in polymer electrolyte membrane fuel cells 

 

 

 

2013년 2월 

 

 

 

서울대학교 대학원 

기계항공공학부 

백  경  돈 



 

 

고분자 전해질막 연료전지에서 막을 투과

하는 기체 크로스오버 현상에 관한 연구 
 

A study on the gas crossover through the membrane 

in polymer electrolyte membrane fuel cells 
 

지도교수  김 민 수 
 

이 논문을 공학박사 학위논문으로 제출함 
 

2013년 2월 
 

서울대학교 대학원 

기계항공공학부 

백  경  돈 
 

백경돈의 공학박사 학위논문을 인준함 

2012년 12월 
 

위 원 장                           (인) 

부위원장                           (인) 

위    원                           (인) 

위    원                           (인) 

위    원                           (인)



 

i 

 

 

 

A study on the gas crossover through the 

membrane in polymer electrolyte membrane 

fuel cells 

A DISSERTATION SUBMITTED TO THE SCHOOL OF 

MECHANICAL AND AEROSPACE ENGINEERING OF 

SEOUL NATIONAL UNIVERSITY IN PARTIAL 

FULFILLMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF DOCTOR OF PHILOSOPHY 

 

 

By 

Kyung Don Baik 

February 2013 

 



 

ii 

 

Abstract 

A study on the gas crossover through the 

membrane in polymer electrolyte membrane fuel 

cells 

 

Kyung Don Baik 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

Membranes are usually used as an electrolyte in polymer electrolyte 

membrane fuel cells (PEMFCs). The main functions of membranes are to 

transfer protons from the anode to the cathode in PEMFCs and form a barrier 

between the anode and cathode reactants. However, gases inevitably permeate 

through the membrane barrier, which is referred to as the ‘gas crossover’ 

phenomenon. In this study, the experimental measurements of gas crossover 

(hydrogen, oxygen and nitrogen) were conducted using a mass spectrometer.  

Firstly, the effect of operating parameters such as temperature, RH, 

hydrogen pressure, and membrane thickness on hydrogen crossover rate in 
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PEMFCs was investigated. The results show that the hydrogen crossover rate 

increases proportional to the increase in both temperature and relative 

humidity (RH). The hydrogen crossover rate also increases as hydrogen 

pressure increases due to the increased hydrogen partial pressure at anode side. 

Furthermore, the results were analyzed using a multiple linear regression 

analysis, indicating that the hydrogen crossover rate increases with the 

increase in the following variables; inverse of logarithmic membrane 

thickness > hydrogen pressure > RH > and temperature.  

Local measurements of the hydrogen crossover rate were also conducted 

using a single fuel cell with the specially-designed cathode bipolar plate. The 

local distribution of the hydrogen crossover rate from the gas inlet to the 

outlet of cathode was examined. The hydrogen crossover rate near the inlet 

was large because the hydrogen gas pressure near the inlet was higher than 

that near the outlet. Thus, it was believed that the partial pressure gradient of 

hydrogen was one of the reasons for the local variation of hydrogen crossover 

in the fuel cell.  

The quantitative measurements of oxygen crossover that reacts with 

hydrogen have been conducted. The effective oxygen permeability could 

explain the exact amount of oxygen crossover that affect the membrane 

degradation and/or water generation under the fuel cell operating conditions. 
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Thus, the effective oxygen permeability should be considered as an index of 

the membrane degradation and/or water generation due to oxygen crossover. 

The ratio between the normal and effective oxygen permeability is in a range 

between 0.927 ~ 0.933 under the fuel cell temperature conditions. 

Nitrogen crossover was measured under various operating conditions and 

under open circuit voltage (OCV) and power generation conditions in 

PEMFCs. Under OCV conditions, nitrogen crossover increased with 

increasing cell temperature under all RH conditions. Nitrogen permeability 

coefficient (NPC) was calculated based on the obtained nitrogen 

concentration data and the NPC results fitted the form of Arrhenius expression. 

Under power generation conditions, nitrogen crossover increased with 

increasing current density. Moreover, when current density increased, the 

increases in the nitrogen crossover rates were found to be related to elevated 

membrane temperature and high water content.  

Lastly, the effect of gas diffusion layer (GDL) structure on the membrane 

puncturing, the cell performance, hydrogen crossover and OCV of fuel cells 

were measured under various clamping torque conditions. The performances 

of fuel cells with GDL-1 (a carbon fiber felt substrate with micro-porous layer 

having rough surface`) and GDL-3 (a carbon fiber paper substrate with micro-

porous layer having smooth surface) are higher than that with GDL-2 (a 
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carbon fiber felt substrate with micro-porous layer having smooth surface). 

Hydrogen crossover of cells for all GDL samples increases with the increase 

of clamping torque, especially the degree of increase of GDL-1 is much 

greater than that of the other two GDL samples, implying that the penetration 

of carbon fibers of GDL-1 into membrane should be higher than that of the 

other two GDL samples. On the other hand, the cell with the GDL-3 is 

expected to have better durability than the other two GDLs, because the GDL-

3 shows the minimum hydrogen crossover increase as clamping torque 

increases. The measurement of gas permeability could provide useful data and 

an insight into the selection of polymeric materials not only for membrane 

manufacturers, but also for fuel cell researchers understanding failure modes 

of membranes in operating fuel cells. 
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Chapter 1. Introduction 

 

1.1 Background of the study 

Growing concerns about environmental issues and the passage of CO2 

emission regulations have produced demands for cleaner emission and more 

efficient vehicles. The use of polymer electrolyte membrane fuel cells 

(PEMFC) has been suggested as a means to meet such demands and as a 

means to provide a clean power source for transportation application in the 

future. PEMFC-based systems are particularly well suited for vehicle 

applications, as they do not exhaust pollutants. They have several other 

advantages such as high power density, high efficiency, and low operating 

temperature for a quick startup. Cost analyses conducted by several study 

groups have shown the potential of low cost fuel cell systems for use in 

commercial application. 

Membranes are usually used as an electrolyte in polymer electrolyte 

membrane fuel cells (PEMFCs). The main functions of membranes are to 

transfer protons from the anode to the cathode in PEMFCs and form a barrier 

between the anode and cathode reactants. However, gases inevitably permeate 

through the membrane barrier, which is referred to as the ‘gas crossover’ 
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phenomenon. Gas crossover occurs due to concentration and pressure 

gradients between the anode and cathode sides. The hydrogen concentration 

in the anode side is usually higher than that in the cathode side; thus hydrogen 

is transported from the anode to the cathode side by diffusion [1]. Nitrogen 

and oxygen are also transported from the cathode to the anode side in the 

same manner. There are several theories to explain the mechanism of gas 

crossover through the membrane. Yeager et al. [2] suggested a three-region 

structure model for a Nafion
®
 membrane consisting of the fluorocarbon phase 

region, interfacial zone and ionic clusters formation region. They reported that 

gases permeate through Nafion
®
 membranes in the intermediate region. Sakai 

et al. [3-4] suggested another theory of gas crossover by using an ionic 

cluster-network model. They claimed that the gas permeates mainly through 

the water-containing ion cluster regions of the membrane. However, these two 

mechanisms are still controversial because of the complexity of the membrane 

structure, as Kocha et al. [5] mentioned. Thus further research of the gas 

crossover mechanism is needed. 

In this study, the experimental measurements of gas crossover (H2, O2 

and N2) were conducted using a mass spectrometer. Firstly, the effects of 

various operating parameters on gas crossover were investigated. Local 

measurements of gas crossover were also conducted to investigate where the 
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gas crossover occurred. Measurements of oxygen and nitrogen crossover were 

carried out under the various operating conditions. Lastly, the effects of gas 

diffusion layer structure on the gas crossover fuel cells were measured. These 

results may be useful for fuel cell researchers understanding failure modes of 

membranes in operating fuel cells. Nitrogen crossover data are also useful in 

the development of a nitrogen crossover model that can be used to facilitate 

establishment of an efficient method for hydrogen recirculation systems. 
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1.2 Literature survey 

Gas crossover is an unavoidable phenomenon in PEMFCs, having 

attracted much interest and research in recent years. Hydrogen crossover in 

fuel cells not only results in inefficient fuel utilization, but also leads to 

membrane degradations and other fuel-cell specific operational problems. 

Many studies were conducted to measure the hydrogen crossover rate through 

the membrane. Cheng et al. [6] measured the hydrogen crossover rate in high-

temperature PEMFCs under various operating conditions by using a steady-

state electrochemical method. Vilekar et al. [7] theoretically analyzed the role 

of hydrogen crossover in PEMFCs. They mentioned that hydrogen crossover 

can explain the entire potential loss from the standard-state reversible voltage 

of 1.23 V under open-circuit conditions. Inaba et al. [8] reported that 

hydrogen crossover is the main cause of membrane degradation. They 

suggested the possible degradation mechanisms due to hydrogen crossover: 

thermal degradation caused by heat generation upon direct combustion of 

hydrogen and oxygen, and chemical degradation by hydrogen peroxide. 

Bessarabov et al. [9] reported that hydrogen crossover lowers fuel cell 

efficiency and generated the oxygen activation, which degrades the membrane 

on the cathode side of the fuel cell. Nam et al. [10] numerically investigated 
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the effects of hydrogen crossover through the membrane in PEMFCs. Yuan et 

al. [11] observed hydrogen crossover using a linear sweep voltammetry 

method using Nafion®  membranes with different thicknesses, and Francia et 

al. [12] investigated the applicability of the semi-empirical approach to the 

phenomena of hydrogen crossover in PEMFCs and analyzed the effect of 

temperature and membrane thickness on the hydrogen crossover rate. 

Oxygen crossover also causes several problems relating to limiting the 

durability of PEMFCs. Willsau et al. [13] reported that oxygen crossover 

influenced to the electrochemical carbon corrosion in cathode gas diffusion 

layer (GDL). It is well known that the air/fuel boundary is created at the 

anode side if oxygen gas transported from cathode to anode side. This 

increases the potential of cathode higher than the open circuit voltage and 

quickly corrodes the carbon layer [14-15]. Another problem caused by oxygen 

crossover is membrane degradation [16-18]. Oxygen crossover does provide a 

means for the formation of peroxide and hydro-peroxide radicals, which can 

slowly deteriorate the membrane. Broka et al. [19] also measured the oxygen 

permeability through Nafion
®
 117 membrane and recast Nafion

®
 film by 

means of gas chromatography at different values of temperature and gas 

relative humidity. The electrochemical monitoring technique is also used to 

measure the solubility and the diffusion coefficient of oxygen in a PEMFC 



 

22 

 

[20]. Peron et al. [21] reported a range of properties obtained by ex-situ and 

in-situ characterization methods including oxygen permeability coefficients. 

Nitrogen crossover accumulates in the fuel cell’s hydrogen recirculation 

system (HRS) and an excessive buildup of nitrogen lowers the hydrogen 

concentration, affecting fuel cell performance. During PEMFC operation, it 

would be advantageous to recycle the exhausted residual hydrogen. However 

nitrogen as well as hydrogen present in the anode exit stream due to nitrogen 

crossover from the cathode to the anode through the fuel cell’s membrane. 

Current HRSs recycle all residual gases in the anode exit stream to the anode 

inlet without eliminating the inert nitrogen. If a nitrogen-hydrogen mixture is 

continuously recycled, the concentration of the supplied hydrogen is gradually 

lowers, affecting PEMFC performance. Therefore, purging of a certain 

amount of the recycling nitrogen-hydrogen mixture to the ambient atmosphere 

is required to prevent PEMFC performance degradation. However, frequent 

purging can lead to a waste of the hydrogen fuel, so an appropriate method of 

control of the purging process is necessary for fuel economy. Ahluwalia et al. 

[22] conducted a comprehensive simulation study on the buildup of nitrogen 

in anode channels. They reported that the steady-state nitrogen concentration 

in anode channels can reach 50~70% under low purge conditions. Kocha et al. 

[5] presented a mathematical model to predict the extent of nitrogen 
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accumulation along the anode flow fields. 

As gas crossover causes the degradation of membrane, several 

measurement techniques including the time-lag method [4, 23-24], volumetric 

method [3], electrochemical monitoring method [5, 20-21, 25-26], and direct 

gas detection method using gas chromatography (GC) [19, 27] or mass 

spectrometry (MS) [28-32] have been employed to measure the gas crossover 

rate. Both time-lag and volumetric methods applied higher pressure at one 

side of the membrane, then the gas molecules started sorbing into the high-

pressure side of the membrane (upstream), and subsequently diffuse to the 

opposite low-pressure side of the membrane (downstream). The time-lag 

method involved monitoring the transient accumulation of species due to 

permeation on a fixed volume present in a downstream reservoir [24], but the 

volumetric method obtained the flow rate in the downstream [3]. These two 

methods offered a simple and effective technique for determining the gas 

permeation rates, but were not conducted under the fuel cell operating 

conditions (i.e., wide humidity and temperature ranges). Therefore, the results 

from these methods may be limited to use on both numerical and experimental 

researches of PEMFCs. For in-situ measurements of the gas crossover rate 

under the fuel cell operating conditions, electrochemical monitoring and direct 

gas detection methods are employed. The electrochemical monitoring 
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technique is used that one of its sides is exposed to an acid solution with a 

counter electrode, and current is generated due to gas crossover, while a 

reactive gas is supplied to the other side of the membrane and is measured 

over time to estimate the gas crossover rates in the membrane, but it is still 

limited in actual operating conditions of PEMFCs due to not using the 

hydrogen and oxygen gases for the reactant gases. Another class of measuring 

the gas crossover rate of PEMFCs is using direct gas detection method. 

Recently, the direct gas detection methods using gas chromatography (GC) or 

mass spectrometry (MS) were suggested to measure the gas crossover rate 

under the actual fuel cell operating conditions. As illustration in Ref. [28], the 

direct gas detection system is connected at the exit of the conventional fuel 

cell system, indicating that the gas crossover rate under the actual fuel cell 

conditions can be measured. The measuring of the gas crossover rates in 

conditions as close as possible to the real situation of PEMFCs appears 

important; therefore, the direct gas detection method methods using GC or 

MS is more suitable for gas crossover measurements. 
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1.3 Objectives and scopes 

There are a lot of experimental and analytical studies on the gas 

crossover of the fuel cell because it is directly related to the membrane 

degradation. However, most of the studies were not conducted under the fuel 

cell operating conditions (i.e., wide humidity and temperature ranges). 

Therefore, the results from these methods may be limited to use on both 

numerical and experimental researches of PEMFCs. The objective of present 

study is to measure the gas crossover rate (hydrogen, oxygen, and nitrogen) of 

fuel cell in conditions as close as possible to the real situation of PEMFCs. 

Furthermore, the permeability coefficients of each gas are also analyzed under 

the various operating conditions. 

In chapter two, the experimental setup and test conditions are 

summarized. Preparation and assembly of single fuel cell, the test station, and 

auxiliary components such as fuel supplying system, humidifying system, 

devices for measurement, and gas crossover measurement system are shown. 

Especially, gas crossover measurement system using a mass spectrometer was 

introduced in this chapter. 

In chapter three, the results of hydrogen crossover rates were shown and 

discussed. The effect of temperature, RH, hydrogen pressure, and membrane 
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thickness on hydrogen crossover rate in a PEMFC was investigated. 

Furthermore, local measurements of the hydrogen crossover rate were also 

conducted using a single fuel cell with the specially-designed cathode bipolar 

plate. 

In chapter four, the results of oxygen crossover rates which conducted by 

new measurement method were analyzed. The amount of oxygen that react 

with the hydrogen is compared with the conventional oxygen crossover rate. 

These oxygen crossover measurements were used to determine how fast 

membrane degradation occurs. 

In chapter five, the effects of fuel cell temperature and relative humidity 

on nitrogen crossover were investigated. Nitrogen permeability coefficient as 

a function of RH was also analyzed. 

In chapter six, the effect of GDL structure on the membrane puncturing, 

the cell performance, hydrogen crossover and OCV of fuel cells were 

measured under various clamping torque conditions. The morphological 

images of the GDLs and the catalyst layer in MEA have been analyzed by 

scanning electron microscopy (SEM) in connection with hydrogen crossover 

to elucidate the membrane puncturing process. 

Finally, the concluding remarks were given along with the brief 

summarization of results and discussions. 
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Chapter 2. Experimental apparatus and method 

 

2.1 Introduction 

In order to measure the gas crossover rate in a PEMFC, it is need to 

modify the conventional fuel cell system to measure the gas crossover rates. 

Fig. 2.1 shows a schematic diagram of the experimental setup used in this 

study. When the gas crossover rate was measured, a flushing sequence was 

necessary to measure a small amount of gas crossover rate; thus, a flush line 

was constructed and combined with the conventional fuel cell test system. 

 

2.2 Single fuel cell 

In this study, a single fuel cell composed of the membrane electrode 

assembly (MEA), gas diffusion layers (GDLs), bipolar plates with a 5-

serpentine channel for both anode and cathode flow fields, gaskets and end 

plates was used. A commercially-available perfluorinated sulfonic acid MEA 

with an active area of 25 cm
2
 was used. Both the anode and cathode of an 

MEA were composed of typical Pt/C catalysts, and the Pt loadings of the 

anode and cathode were both 0.4 mg Pt cm
-2

. A GDL sample with thickness of 

276 ± 6 m, the average of 100 measurements using a Mitutoyo thickness 
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Fig. 2.1 Schematic diagram of the experimental setup used in this study 
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(a) 

 

 

(b) 

Fig. 2.2 Surface morphologies of the GDLs: (a) macro-porous substrate 

and (b) micro-porous layer. 
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gauge (KWC 576 model, Mitutoyo Co., Japan), was obtained from a 

commercial manufacturer. The surface morphology of macro-porous substrate 

and MPL, which were both wet-proofed by hydrophobic treatment, of the 

pristine GDL sample was observed by SEM (SUPRA 55VP, Carl Zeiss, 

Weimar, Germany) with an accelerating voltage of 15 kV and a magnification 

of 100. As shown in Fig. 2.2(a), the macro-porous substrate of the GDL 

sample exhibits a typical structure of carbon fiber felt. And as shown in Fig. 

2.2(b), the MPL shows typical cracks on its surface, which is often observed 

in most commercial GDLs. Rubber type O-rings and Teflon
®
 gaskets were 

used to prevent gas leakage. A torque wrench was used for fuel cell assembly. 

The torque wrench was set at 6.78 N m and the single cell assembly was 

compressed uniformly with the torque wrench. Before the tests were 

conducted, the compression pressure and uniformity of the fuel cell were 

checked using the pressure measurement film. A leak testing was performed 

after the fuel cell assembly process. 

 

2.3 Experimental apparatus and test conditions 

The electrochemical performances of PEMFCs were measured by a 

commercial tester (1 kW test station, Chino Co., Korea). To measure an 
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operating temperature of the fuel cell, T-type thermocouples (TCs) with an 

uncertainty of ± 0.5
o
C were inserted into a long hole of 40 mm depth in both 

the anode and cathode bipolar plates, and the tube-shaped cartridge heaters 

were also inserted into both the anode and cathode end plates. The holes for 

the thermocouples were located 10 mm away from the center line of the MBP 

and 5 mm depth from the surface of MBP. Both TCs and heaters were 

connected to a temperature controller (UT 550, Yokogawa, Japan) to control 

the fuel cell temperature. Hydrogen and air were supplied to anode and 

cathode sides, respectively, to measure the fuel cell performance. All gas flow 

rates were controlled by mass flow controllers (Bronkhorst High-Tech, the 

Netherlands). The gas pressures of both the anode and cathode sides were 

monitored by pressure transducers. Uncertainties were estimated as ± 0.15% 

and ± 0.1% for gas pressure and mass flow measurements, respectively. 

Bubbler-type humidifiers were used for gas humidification. The inlet relative 

humidity (RH) values of 50%/50% (anode/cathode) and 100%/100% were 

used as partially and fully humidified operating conditions, respectively. An 

activation process was conducted first for 10 h to activate the fresh fuel cell 

under the following conditions: hydrogen (anode) and air (cathode) at ambient 

pressures with no back pressure; cell temperature of 65
o
C; environment 

temperature of 23
o
C; RH of 100%/100%; and stoichiometric ratios of anode 
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and cathode sides of 1.5 and 2.0, respectively. After the activation process, the 

fuel cell was characterized by measuring the current-voltage (I-V) polarization 

performance. An electric loader (PLZ 1004WA, Kikusui Electronics, Japan) 

was used to measure the I-V curve of the single fuel cell. A differential 

pressure transducer (DPLH0100N, Sensys, Korea) was used to measure the 

pressure differences between the inlet and outlet. 

 

2.4 Mass spectrometer 

The gas crossover rate through the PEMFC membrane was measured 

using an on-line HPR-20 QIC quadrupole mass spectrometer (Hiden 

Analytical, Warrington, UK). Fig. 2.3 shows the schematic diagram of the MS 

system used in this study and the picture of the MS system is shown in Fig. 

2.4. As shown in Fig. 2.1, a flush line was added to fuel cell system to permit 

measurement of small amounts of gas crossover rates. Measuring such low 

levels of gas crossover rate is not easy due to the interference of the oxygen 

and nitrogen in the ambient air; thus, before gas crossover testing, a flushing 

sequence of at least three hours duration was used to eliminate the residual 

gas inside the mass spectrometer system [33]. After that flushing sequence, a 

residual gas sample containing a small amount of gas what we want to 
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Fig. 2.3 The schematic diagram of mass spectrometer used in this study. 
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Fig. 2.4 The picture of the MS system used in this study. 
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measure was injected from the exit stream to the mass spectrometer via a 3-

way valve (Fig. 1). For quantitative measurements with the mass spectrometer, 

the calibration process proposed by Bley et al. [34] was conducted. 

 

2.5 Gas crossover theory 

In a PEMFC, the concentration gradient across the membrane is the 

driving force for the gas to permeate from the one side to the other side, and 

under Fick’s law, gas crossover across the membrane is considered as 

diffusion through a membrane. If we suppose a fuel cell system in a steady 

state, the concentration of gas remains constant at all surfaces of the 

membrane. Under that assumption, if we consider the hydrogen crossover, the 

one-dimensional diffusion equation from Fick’s first law is expressed as 

below 

2 2 2

2 2 2

A C

H H H

H H H

C C C
J D D

x l

  
    

   
    (2.1) 

where 
2HJ  is the hydrogen permeation rate, 

2HD  is the hydrogen diffusion 

coefficient, and l is the membrane thickness. 
2

A

HC  and 
2

C

HC  are the surface 

hydrogen concentrations of the membrane at the anode and cathode, 

respectively. In a fuel cell system, the two surface hydrogen concentrations 

(
2

A

HC  and 
2

C

HC ) are not known, but the partial pressures of hydrogen on the 
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anode and cathode sides of the membrane, 
2

A

HP  and 
2

C

HP , respectively, are 

known. Henry's law is used to quantify the solubility of a gas in a solvent with 

such solubility being directly proportional to the partial pressure of the gas 

above the solvent. That relationship is written as 

2 2 2H H HC S P         (2.2) 

where 
2HC  is the surface hydrogen concentration of the membrane in 

equilibrium with an external hydrogen partial pressure 
2HP , and in which 

2HS  is the hydrogen solubility coefficient. Combining Eqs. (2.1) and (2.2), 

the permeation rate of hydrogen, when 
2HP = 0, is written as 

  2 2

2 2 2 2

A A

H HA C

H H H H

P P
J D S k

l l


   

       
   
   

      (2.3) 

2 2 2 2

2

A C

H H H H A

H

l
k D S J

P


 

    
 
 

     (2.4) 

where 
2Hk  is the permeability coefficient of hydrogen. In Eq. (2.4), the 

hydrogen permeability coefficient is expressed as the product of the diffusion 

coefficient and the solubility coefficient [35]. It is calculated by measuring the 

permeation rate of hydrogen through the membrane for a given membrane 

thickness and a given partial pressure of hydrogen at the anode side. The 

output data of the mass spectrometer is the gas concentration in the residual 

outlet gas. It is assumed that there is no change in cathode flow rate between 

the inlet and outlet because the amount of gas that crosses over from the 
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cathode to anode during the measurements is expected to be too small to 

cause a significant drop in the outlet flow rate. The 
2

A

HP  is based on the 

anode inlet pressure, and hydrogen permeability coefficient can be calculated. 
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Chapter 3. Measurement of the hydrogen 

crossover rate 

 

3.1 Introduction  

Recently, thin membranes ranging from 18 to 50 m have been widely 

adopted in PEMFCs to improve efficiency and allow high current-density 

operations. However, the use of thin membranes facilitates gas crossover, and 

may reduce fuel cell durability. Hydrogen crossover is a direct loss of fuel cell 

efficiency, and is the main cause of membrane degradation: thermal 

degradation caused by heat generation upon direct combustion of hydrogen 

and oxygen, and chemical degradation by hydrogen peroxide. Furthermore, 

hydrogen crossover can explain the entire potential loss from the standard-

state reversible voltage of 1.23 V under open-circuit conditions. Therefore, 

measurements of the hydrogen crossover rate need to be studied. 

 

3.2 Effect of operating conditions on hydrogen crossover 

Firstly, the effect of operating conditions on hydrogen crossover was 

investigated. A number of factors are known to affect hydrogen crossover, 

such as operating temperature, relative humidity (RH), gas pressure, and 
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membrane thickness. As the permeability coefficient is usually expressed in 

terms of membrane thickness, the membrane thickness is also an important 

factor in the hydrogen crossover rate. However, the combined operational 

effects of temperature, RH, hydrogen pressure, and membrane thickness on 

hydrogen crossover rate have not been investigated. To the best of our 

knowledge, there are few comparative studies on the impact of various factors 

on the hydrogen crossover rate. The present study examined the effects of 

various operating parameters on hydrogen crossover rate, and compared the 

results via multiple linear regression (MLR) analysis. A parametric study of 

hydrogen crossover was also conducted by comparing the beta coefficients 

obtained from the MLR analysis. 

 

3.2.1 Preparation of materials 

All Nafion
®
 membranes used in the experiments were obtained from 

DuPont Co., and the thicknesses of all the membranes were measured at least 

20 times per membrane sample, using a Mitutoyo thickness gauge (Mitutoyo 

Co., Japan). The average and standard deviation of the membrane thicknesses 

are summarized in Table 3.1. 

A single fuel cell with an active area of 25 cm
2
 was used in the 
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Table 3.1 Characteristics of the membranes used in this study 

Grade name Sample code 
Typical 

thickness (m) 

Measured 

thickness (m) 

NRE211CS NRM-1 25.4 20.9 ±1.7 

NR212 NRM-2 50.8 63.4 ±1.4 

N115 NRM-3 127.0 134.8 ±5.9 

N117 NRM-4 183.0 179.8 ±6.9 

N1110 NRM-5 254.0 258.2 ±4.2 
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measurements of hydrogen crossover rate. The single fuel cell consisted of a 

membrane, bipolar plates, gaskets, and end plates. Only the Nafion
®
 

membrane was sandwiched between the bipolar plates. The bipolar plates 

without flow fields were designed to eliminate the effect of compression 

pressure on hydrogen crossover rate. The depths of the anode and cathode 

sides were 0.6 and 0.9 mm, respectively. Rubber type O-rings and Teflon
®
 

gaskets were used to prevent gas leakage. A torque wrench was used during 

fuel cell assembly, and was set high enough to prevent gas leakage and to 

uniformly compress the fuel cell assembly. 

 

3.2.2 Effect of the temperature 

Fig. 3.1 shows the hydrogen crossover rate in the cathode exit stream 

across all operating temperatures at 100% RH and hydrogen pressure of 1.0 

bar. It is observed that the hydrogen crossover rate increases linearly with 

temperature for all membrane samples. This is because hydrogen permeability 

coefficient (expressed as the product of a diffusion coefficient and a solubility 

coefficient) increases as temperature increases. The diffusion coefficient 

increases with temperature as molecular movement of the gas becomes more 

active [28]. Thus, the increase in diffusion coefficient finally results in the 
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Fig. 3.1 Hydrogen crossover rate as a function of cell temperature at 100% 

RH and hydrogen pressure of 1.0 bar 
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increase in hydrogen permeability coefficient, which affects the increase in 

hydrogen crossover rate. Cheng et al. [6] also reported the same trend as our 

results, i.e. hydrogen crossover rate increases with the increase in temperature. 

In Fig. 3.1, it is also seen that a greater increase in the rate of hydrogen 

crossover is observed for the thinnest NRM-1 membrane used in the study. 

Conversely, the hydrogen crossover rate for the NRM-5 sample (the thickest 

membrane) increases slowly as temperature increases. These results indicate 

that the amount of hydrogen crossover via the thickest membrane (NRM-5) 

may be less affected by temperature increase than that of the thinnest 

membrane (NRM-1). 

 

3.2.3 Effect of the relative humidity 

Fig. 3.2 shows the hydrogen crossover rate as a function of RH at 65 °C 

and 1.0 bar for all membrane samples. Higher hydrogen crossover rates are 

observed at higher RH conditions for all membrane samples. Higher RH 

results in greater water content of the membrane, resulting in increased 

permeability coefficient of the membrane. Several studies investigated why 

gas crossover occurs largely at the hydrated membrane. Liu et al. [36] 

reported that when water is sorbed into the membranes, the intermolecular 
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Fig. 3.2 Hydrogen crossover rate as a function of RH at 65°C and 

hydrogen pressure of 1.0 bar 
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distance is increased between the polymer chains to enlarge the free volume, 

which offers additional pathways for hydrogen crossover. Sakai et al. [3] 

reported that the diffusion coefficient in hydrated Nafion
®
 was 20 times 

greater than that in dry Nafion
®
. However, the solubility coefficient in 

hydrated Nafion
®
 was half that for dry Nafion

®
. Thus, solubility decreases 

slightly and diffusivity increases remarkably, finally resulting in the increased 

permeability coefficient, when Nafion®  is hydrated. Fig. 3.2 also shows that 

the hydrogen crossover rate of the thinnest membrane (NRM-1) may be more 

susceptible to the RH increase than that of the thickest membrane (NRM-5). 

 

3.2.4 Effect of the operating pressure 

Fig. 3.3 shows hydrogen crossover rate as a function of hydrogen 

pressure at 65 °C and 100% RH. A proportional increase in the hydrogen 

crossover rate with increasing hydrogen pressure is observed for all 

membrane samples. Generally, the hydrogen partial pressure increases as 

hydrogen pressure increases. If the hydrogen partial pressure increases at the 

anode side of the fuel cell, the greater pressure differential between the anode 

and cathode sides leads to an increase in hydrogen crossover. Adachi et al. [37] 

examined the water permeability coefficient through Nafion
®
 membranes 
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Fig. 3.3 Hydrogen crossover rate as a function of hydrogen pressure at 

65°C and 100% RH 
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ranging in thickness from 6 to 201 m. Similar to the trend of our results, 

greater hydrogen permeation was observed at higher hydrogen pressure 

conditions across all temperature conditions. Zhu et al. [38] conducted a 

similar hydrogen permeation test under different feed-gas partial pressures. 

They varied the hydrogen partial pressure by controlling the hydrogen and 

nitrogen contents of the feed gas. The trend reported for water flux through 

Nafion
®
 membrane under differential pressure is also in good agreement with 

our results. 

 

3.2.5 Effect of the membrane thickness 

In order to examine the effects of membrane thickness on hydrogen 

crossover rate, the hydrogen crossover rates are expressed as a function of 

membrane thickness. As shown in Figs. 3.4 and 3.5, higher hydrogen 

crossover rates are observed for the thinner membranes. In particular, the 

change in hydrogen crossover rate is significant for the thinner membranes 

(those ranging from 25 to 51 m), whereas the hydrogen crossover rates are 

relatively unchanged for the thicker membranes (127 to 254 m). The 

polymer membranes typically exhibit diffusion transport behavior; however, 

as the membranes become thinner, Kundsen transport behavior (the 
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Fig. 3.4 Hydrogen crossover rates as a function of membrane thickness 

under differing temperature and RH conditions 
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Fig. 3.5 Hydrogen crossover rates as a function of membrane thickness 

under differing hydrogen pressure conditions 
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mechanism by which gases diffuse through porous materials) predominates 

[39]. Generally, transport through pores (i.e., Kundsen transport behavior) is 

much faster than permeation through the membrane by the diffusion 

mechanism; this explains why the hydrogen crossover rate increases for the 

thinner membranes. However, Kundsen behavior is negligible in thicker 

membranes, resulting in relatively low hydrogen crossover rates. Yuan et al. 

[11] showed the effect of membrane thickness on hydrogen crossover rate 

before and after degradation tests. They reported no significant change in 

hydrogen crossover rate for the thicker membranes following degradation, 

whereas crossover rate increased greatly for the thinner membranes. Their 

results indicate that thinner membranes facilitate hydrogen permeation, which 

is in good agreement with our findings. Zhang et al. [40] also reported that 

hydrogen crossover rate through a thicker membrane (Nafion
®
 117) was less 

than that through a thinner membrane (Nafion
®
 112). 

 

3.2.6 Multiple linear regression analysis 

Multiple linear regression (MLR) using SPSS statistical software 

(version 18.0) was performed to provide parametric analysis in this study. 

Regression analysis is widely used to understand the relationships of 
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independent variables to a dependent variable, as well as to predict the forms 

of empirical models [41-42]. The general form of MLR [43] is shown in Eq. 

(3.1) 

0 1 1 2 2 n ny a a x a x a x          (3.1) 

where y is the estimated value, a0 is the regression constant, a1 ~ an are the 

partial regression coefficients, and x1 ~ xn are the independent variables. In 

this study, we use four independent variables: temperature, RH, hydrogen 

pressure, and membrane thickness. Figs. 3.1 ~ 3.3 show a proportional 

relationship between hydrogen crossover rate and operating parameters (i.e., 

temperature, RH, and hydrogen pressure). In Fig. 3.6, a linear relationship (R
2
 

is about 0.99) is also observed, thus Eq. (3.1) becomes 

 
2

-1

0 1 2 3 4 (ln )Hy a a T a RH a P a t           (3.2) 

where y is the estimated hydrogen crossover rate, a0 is the regression constant, 

a1, a2, a3, a4 are the partial regression coefficients, T is temperature, RH is 

relative humidity, 
2HP  is hydrogen pressure, and t is membrane thickness. 

The comparison between measured and estimated values from the MLR 

model is shown in Fig. 3.7. The MLR model predicts the hydrogen crossover 

rate within 20% error. The R
2
 value for the final MLR model is 0.925, and the 

regression coefficients produced as an output of MLR analysis are listed in 
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Fig. 3.6 Relationship between inverse of logarithmic membrane thickness 

and hydrogen crossover rate 
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Fig. 3.7 Comparison between measured and estimated values from MLR 

model 
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Table 3.2 Regression coefficients of the MLR model 

No. 

 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

 
an Std. Error 

0 (Constant) -2.6492 0.2256  

1 T 0.0180 0.0028 0.078 

2 RH 0.0036 0.00085 0.138 

3 PA 0.5992 0.0610 0.313 

4 (ln t)
-1

 10.840 0.3495 0.893 
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Table 3.2. The first part of Table 3.2 estimates the unstandardized coefficient 

(i.e., partial regression coefficient, an), and indicates the individual 

contribution of each predictor to the model. These an values explain the 

relationship between hydrogen crossover rate and each variable. The 

standardized coefficients (beta coefficient) in the multiple regression analysis 

identify which independent variables have the greatest effect on the dependent 

variable, irrespective of differing units of measurement. The effect of the 

standardization is to remove the influence of units and place all parameters on 

an equal level [44]. The parameters are therefore directly comparable, and 

provide a better insight into the ‘importance or impact’ of a parameter in the 

model. The beta coefficients are calculated using Eq. (3.3) 

__

k k k k

k k

b s Z Zy y

s s s



  
  

 
       (3.3) 

where each Zk is a function of (X1 ~ X4), s is the standard deviation of the 

output, and sk is the standard deviation of the input [44]. A parametric study of 

hydrogen crossover using the parameters T, RH, 
2HP , and 

-1(ln )t  was 

conducted in comparison with these beta coefficients. Of the parameters 

affecting hydrogen crossover, the highest beta coefficient (β4 = 0.893) was 

found for the inverse of the logarithmic membrane thickness, implying that 

the effect of membrane thickness on hydrogen crossover is dominant. 
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Similarly, the beta coefficients indicated that hydrogen pressure (β3 = 0.313) 

had a greater effect on hydrogen crossover than that of RH (β2 = 0.138) or 

temperature (β1 = 0.078). Lastly, RH has a higher beta coefficient than that of 

temperature. Consequently, increase in hydrogen crossover rate is 

predominantly determined by the inverse of the logarithmic membrane 

thickness, followed by hydrogen pressure, RH, and temperature, respectively. 

 

3.2.7 Numerical analysis of hydrogen crossover 

The effect of operating conditions on hydrogen crossover was 

numerically investigated in this section. The governing equations of the 

PEMFC model, relevant source terms, and electrochemical properties at the 

anode and cathode CLs are summarized in Tables 3.3. The PEMFC model is 

numerically implemented in a commercial computational fluid dynamics 

(CFD) program, CCM+, basing on its user defined functions (UDF). Fig. 3.8 

shows the mesh configuration of the simple single-straight channel geometry. 

The operating conditions are given in Table 3.4. 

Fig. 3.9 shows the hydrogen mole fraction profiles in the whole area of 

fuel cell at the anode and cathode operating pressure of 1.0 and 1.0 bar, 

respectively. It is observed that hydrogen permeates from the anode to cathode 
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Table 3.3 PEMFC model: governing equations 

 
Governing equations 

Mass 
( ) ( ) ( )

m

u v
S

x y z

    
  

  
 

Momentum 

( ) ( ) ( )
( ) ( ) ( ) px

u u u P u u u
u v w S

x y z x x x x y z z

  
  

         
      

         

 

( ) ( ) ( )
( ) ( ) ( ) py

v v v P v v v
u v w S

x y z x x x x y z z

  
  

         
      

         

 

( ) ( ) ( )
( ) ( ) ( ) pz

w w w P w w w
u v w S

x y z x x x x y z z

  
  

         
      

         

 

Energy 
( ) ( ) ( ) ( )

( ) ( ) ( )
P eh h

v uh vh wh T T T
k k k S S

t x y z x x y y z z

            
       

         

 

Gas crossover 
 

 

dC dP
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Fig. 3.8 Mesh configuration of single channel PEMFC geometry. 
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Table 3.4 Operating conditions used in this study. 

Conditions 
Value 

Anode Cathode 

Relative humidity 100% 100% 

Pressure 1.0/1.6 bar 1.0 bar 

Stoichiometric ratio 1.5 2.0 

Channel (widthⅹheight) 1.0ⅹ0.4 mm 1.0ⅹ0.6 mm 

Temperature 65
o
C 

Membrane Nafion 211 (thickness : 25 m)  

Nafion dry density 1980 kg/m
3
 

Nafion equivalent weight 1.1 kg/mol  

GDL porosity 0.7 

GDL thickness  278 m 
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sides by diffusive transport because the anode and cathode pressure is the 

same. As the hydrogen gas transported, the increased mole fraction of 

hydrogen is observed and accumulated in the cathode channel, finally 

resulting in a high mole fraction at the outlet regions. Fig. 3.10 shows the 

hydrogen mole fraction profiles in the whole area of fuel cell at the anode and 

cathode operating pressure of 1.6 and 1.0 bar, respectively. Because the 

pressure at the anode side is higher than that at the cathode side, hydrogen 

permeates to the cathode by diffusive and also by convective transport. It is 

shown that higher hydrogen mole fraction is observed in Fig. 3.10 due to the 

convective transport. 
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Fig. 3.9 The hydrogen mole fraction profiles in the whole area of fuel cell 

at the anode and cathode operating pressure of 1.0 and 1.0 bar, 

respectively. 
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Fig. 3.10 The hydrogen mole fraction profiles in the whole area of fuel cell 

at the anode and cathode operating pressure of 1.6 and 1.0 bar, 

respectively. 
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3.3 Local measurement of hydrogen crossover 

To design highly-durable stacks for fuel cell vehicle applications, the 

local distribution of the hydrogen crossover rate in fuel cells needs to be 

understood in depth, because hydrogen crossover can cause local degradations 

of the membrane. However, most of local measurement studies have been 

applied to measure the local current in the PEMFC rather than the local gas 

crossover rate [45-50]. Local measurements of the hydrogen crossover rate 

can elucidate where membrane degradations occur. Therefore, local 

measurements of the hydrogen crossover rate need to be studied. In this study, 

local measurements of the hydrogen crossover rate in PEMFCs have been 

conducted to analyze the distribution of the hydrogen crossover rate under 

various temperature and RH conditions. Furthermore, the effects of operating 

conditions on hydrogen crossover are investigated. 

 

3.3.1 Preparation of new single fuel cell 

A single PEMFC with an active area of 25 cm
2
 was used for the local 

measurements of the hydrogen crossover rate in this study. The graphite 

bipolar plates with serpentine flow channels were used for both anode and 

cathode flow fields. As shown in Fig. 3.8(a), the single PEMFC consisted of 
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end plates, graphite bipolar plates, gas diffusion layers (GDLs), gaskets and a 

membrane electrode assembly (MEA). Bipolar plates and end plates were 

specially designed for local measurements of the hydrogen crossover rate. A 

GDL sample with a nominal thickness of 325 m was obtained from a 

commercial manufacturer, and consisted of both a micro-porous layer and a 

macro-porous substrate, which were both wet-proofed by hydrophobic 

treatment. The macro-porous substrate of the GDL sample was made from 

carbon fiber papers. Commercially-available perfluorinated sulfonic acid 

MEA was used in this study. Both the anode and cathode of the MEA were 

composed of typical Pt/C catalysts, and the Pt loadings of the anode and 

cathode were both 0.4 mg Pt cm
-2

. Rubber type O-rings and Teflon
®
 gaskets 

were also used to prevent gas leakage. A torque wrench, set at 6.78 N m, was 

used to uniformly compress the single cell assembly. A photo of the single 

fuel cell used in this study is shown in Fig. 3.8(b). For local measurements of 

the hydrogen crossover rate in the PEMFC, a bipolar plate was specially 

designed for the cathode side, as shown in Fig. 3.9. The anode bipolar plate 

was composed of conventional five-serpentine flow fields, while the cathode 

bipolar plate was modified to have parallel and five-serpentine flow fields 

with gas sampling ports. The cathode flow field had a channel width and 

depth of 1.0 and 0.9 mm, respectively, and the land width was 1.0 mm. The 
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(a) 

 

 

 

(b) 

 

Fig. 3.11 Schematic representation of the single fuel cell used in this 

study: (a) an magnified view; (b) a photo of the fuel cell 

assembly for local measurement of hydrogen crossover 
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Fig. 3.12 Schematic diagram of the specially-designed bipolar plate for the 

cathode side 
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Table 3.5 Design parameters of the bipolar plate for the cathode side 

Parameter Value 

Active area  25 cm
2

 

 

Channel width  1 mm 

Land width  1 mm 

Channel depth  0.9 mm 

Port diameter  3 mm 
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design parameters of the bipolar plate for the cathode side are detailed in 

Table 3.3. In addition to the conventional cathode inlet (port 0) and outlet 

(port 5), as shown in the Fig. 3.9, the cathode bipolar plate contains four more 

ports (1 ~ 4), which are used to sample the gas precisely. In the present study, 

the six ports (0 ~ 5) were used to sample the gas. The six sampling ports were 

located at regular intervals along the cathode flow field, and the local 

distribution of the hydrogen crossover rate in the fuel cell was analyzed by 

measurements of the hydrogen crossover rate at each gas sampling port. 

As shown in Fig. 3.9, the flow field of the cathode side is divided by five 

sections along the flow field with an area of 5 cm
2
 per each section. The 

amount of hydrogen crossover in section 5 was obtained by subtracting the 

amount of hydrogen crossover detected at port 4 from that at port 5, and then 

converted into the hydrogen crossover rate by dividing the crossover amount 

by the sampling area. The hydrogen crossover rates of the other four sections 

were also measured similarly. 

 

3.3.2 Local hydrogen crossover distribution in a PEMFC 

Fig. 3.10 represents the local distribution of the hydrogen crossover rate 

in the fuel cell under a variety of temperature and RH conditions. As shown in 
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Fig. 3.10, the hydrogen crossover rate decreases as the section number 

increases, that is, along the locations starting from the inlet towards the outlet 

regions. This result indicates that hydrogen crossover largely occurs near the 

inlet region, and reduced crossover amounts near the outlet region, 

presumably due to the partial pressure gradient of hydrogen. In this study, 

local measurements of the hydrogen crossover rate were conducted by 

supplying hydrogen and nitrogen for the anode and cathode sides, respectively. 

This means that the supply gases are not consumed electrochemically in the 

fuel cell because there is no electrochemical reaction. Furthermore, other 

operating parameters such as temperature and RH are also the same, whereas 

the gas pressure between the inlet and outlet of the flow field is different 

because of the pressure gradient between the inlet and outlet, which is needed 

to make the gas flow. Zhou et al. [51] reported that the gas pressure 

distribution along the channel varies almost linearly. Therefore, it is assumed 

that the hydrogen gas pressure distribution of the anode side is linear from the 

inlet to outlet of the flow field. Generally, the partial pressure of hydrogen on 

the anode side of the MEA increases as the hydrogen gas pressure increases. 

The increase in the partial pressure of hydrogen leads to the increase in the 

hydrogen permeation rate, as shown in Eq. (3.4). Hydrogen permeation rate is 

derived from Fick’s law and is written as 
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H H
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J k
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      (3.4) 

where 
2

A C

HJ   is the permeation rate of hydrogen, 
2Hk  is the 

permeability coefficient of hydrogen, 
2

A

HP  is the partial pressure of 

hydrogen at the anode side and l is the membrane thickness. Accordingly, 

hydrogen crossover is more likely to occur near the inlet due to the high 

partial pressure of hydrogen. Therefore, the partial pressure gradient of 

hydrogen is considered one of reasons for the local variation of hydrogen 

crossover in the fuel cell. This means that other parameters, such as the 

permeability coefficient of hydrogen, do not affect the hydrogen crossover 

distribution because their values are the same over the whole area of the 

membrane. Hydrogen crossover is the main reason for membrane degradation. 

Matsuuraa et al. [52] measured the membrane thickness from the inlet to the 

outlet after an aging test of a fuel cell. They reported that the membrane near 

the inlet was clearly thinner than those at other locations. This result can 

support our experimental results that hydrogen crossover largely occurs near 

the inlet region rather than at the outlet region. Although the low RH near the 

inlet region may cause the membrane thinning, as suggested in the literature 

[52], the increase in hydrogen crossover near the inlet region can accelerate 

membrane thinning, as it did in this study. 

In order to clarify the dependency of local hydrogen crossover behavior 
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(a) 

 

(b) 

Fig. 3.13 Local distribution of hydrogen crossover rate in fuel cell at a 

nitrogen flow rate of 0.5 LPM under a variety of temperature and 

RH conditions: cell temperatures of (a) 65
o
C, (b) 75

o
C and (c) 

85
o
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(c) 

Fig. 3.13 Local distribution of hydrogen crossover rate in fuel cell at a 

nitrogen flow rate of 0.5 LPM under a variety of temperature and 

RH conditions: cell temperatures of (a) 65
o
C, (b) 75

o
C and (c) 

85
o
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Fig. 3.14 Local distribution of hydrogen crossover rate in fuel cell under 

the various nitrogen flow rate conditions at 65
o
C and 100% RH 
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on the nitrogen flow rate at cathode, we measured the local distribution of 

hydrogen crossover rates under a variety of nitrogen flow rates at 65
o
C and 

100% RH, as shown in Fig. 3.11. The hydrogen crossover rates increase with 

decreasing the nitrogen flow rates at a given section, but the tendency of 

higher hydrogen crossover rates near the inlet than the outlet is observed 

regardless of the nitrogen flow rates examined in this study. Thus it is thought 

that the observed local hydrogen crossover behavior appears general under the 

specific conditions used in this study. 

 

3.3.3 Effects of operating conditions on hydrogen crossover 

Fig. 3.12 shows the total hydrogen crossover rates of the single fuel cell 

under a variety of temperature and RH conditions. As shown in Fig. 3.12(a), 

the total hydrogen crossover rates of the single cell increase proportionally 

with the increase of the cell temperature under given RH conditions. Baik et al. 

[28] reported that the diffusion coefficient increases when temperature is 

elevated because molecular movement of the gas becomes more active with 

increase of temperature. They showed that the gas permeability coefficient is 

expressed as the product of the diffusion coefficient and the solubility 

coefficient; thus, the increase in diffusion coefficient ultimately results in the 



 

75 

 

increase in gas permeability coefficient. For this reason, the hydrogen 

crossover rate increases as temperature increases. As shown in the Fig. 3.12(b), 

the total hydrogen crossover rates of the single cell increase with increasing 

RH under given cell temperatures. Several studies investigated why gas 

crossover occurs largely in a hydrated membrane. Liu et al. [36] reported that 

when water is absorbed into the membranes, the intermolecular distance 

between the polymer chains increases to enlarge the free volume, which offers 

additional passageways where hydrogen crossover can occur. Sakai et al. [4] 

also investigated that the diffusion coefficient value in hydrated Nafion
®
 was 

20 times greater than that in dry Nafion
®
, thus increasing hydrogen crossover. 

Fig. 3.12(b) also shows that the increase of the hydrogen crossover rate from 

50% to 75% RH is large, but the increase of the hydrogen crossover rate from 

75% to 100% RH is relatively small. This can be explained by the 

characteristics of membrane hydration. Liu et al. [36] showed the permeability 

coefficients of CO2 and N2 as a function of water content in the membrane. 

They claimed that a permeability coefficient increases with an increase in 

water content and tends to level off when the water content is sufficiently high. 

Thus, a membrane is considered to be fully hydrated above a certain level of 

RH. The water content of the membrane does not change significantly even if 

the RH increases further above a critical level, but this critical level depends 
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(a) 

 

(b) 

Fig. 3.15 Total hydrogen crossover rates of the single fuel cell as a 

function of (a) cell temperature or (b) RH 
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(a) 

 

(b) 

Fig. 3.16 Open circuit voltages of the single fuel cell as a function of (a) 

cell temperature or (b) RH 
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on the experimental materials and system configurations. In the present study, 

it is believed that the membrane is likely to be sufficiently hydrated at 75% 

RH. This is why the hydrogen crossover rates appear to increase only slightly 

with the increase of RH from 75% to 100%, as shown in Fig. 3.12(b). 

Hydrogen crossover from the anode to cathode can decrease the open 

circuit voltage (OCV) of fuel cells. Several studies [7, 29, 40] have identified 

the relationship between hydrogen crossover and OCV. They showed that the 

increase in hydrogen crossover results in the decrease in OCV. Fig. 3.13 

shows the OCVs of the single fuel cell under a variety of temperature and RH 

conditions. As shown in the Fig. 3.13(a), the OCVs of the fuel cell decrease 

linearly as the cell temperature increases. The results are in good agreement 

with the total hydrogen crossover rates in Fig. 3.12(a). Consequently, an 

increase in hydrogen crossover results in a decrease in OCV as cell 

temperature increases. Likewise, the OCVs of the fuel cell decrease as RH 

increases, as shown in Fig. 3.13(b), and this result is also consistent with the 

results of Fig. 3.12(b). 

 

3.4 Summary 

In this chapter, we investigated the effect of temperature, RH, hydrogen 
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pressure, and membrane thickness on hydrogen crossover rate in a PEMFC. 

The results show that the hydrogen crossover rate increases proportional to 

the increase in temperature for all membrane samples. As the temperature 

increases, the reacting gas shows greater molecular movement, resulting in 

higher rate of hydrogen crossover. Higher hydrogen crossover rates are also 

observed at higher RH conditions for all membrane samples. Increased water 

content of the membrane results in greater intermolecular distance between 

the polymer chains to enlarge the free volume, which offers additional 

transport pathways. The hydrogen partial pressure increases as hydrogen 

pressure increases, resulting in increased hydrogen crossover rate. It is found 

that the change in hydrogen crossover rate is significant for the thinner 

membranes (NRM-1 and NRM-2), whereas the hydrogen crossover rates are 

relatively unchanged for the thicker membranes (NRM-3, NRM-4 and NRM-

5). All parameters on hydrogen crossover rate, including temperature, relative 

humidity, hydrogen pressure, and the inverse of the logarithmic membrane 

thickness, were compared through MLR. MLR analysis of the four 

independent parameters showed that the hydrogen crossover rate increases 

with the increase in the following variables: inverse of logarithmic membrane 

thickness > hydrogen pressure > RH > and temperature. 

Local measurements of the hydrogen crossover rate were also conducted 
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using a single fuel cell with the specially-designed cathode bipolar plate, 

which has six sampling ports. Firstly, the local distribution of the hydrogen 

crossover rate from the gas inlet to the outlet of cathode was examined. The 

hydrogen crossover rate near the inlet was large. The hydrogen gas pressure 

near the inlet was higher than that near the outlet. Thus, it was believed that 

the partial pressure gradient of hydrogen was one of the reasons for the local 

variation of hydrogen crossover in the fuel cell. The hydrogen crossover rates 

increase with decreasing the nitrogen flow rates at a given section, but the 

tendency of higher hydrogen crossover rates near the inlet than the outlet was 

observed regardless of the nitrogen flow rates examined in this study. The 

effects of operating conditions on the hydrogen crossover rate were also 

investigated. The hydrogen crossover rate increased with the increase in both 

temperature and RH of the fuel cell. Furthermore, the effects of temperature 

and RH on OCV were also examined and compared with the results of the 

hydrogen crossover rate. The results showed the decrease of the OCV with 

increase in both cell temperature and RH conditions, which is closely related 

with the increase in hydrogen crossover. 



 

81 

 

Chapter 4. Measurement of the oxygen crossover 

rate 

 

4.1 Introduction 

Oxygen crossover causes several problems relating to limiting the 

durability of PEMFCs. Oxygen crossover influenced to the electrochemical 

corrosion of carbon in cathode gas diffusion layer (GDL). It is well known 

that the air/fuel boundary is created at the anode side if oxygen gas 

transported from cathode side. This increases the potential of cathode higher 

than the open circuit voltage and quickly corrodes the carbon layer. Another 

problem caused by oxygen crossover is membrane degradation. Oxygen 

crossover does provide a means for the formation of peroxide and hydro-

peroxide radicals, which can slowly deteriorate the membrane. Thus, it is 

important to measure the oxygen crossover rate through the membrane in a 

PEMFC. In this study, the quantitative measurements of oxygen crossover 

that reacts with hydrogen have been conducted by using a mass spectrometer 

(MS) system. The effects of temperature and relative humidity on oxygen 

crossover are investigated. The amount of oxygen that reacts with the 

hydrogen is compared with the conventional oxygen crossover rate. These 
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oxygen crossover measurements were used to determine how fast membrane 

degradation occurs. It is also suggested a relative oxygen crossover factor 

that is a correlation constant between the conventional oxygen permeability 

coefficients and oxygen permeability coefficients obtained by our study. 

 

4.2 New test procedure and method 

In the actual operation of PEMFCs, the amount of oxygen that reacts 

with hydrogen is very important because it affects the membrane 

degradation and/or water management at anode side. Oxygen permeated 

from the cathode side can be divided into two parts under the fuel cell 

operating conditions as shown in Fig. 4.1. Firstly, some oxygen reacts with 

hydrogen at the anode catalyst layer. However, not all of the oxygen 

permeated from the cathode reacts with hydrogen at anode, which means 

there is residual oxygen detected at the anode outlet [9]. Some reports 

mentioned that there is no residual oxygen at anode exit stream because all 

the oxygen reacted with the hydrogen at the anode catalyst layer [31]. 

However, we repeatedly checked that there is a small amount of residual 

oxygen at anode side, indicating that not all oxygen that permeated from the 

cathode side reacts with hydrogen at the anode side. 
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Fig. 4.1 Schematic diagram of the oxygen crossover rate in a PEMFC 
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In order to distinguish the amount of oxygen that reacts with the hydrogen at 

the anode catalyst layer from the whole amount of oxygen crossover rate, 

two different experiments were conducted using different supplying gases. 

First, hydrogen for the anode side and oxygen for the cathode side were 

supplied at 0.5 L min
-1

 (LPM), respectively. Some studies [31] reported that 

oxygen gases were not detected at the anode exit stream under the fuel cell 

operation conditions because of the reacting with the hydrogen, but the fact 

that there was a small amount of oxygen gas at the anode exit stream even 

though the hydrogen was supplied into the anode side was checked by our 

numerous repeated experiments. The result of oxygen crossover using 

hydrogen/oxygen was represented in Fig. 4.2. Secondly, helium and oxygen 

were injected into the anode and cathode sides, respectively, at a flow rate of 

0.5 L min
-1

. When helium was supplied at the anode side, the oxygen that 

permeated from the cathode side does not react with any gas in the anode 

catalyst layer, thus all cross-overed oxygen exhausted at the helium outlet 

stream of anode side as shown in Fig. 4.2. Lastly, oxygen that reacts with the 

hydrogen can be obtained by subtracting the oxygen crossover rate using 

hydrogen/oxygen supplying gases from that using helium/oxygen supplying 

gases. 

In this paper, the output value of the mass spectrometer was the oxygen 



 

85 

 

 

 

 

 

Fig. 4.2 Experimental raw data of oxygen crossover rates using hydrogen/ 

oxygen and helium/oxygen supplying gases 
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concentration in the anode exit stream as shown in Figs. 4.2~4.4. It was 

assumed that there was no change in hydrogen flow rate at the anode side 

between the inlet and outlet because the amount of hydrogen that permeated 

from the anode to cathode during the measurements was expected to be too 

small to cause a significant drop. Under that assumption, the oxygen 

concentrations with units of ppm were converted into the flux of oxygen 

crossover rates, 
2OJ , with units of mol cm

-2
 s

-1
 to calculate the oxygen 

permeability coefficient [28]. 

 

4.3 Gas selectivity measurement 

The effect of gases that have a different molecular weight such as 

hydrogen, helium and nitrogen on oxygen crossover could be different, so 

the gas selectivity tests were conducted to identify the effect of gas selection. 

For configuration of the gas selectivity, the non-reactive gases such as 

helium, nitrogen and argon were used as supplying gases at the anode side 

while oxygen was supplied at the cathode side. Hydrogen was not used in 

this test because hydrogen can reacts with oxygen at the anode catalyst layer 

when oxygen permeated from the cathode to anode sides, affecting the 

measurement of oxygen crossover rate as shown in Fig. 4.1. The test results 
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Fig. 4.3 Oxygen concentration for different supplying gases under various 

temperature conditions 
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of the gas selectivity were shown in Fig. 4.3. It is observed that the oxygen 

concentration showed no trend with the molecular weight, implying that the 

effect of gases that have different molecular weights on oxygen crossover 

can be negligible under the test conditions used in this study. This is because 

the fresh membrane was used in this study even though the activation 

process was conducted prior to the tests. A fresh polymer membrane 

normally contains large pores enough to allow convective flow. If the size of 

the pores is larger than the mean free path of the gas molecules, all gases can 

diffuse through the pores without regard to the molecular weight. This 

permeation behavior is called “solution-diffusion transport” [53]. However, 

as the membrane degraded, the permeation behavior may change to Knudsen 

flow from the solution-diffusion transport. If the size of the pores is smaller 

than the mean free path of the gas molecules, these pores allow lighter 

molecules to preferentially diffuse through the pores. This permeation 

behavior is called “Knudsen flow” [39]. If the membrane exhibits Knudsen 

behavior, the gas permeability starts to depending on the molecular weight 

[23, 39, 53]. Thus, the fact that there is no trend with the molecular weight in 

Fig. 4.3 was acceptable because of using the fresh membrane in this study. 

This result gives a confidence to use the helium gas as a supplying gas at the 

anode side in section 4.5 to compare the results of supplying hydrogen at the 
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anode side. 

 

4.4 Quantitative measurements of oxygen crossover 

Fig. 4.4 shows the oxygen concentration over a range of fuel cell 

temperatures at ambient pressure. The results show that oxygen 

concentration increases with increases in cell temperature under all RH 

conditions. Higher values of oxygen concentration under the wet conditions 

are also observed. This is due to the increased oxygen diffusion coefficient. 

It is generally known that the diffusion coefficient increases when 

temperature is elevated because molecular movement of the gas becomes 

more active as temperature increases [28]. Furthermore, it was explained 

according to the increase in membrane flexibility when the temperature and 

humidity were increased. Hence, the increase in flexibility of the membrane 

is a reason for the increase in crossover with increasing cell temperature and 

humidity [6, 8]. Based on the data in Fig. 4.4, oxygen permeability 

coefficients are calculated using Eq. (4.1) which is derived from the Fick’s 

law and plotted in Fig. 4.5 [28]. 
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Fig. 4.4 The oxygen concentration over a range of fuel cell temperatures at 

ambient pressure 
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Fig. 4.5 Arrhenius plot of oxygen permeability as a function of 

temperature 
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 The results correspond to an Arrhenius type behavior depending on 

temperature which is expressed as [54] 
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O O
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             (4.2) 

where 
2

0

Ok  is the maximum permeability coefficient of oxygen and 
2OE  is 

the activation energy of oxygen for diffusion. The activation energies for wet 

and dry gases are 11.32 and 3.00 kJ mol
-1

, respectively. In Fig. 4.5, the 

oxygen permeability values calculated here are compared with other reported 

values. Oxygen permeability coefficient values estimated in this study show 

similar trends to those estimated by Sethuraman using Nafion
®
 112; by Mani 

using Nafion
®
 211. However, lower oxygen permeability values estimated in 

this work are observed than those estimated by other studies. The Gore’s 

membranes used in this study are mechanically reinforced membranes. The 

reinforcement membrane usually provides high mechanical properties [55]. 

Thus, the permeabilities of the Gore’s membranes are much lower than the 

unreinforced Nafion
®
 membranes due to the mechanical improvement of the 

reinforced membranes. 
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4.5 Measurement of effective oxygen permeability 

The data of oxygen crossover using hydrogen/oxygen and 

helium/oxygen were used to calculate the effective oxygen permeability in 

this section. It was known in section 4.1 that the molecular weight of 

supplying gas at the anode side does not affect oxygen crossover because the 

permeation behavior is the solution-diffusion transport under the fresh 

membrane conditions. Thus, the data of oxygen crossover using 

hydrogen/oxygen could be compared to those using helium/oxygen. Fig. 4.6 

shows the oxygen concentration at the anode side when hydrogen and 

oxygen supplied at the anode and cathode sides, respectively. It is shown that 

the amount of oxygen crossover was low compared with the result in Fig. 4.4 

(using helium/oxygen). Due to the reaction with hydrogen as described in 

Fig. 4.1, the low values of oxygen concentration were detected in the anode 

exit stream. As shown in Fig. 4.6, the high standard deviation of oxygen 

concentration is observed because the reaction between the hydrogen and 

permeated oxygen at the anode catalyst layer is passive. This means it is 

hard to control the reaction rate to be uniform, leading to the high deviation 

of oxygen concentration. Thus, duplicate tests must be conducted to obtain 

reliable results so each type of experiments was repeated five times and the 

error bars that representing the standard deviation of the results were added 
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Fig. 4.6 Oxygen concentration in the anode exit stream using hydrogen 

and oxygen supplying gases 
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Fig. 4.7 Arrehnius plots of normal and effective oxygen permeabilities 
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Fig. 4.8 The effective oxygen crossover ratio under the various 

temperature conditions 
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in Fig. 4.6. If we follow the trend of the average value of the test data, the 

gradual increase in the oxygen concentration is observed as the temperature 

increases.  

From these results, the effective oxygen permeability was calculated by 

subtracting the value of oxygen concentration using hydrogen/oxygen from 

that using helium/oxygen as described in Fig. 4.2. The effective oxygen 

permeability was shown in Fig. 4.7 and compared to the normal oxygen 

permeability. The effective oxygen permeability also follows to an Arrhenius 

type behavior. The fitting equations of normal and effective oxygen 

permeabilities were also represented in Fig. 4.7. The normal oxygen 

permeability represents the whole amount of oxygen crossover form the 

cathode to anode sides, but it could not explain the exact amount of oxygen 

crossover that affect the membrane degradation and/or water generation 

under the fuel cell operating conditions. Thus, the effective oxygen 

permeability should be considered as an index of the membrane degradation 

and/or water generation due to oxygen crossover. To simply suggest the 

effective oxygen permeability, the effective oxygen crossover ratio, (T), 

which is the ratio between the normal and effective oxygen permeability was 

calculated using Eq. (4.3). As shown in Fig. 4.8, the effective oxygen 

crossover ratio decreases as temperature increases and those are in a range 
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between 0.927 ~ 0.933 under the fuel cell operating temperature conditions. 

 
15

( ) 0.974 exp
Effectiveoxygen permeability

T
Normal oxygen permeability T


 

    
 

     (4.3) 

 

4.6 Summary 

The quantitative measurements of oxygen crossover that reacts with 

hydrogen have been conducted by using a MS system. To identify the effect 

of gases that have a different molecular weight on oxygen crossover, the gas 

selectivity tests were conducted. Result showed that the oxygen 

concentration showed no trend with the molecular weight, implying that the 

effect of gases that have different molecular weights on oxygen crossover 

can be negligible. Thus, the data of oxygen crossover using 

hydrogen/oxygen and helium/oxygen were used together to calculate the 

effective oxygen permeability. The effective oxygen permeability could 

explain the exact amount of oxygen crossover that affect the membrane 

degradation and/or water generation under the fuel cell operating conditions. 

Thus, the effective oxygen permeability should be considered as an index of 

the membrane degradation and/or water generation due to oxygen crossover. 

The ratio between the normal and effective oxygen permeability is in a range 

between 0.927 ~ 0.933 under the fuel cell temperature conditions. 
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Chapter 5. Measurement of the nitrogen 

crossover rate 

 

5.1 Introduction 

When fuel cell operated, nitrogen is permeated from the cathode to 

anode sides due to the gas crossover. Cross-overed nitrogen accumulates in 

the fuel cell’s hydrogen recirculation system. The excessive buildup of 

nitrogen lowers the hydrogen concentration, affecting fuel cell performance 

so it is needed to measure the nitrogen crossover rate in a PEMFC. In this 

chapter, experimental measurements of nitrogen crossover were obtained 

using a mass spectrometer and nitrogen permeability coefficients were 

estimated. The effects of fuel cell temperature and relative humidity on 

nitrogen crossover were also investigated.  

 

5.2 Characterization of nitrogen crossover under open 

circuit voltage conditions 

For measurement of nitrogen crossover under open circuit voltage 

(OCV) conditions, hydrogen and nitrogen were supplied at 0.9 L min
-1

 and 
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2.0 L min
-1

, respectively, for more than 30 min. Nitrogen concentration in 

the anode exit stream was measured using the quadrupole mass spectrometer 

under various fuel cell temperature and relative humidity (RH) conditions in 

order to obtain data for nitrogen crossover and nitrogen permeability 

coefficient (NPC) calculation. 

 

5.2.1 Effect of operating condition on nitrogen crossover 

Fig. 5.1 shows the nitrogen concentration in the anode exit stream over 

a range of fuel cell temperatures at ambient pressure and with the fuel cell in 

a steady state. The results show that nitrogen concentration increases with 

increases in cell temperature under all RH conditions tested, and that higher 

nitrogen concentrations are observed under higher RH conditions. This is 

because the nitrogen diffusion coefficient increases while the solubility of 

nitrogen decreases. It is generally known that the diffusion coefficient 

increases when temperature is elevated because molecular movement of the 

gas becomes more active as temperature increases. However, solubility 

decreases with increased temperature. Such behavior is a result of 

exothermic enthalpy of the solution. When a gas continues to dissolve in a 

membrane, the solution continues to release energy. Consequently, because 
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Fig. 5.1 Nitrogen concentration in the anode exit stream under various cell 

temperature at ambient pressure 
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Fig. 5.2 Raw data of nitrogen concentration at anode exit stream under 

various relative humidity at ambient pressure 
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dissolution of gases is an exothermic process, heating decreases the 

solubility of a gas. Cheng et al. [6] measured the hydrogen crossover rate in 

high-temperature PEMFC and their results show the same trend as our 

results, i.e. the hydrogen crossover rate increases with increasing 

temperature.  

The effects of RH in the supply gas were investigated and the results 

are presented in Fig. 5.2. Under lower cell temperature conditions (40~60°C), 

nitrogen concentration slightly increased as RH increased. However, 

nitrogen concentration did not change with changes in RH under the higher 

cell temperature conditions (70~80°C). This inconsistency is because a 

change in RH changes the water content in the membrane, which in turn 

affects the membrane’s permeability coefficient; however, the nitrogen 

concentration at the cathode side is reduced due to an increase in the 

saturation vapor pressure. As shown in Eq. (5.1), the 
2

C

NP  reduces due to 

an increase in the magnitude of 
2

C

H OP  with an increase in RH.  

 
2 2

C C C

total N H OP P P             (5.1) 

 

5.2.2 Nitrogen permeability coefficient 

Based on the results of section 5.2.1, nitrogen permeability coefficient 
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(NPC) is calculated. The NPC estimates for various cell temperatures and 

RH conditions are shown in Fig. 5.3. The results show that NPC follows an 

Arrhenius type of temperature behavior which can be written as [54] 

 2

2 2

0 exp
N

N N

E
k k

RT

 
   

 
           (5.2) 

where 
2

0

Nk  is the maximum permeability coefficient of nitrogen and 
2NE  

is the activation energy of nitrogen for diffusion. These values were 

calculated for each RH and the results are shown in Table 5.1. When the 

membrane is fully hydrated (i.e., RH=100%), the maximum permeability 

coefficient and activation energy of nitrogen are 5.14×10
-13

 mol m
-1

 s
-1

 Pa
-1

 

and 19.83 kJ mol
-1

, respectively. This 
2NE  value is close to the previous 

reported value of 24.0 kJ mol
-1

 reported for a Nafion®  117 membrane [22]. 

This suggests that membrane thickness does not largely affect the gas 

permeability coefficient. Cheng et al. [6] and Mittelsteadt et al. [56-57] 

similarly suggested that membrane equivalent weight and membrane 

thickness have little effect on gas permeability, but membrane water uptake 

did influence gas permeability. 

Fig. 5.4 shows NPC as a function of RH at ambient pressure. As shown 

in the figure, higher NPC values are observed when the membrane is more 

hydrated at higher cell temperatures. The increase in the water content of the 

membrane at higher cell temperatures can affect both solubility and 
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Fig. 5.3 Arrhenius plot of nitrogen permeability coefficient as a function of 

fuel cell temperature 
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Table 5.1 Calculated maximum permeability coefficient and the activation 

energy from the Arrhenius plot as a function of RH 

RH 

(%) 

Maximum permeability coefficient, k
o
N2 

(mol m
-1

 s
-1

 Pa
-1

) 

Activation energy, EN2 

(kJ mol
-1

) 

0 7.92×10
-14

 15.91 

25 3.47×10
-14

 13.19 

50 7.01×10
-14

 14.89 

75 1.77×10
-13

 17.17 

100 5.14×10
-13

 19.83 
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Fig. 5.4 Nitrogen permeability coefficient as a function of RH at ambient 

pressure 
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Fig. 5.5 Comparison of nitrogen gas permeability coefficient with reported 

data 
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diffusivity, resulting in an increase in the membrane’s permeability 

coefficient. Sakai et al. [3-4] reported that the diffusion coefficient value in 

hydrated Nafion
®
 was 20 times greater than that in dry Nafion

®
. However, 

the solubility coefficient in hydrated Nafion
®
 was half that in dry Nafion

®
. 

Thus, solubility decreases slightly and diffusivity increases remarkably (both 

influenced strongly by the contained water) when Nafion
®
 is hydrated. This 

indicates that NPC increases at higher cell temperatures are due to an 

increase in diffusion coefficients as RH increases. 

The NPC values calculated here may be compared with other reported 

values by viewing the results in Fig. 5.5. Mittelsteadt et al. [56] estimated 

NPC over a wide temperature range (30~95°C) and RH (0~100%) with wet 

and dry Nafion
®
 112. As shown in the figure, higher NPC values are 

obtained when the membrane is exposed to wet conditions than when the 

membrane is dry. 

 

5.3 Characterization of nitrogen crossover under power 

generation conditions 

To identify nitrogen crossover during power generation, hydrogen and 

air were supplied to the anode and cathode sides, respectively. The nitrogen 
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concentration in the anode exit stream was then measured when the PEMFC 

was operated under various power generation conditions. 

 

5.3.1 Effect of current density on nitrogen crossover 

To investigate the effect of current density, hydrogen and air were 

supplied at a constant flow rate of 0.9 L min
-1

 and 2.0 L min
-1

, respectively. 

Fig. 5.6 shows the effect of current density on nitrogen concentration in the 

anode exit stream. A linear increase of nitrogen concentration was observed 

at the 0.9 L min
-1

 hydrogen inlet flow rate. For analysis of nitrogen crossover 

using nitrogen concentration data, the residual hydrogen flow rate at the exit 

is needed. However, measuring that residual flow rate experimentally is not 

easy due to the large amount of water vapor in the anode exit stream. Here, 

the following basic fuel cell formula was used. 

2

60

2

A A

e i H

I
N N M

F 
                (5.3) 

where A

eN  is the residual anode exit hydrogen flow rate, A

iN  is the 

supply anode inlet hydrogen flow rate (i.e., A

iN  = 0.9 L min
-1

) and 

2

60

2
H

I
M

F 
   is the hydrogen consumption rate. Using Eq. (5.3), the residual 

exit hydrogen flow is calculated separately from the hydrogen consumed 

during the generation of electrical power as shown in Fig. 5.7. From the 
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Fig. 5.6 Nitrogen concentration in the anode exit stream under various 

current densities when hydrogen flow rate is 0.9 L min
-1

 and air 

flow rate is 2.0 L min
-1
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Fig. 5.7 Calculated hydrogen consumption and the residual hydrogen flow 

rate at the exit under various current densities 
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Fig. 5.8 Nitrogen crossover rate under various current densities when 

hydrogen flow rate is 0.9 L min
-1

 and air flow rate is 2.0 L min
-1
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results shown in Figs. 5.6 and 5.7, the nitrogen crossover rate can be 

estimated for various current density conditions as shown in Fig. 5.8. Those 

results show that nitrogen crossover increases with increasing current density. 

An increase in current density indicates that the fuel cell is generating an 

increase in power and producing heat. Thus, both fuel cell temperature and 

membrane water content increase due to the generation of heat and water in 

the fuel cell. Moreover, nitrogen crossover increases because of increases in 

membrane temperature and water content. 

 

5.3.2 Effect of anode stoichiometric ratio on nitrogen crossover 

Typically, during fuel cell operation, a constant anode stoichiometric 

ratio (SRA) instead of a constant flow rate is used to expand fuel efficiently 

over a range of current densities. The SRA determines the flow rate of the 

supplied hydrogen and can markedly affect the nitrogen concentration in the 

anode stream. Fig. 5.9 shows the nitrogen concentration in the anode exit 

stream under various SRA conditions while the cathode stoichiometric ratio 

was set at 3.0. The results show that the nitrogen concentration increases 

under all current densities as the SRA decreases. In particular, the results 

show a particularly marked increase in nitrogen concentration at low current 
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Fig. 5.9 Nitrogen concentration in the anode exit stream under various 

anode stoichiometric ratios at ambient pressure with cathode 

stoichiometric ratio of 3.0 
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densities. The hydrogen supply flow rate at a low current density is relatively 

smaller compared to that at a high current density; thus, the residual 

hydrogen flow rate at the exit under a low current density is also small. 

Nitrogen concentration in the anode exit stream is largely determined by the 

residual hydrogen flow rate; therefore, a small residual hydrogen flow rate 

will result in a high nitrogen concentration. The hydrogen is usually supplied 

at greater than the SRA which means that the rate of hydrogen supply is 

determined by SRA. For example, the hydrogen flow rate increases with an 

increase in the SRA and decreases with an decrease in the SRA. A low 

hydrogen flow at a low current density will significantly increase the 

nitrogen concentration, due to the small amount of hydrogen flow. This 

relationship between SRA and hydrogen flow rate can produce marked 

increases in nitrogen concentration at low current densities. This suggests 

that a higher SRA should be used at low current densities, while a lower SRA 

should be used at high current densities. 

 

5.4 Summary 

In this chapter, nitrogen crossover was measured using a mass 

spectrometer under various operating conditions and under OCV and power 



 

117 

 

generation conditions in single PEMFCs. Under OCV conditions, nitrogen 

crossover increased with increasing cell temperature under all RH conditions. 

NPC was calculated based on the obtained nitrogen concentration data and 

the NPC results fitted the form of Arrhenius expression. When the PEMFC 

membrane was fully hydrated, the maximum permeability coefficient and 

activation energy of nitrogen were 5.14×10
-13

 mol m
-1

 s
-1

 Pa
-1

 and 19.83 kJ 

mol
-1

, respectively. NPC as a function of RH was also investigated. At higher 

cell temperatures and when the membrane was hydrated, a higher NPC was 

observed. In addition, the solubility decreased slightly and diffusivity 

increased remarkably, when the membrane was hydrated, indicating that the 

permeability coefficient increased. Under power generation conditions, 

nitrogen crossover increased with increasing current density. Moreover, 

when current density increased, nitrogen crossover increases were found to 

be related to elevated membrane temperature and high water content. When 

the SRA was low, nitrogen concentration increased under all current densities 

tested. At low current densities, a change in the hydrogen flow rate, due to a 

change in the SRA being used, significantly affects the nitrogen 

concentration. This work may be useful in the development of a nitrogen 

crossover model that can be used to facilitate establishment of an efficient 

method for hydrogen recirculation systems. 
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Chapter 6. Gas crossover due to GDL penetration 

 

6.1 Introduction 

During the assembling process of fuel cell stack, the compression or 

clamping pressure of PEMFCs for vehicle applications is typically high 

enough to minimize contact resistance among the cell components such as 

MEA, GDL and bipolar plate. However, a few experimental studies have 

been done to understand the membrane degradation when compression 

pressure increased. Mittelsteadt et al. [57] investigated membrane puncturing 

due to the diffusion media (carbon fiber paper materials) penetration into the 

membrane under various membrane thickness and relative humidity (RH) 

cycling conditions. They focused on the relationship between membrane 

properties and membrane puncturing and also measured the specific 

resistances to identify membrane puncturing. According to this study, carbon 

fiber penetration makes several micro-holes in the MEA surface when 

clamping pressure is too high. Those micro-holes are the cause of the 

membrane degradation because hydrogen and oxygen can easily penetrate 

into the membrane through the micro-holes. Thus membrane degradation 

process is accelerated in these spots. Lai et al. [58] conducted an accelerated 
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stress test to compare the shorting performance of various material sets using 

a current distribution measurement technique to monitor the local shorting 

behavior. Likewise, several experimental researches about the membrane 

puncturing under various clamping pressures have been conducted. To the 

best of our knowledge, however, hydrogen crossover due to the membrane 

puncturing as a function of the clamping pressure has not been reported in 

literatures. In this study, membrane puncturing due to the carbon fiber 

penetration into the membrane has been investigated, and hydrogen 

crossover and open circuit voltage (OCV) for three types of GDLs were 

measured. The performances of cells with different types of GDLs were also 

measured under various clamping torque conditions. Lastly, morphological 

images of the GDLs and the catalyst layer in MEA have been analyzed by 

scanning electron microscopy (SEM) in connection with hydrogen crossover 

to elucidate the membrane puncturing process. 

 

6.2 Materials and experimental setup 

Three types of commercial GDL were used in this study. The GDLs 

used in this study are listed in Table 6.1. The GDL-1 has a macro-porous 

substrate of carbon fiber felt with MPL-1 coating type of a rough surface, the 
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GDL-2 has a carbon fiber felt substrate with MPL-2 coating type of a 

smooth surface, and the GDL-3 has a carbon fiber paper substrate with 

MPL-2. The results of GDL-1 and GDL-2 are compared to investigate the 

effect of MPL type on the membrane puncturing, and the results of GDL-2 

and GDL-3 are compared to explain the effect of carbon fiber structure in 

macro-porous substrate on the membrane puncturing. The thickness of all 

the GDLs was measured with at least 20 measurements per each GDL using 

a Mitutoyo thickness gauge (Mitutoyo Co., Tokyo, Japan) and the values of 

average and standard deviation were listed in Table 6.1. 

In this study, a single cell with an active area of 25 cm
2
 was used. The 

single fuel cell is composed of end plates, graphite bipolar plates with a 5-

serpentine channel for both anode and cathode flow fields, GDLs, gaskets 

and an MEA. A commercial MEA was used for all the experiments. Teflon 

gaskets were also used to prevent the gas leakage. A torque wrench (CDI 

Torque Product, USA) was used for a fuel cell assembly. The torque wrench 

was firstly set at a designated value and the single cell assembly was 

compressed uniformly with a torque wrench. A leak testing was performed 

after the fuel cell assembly process. All measured data were transmitted to a 

computer by a general-purpose interface bus connection. Hydrogen and 

nitrogen gases were supplied to anode side, and air and nitrogen gases were 
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Table 6.1 Characteristics of GDLs used in this study 

Code name 
Macro-porous 

substrate type 

Micro-porous layer 

coating type 

Thickness 

(㎛) 

GDL-1 Carbon fiber felt MPL-1 (rough surface) 426 ± 10 

GDL-2 Carbon fiber felt MPL-2 (smooth surface) 423 ± 5 

GDL-3 Carbon fiber paper MPL-2 (smooth surface) 365 ± 6 
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supplied to cathode side for the experiments. All gas flow rates were 

controlled by mass flow controllers which were calibrated before the tests. In 

order to measure the operating temperature of the fuel cell, T-type thermal 

couples (TCs) were inserted into the long hole of 40 mm in both the anode 

and cathode bipolar plates, and heaters were also inserted into both the anode 

and cathode end plates. Both TCs and heaters were connected to the UT 550 

temperature controller (Yokogawa, Tokyo, Japan) to control the fuel cell 

temperature. For a gas humidification, bubble type humidifiers were used. A 

mass spectrometer was installed to the cathode exit stream to measure the 

hydrogen concentration in the nitrogen flow. For electrochemical 

measurements, a PLZ 1004WA electric load (Kikusui Electronics, Yokohama, 

Japan) was used for measuring a voltage and current of the fuel cell. 

Hydrogen crossover through the membrane in a PEMFC was measured 

using an on-line HPR-20 quadrupole mass spectrometer (Hidden Analytical, 

Warrington, UK). A flushing sequence is needed to measure the small 

amount of hydrogen, thus a flush line was installed and combined with 

conventional fuel cell test system. For quantitative measurements with the 

mass spectrometer, a calibration process proposed by Bley et al. [34] was 

conducted using a nitrogen-based standard gas mixture which contained 200 

ppm of hydrogen. 
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The test procedure is well designed for measuring the OCV and 

hydrogen crossover. For a preparation of the fuel cell experiment, the fuel 

cell was assembled and the clamping torque was set at the lowest value. 

Activation process was conducted for fresh fuel cell under the following 

conditions: hydrogen and air flow, temperature of 65
o
C, RH of 100%, and 

stoichiometric ratios at anode and cathode sides of 1.5 and 2.0, respectively. 

After the activation process, the fuel cell characterization was performed to 

measure a current-voltage (I-V) polarization curve. Firstly, measurement of 

I-V curve was carried out when RH is 50% with the same operating 

conditions in the activation process. Following the performance test, 

hydrogen crossover rate was measured while the hydrogen for anode and 

nitrogen for cathode were supplied at 0.9 and 0.5 L min
-1

, respectively. Gas 

crossover through the membrane occurs when the concentration of gas is 

different between the anode and cathode sides. According to the gas 

crossover theory, hydrogen can permeate from the anode to cathode sides, 

and thus cathode exit stream includes a small amount of hydrogen. The 

cathode exit stream containing a small amount of hydrogen was injected to 

the mass spectrometer via a 3-way valve to measure the hydrogen crossover. 

After the hydrogen crossover measurements at 50% RH, measurements of I-

V curve and hydrogen crossover at 100% RH were also performed. After 
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finishing the measurement of hydrogen crossover, the fuel cell was cooled 

down to the ambient temperature for increasing clamping torque and the 

same experiments were conducted under other clamping torque conditions 

for the fuel cell with GDL-1. The tests for the fuel cells with GDL-2 and 

GDL-3 were accomplished in the same manner described above. 

The surface morphology of MPLs and macro-porous substrates of all 

the pristine GDL samples was observed by SEM (InspectTM, FEI Co.) with 

an accelerating voltage of 15 kV and a magnification of 100. The cross-

sectional morphology of the GDL-1 and the surface morphology of anode 

catalyst layer in MEA before and after compression tests were characterized 

by the field-emission SEM (SUPRA 55VP, Carl Zeiss, Weimar, Germany). 

Fig. 6.1 shows the surface images of macro-porous substrates and MPLs of 

GDLs used in this study which were observed by 100 magnification as 

representative photos. As shown in Fig. 6.1(a) and (c), the GDL-1 and GDL-

2 have the same macro-porous substrate structures of carbon fiber felt, while 

the MPL surfaces of GDL-1 and GDL-2 are rough and relatively smooth as 

shown in Fig. 6.1(b) and (d), respectively. As shown in Fig. 6.1(c) and (e), 

the macro-porous substrate structures of GDL-2 and GDL-3 are carbon fiber 

felt and paper, respectively, while both the GDLs have the same MPL type 

with relatively smooth surface (see Fig. 6.1(d) and (f)). It is observed that the 
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(a)    (b) 

 

     

(c)    (d) 

 

Fig. 6.1 Surface morphologies of macro-porous substrate and micro-

porous layer observed by SEM with a 100 magnification: (a) 

macro-porous substrate and (b) micro-porous layer of GDL-1, (c) 

macro-porous substrate and (d) micro-porous layer of GDL-2, (e) 

macro-porous substrate and (f) micro-porous layer of GDL-3 
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(e)    (f) 

 

Fig. 6.1 Surface morphologies of macro-porous substrate and micro-

porous layer observed by SEM with a 100 magnification: (a) 

macro-porous substrate and (b) micro-porous layer of GDL-1, (c) 

macro-porous substrate and (d) micro-porous layer of GDL-2, (e) 

macro-porous substrate and (f) micro-porous layer of GDL-3 
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carbon fiber felt is likely to have more entangled structure, while the carbon 

fiber paper appears to be more straight [59-60]. 

 

6.3 Electrochemical I-V performance of fuel cell 

Fig. 6.2(a) and (b) show the polarization curves of cells with GDL-1 

under various clamping torque conditions at 100% and 50% RHs, 

respectively. In Fig. 6.2(a), the overall performance decreases as clamping 

torque increases when RH is 100%. In particular, the voltage at a current 

density of 1.6 A cm
-2

 dropped from 0.436 to 0.286 V at clamping torques 

from 6.78 to 15.8 N m, respectively. It is due to the reduced porosity of GDL 

when clamping torque increases. Chang et al. [61] reported that high 

clamping torque narrowed down the diffusion path for mass transport from 

gas channels to the catalyst layers. Additionally, the amount of generated 

water as a result of fuel cell reaction is larger at higher current densities, 

indicating a larger mass transport limitation in GDL regions. Thus the mass 

transport or concentration loss occurred caused a decrease in the fuel cell 

performance. However, the voltage drop is not observed when the RH is 50% 

as shown in Fig. 6.2(b). It is attributed to the fact that the amount of water 

inside the GDL at 50% RH is relatively lower than that at 100% RH, 
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(a) 

 

 

(b) 

 

Fig. 6.2 The polarization curves under various clamping torque conditions 

for the GDL-1 sample: (a) RH is 100% and (b) 50% 
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Fig. 6.3 The cell voltage variation at a current density of 1.6 A cm
-2

 as a 

function of clamping torque 
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thus reactant gases flow well through the GDL although the high clamping 

torque narrowed down the diffusion path. The voltage variation at a current 

density of 1.6 A cm
-2

 under different clamping torques is shown in Fig. 6.3. 

The voltage at 100% RH decreases dramatically as clamping torque 

increases, while the voltage at 50% RH remains substantially constant 

regardless of applied clamping torque. As the clamping torque of the cell is 

increased, the GDL in the cell should be increasingly compressed, typically 

resulting in a more dense structure with reduced gas permeability. Thus, the 

cell with the compressed GDL may be more vulnerable to water flooding 

and this phenomenon can be more manifest especially under operating 

conditions of higher RH and/or higher current density. From these results, it 

is thought that the voltage drop due to the water flooding effect is relatively 

large when supplying gases are fully hydrated, but it can be reduced under 

less hydrated condition. 

By contrast, previous studies suggested that high clamping torque 

reduced the contact resistance between the bipolar plate and the GDL which 

had a positive effect on the fuel cell performance. Yim et al. [62] represented 

that the PEMFC stack with high GDL compression (30%) showed a higher 

performance than that with low GDL compression (15%) at all current 

density ranges, indicating that the decrease of contact resistance is more 
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dominant factor on the stack performance than the increase of mass transport 

resistance during GDL compression in their stack configurations. Under the 

specific cell configuration and clamping torques (6.78 ~ 15.8 N m) used in 

the present study, however, the effect of the increased mass transport 

resistance by increased clamping torque is likely to be more dominant than 

that of the decreased contact resistance. That is why the fuel cell 

performance at high RH of 100% decreases as clamping torque increases. 

The I-V tests of cells using GDL-2 and GDL-3 were also conducted. As 

representative examples, the polarization curves for all GDLs at the lowest 

and highest clamping torques are plotted in Fig. 6.4. As shown in Fig. 6.4(a), 

the cell performances using GDL-1 and GDL-3 are higher than that of GDL-

2. Firstly, comparison of the results of GDL-1 and GDL-2 indicated that the 

MPL with rough surface (GDL-1) is better for increasing the cell 

performance than that with smooth surface (GDL-2) at the lowest clamping 

torque. The benefits of the MPL are most noticeable at higher current 

densities, indicating that the rough surface of MPL with more large cracks 

may induce more favorable liquid water distribution which results in better 

mass transport for both product water removal and reactant gases supply. 

According to SEM images shown in Fig. 6.1, the GDL-1 has an MPL with 

rough surface that has a lot of large cracks when compared with the MPL 
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with relatively smooth surface (GDL-2). It is generally thought that theses 

cracks allow the generated water to flow more easily through the MPL at 

higher current density conditions. Thus the fuel cell performance using 

GDL-1 is higher than that using GDL-2 due to the better water distribution 

in the cell. As for the results of GDL-2 and GDL-3, the GDL-3 shows a 

higher cell performance than GDL-2. It is believed that the contact resistance 

between bipolar plate and macro-porous substrate using carbon fiber felt 

might be higher than that using carbon fiber paper, because carbon fiber felt 

has more entangled structure in comparison with the carbon fiber paper as 

mentioned in section 6.2. Furthermore, the improved cell performance is also 

explained that oxygen counter flow through the carbon fiber paper is better 

than other types of GDLs [63]. Fig. 6.4(b) represents the cell performances 

with various GDLs at the highest clamping torque of 15.8 N m. It is 

observed that the cell performances of all the GDL samples decrease at high 

current densities. The higher clamping torque usually breaks the GDL 

substrate, resulting in the reduced pores available for reactant gases transport 

within the GDL during fuel cell operation [63]. Additionally, water is 

generated more at high current densities and fills up the reduced pores within 

the GDLs, which causes the mass transport resistance. It is noteworthy that 

the GDL-1 sample shows the largest decrease in performance, implying that 
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Fig. 6.4 The polarization curves for all types of GDLs under a cell 

temperature of 65
 o
C and fully humidified conditions: (a) 

clamping torque is 6.78 N m and (b) clamping torque is 15.8 N m 
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the damage of GDL-1 sample is the biggest among all GDL samples at the 

highest clamping torque. 

 

6.4 Effect of hydrogen crossover on the OCV 

The hydrogen is permeated from the anode to cathode sides and 

accumulated in cathode stream, thus hydrogen crossover can be detected by 

measuring the gas composition at the cathode exit stream. Fig. 6.5(a) shows 

hydrogen concentration at cathode exit stream under various clamping 

torques when anode hydrogen and cathode nitrogen flow rates are 0.9 and 

0.5 L min
-1

, respectively. Molar flow rate of hydrogen crossover can be 

calculated as follows 

2 2 2

2

76 10

H H H

H

C FL
m

M A

 


  
           (6.1) 

where m is the molar flow rate of hydrogen crossover with the unit of mol s
-1

 

cm
-2

, 
2HC  is the hydrogen concentration and 

2HFL  is the nitrogen flow 

rate at the cathode side, 
2H  is the density of hydrogen gas (0.0714 g L

-1
 at 

65
o
C), 

2HM  is the molar weight of hydrogen gas (2 g mol
-1

) and A is the 

active area of the cell (25 cm
2
). With this simple equation, we can calculate a 

hydrogen crossover value of 3.57 × 10
-9

 mol s
-1

 cm
-2

 when the hydrogen 

concentration is 300 ppm ,which is similar to that (3.78 × 10
-9

 mol s
-1

 cm
-2

) 
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reported by Cheng et al. [6]. Molar flow rates of hydrogen crossover as a 

function of clamping torque are shown in Fig. 6.5(b). As shown in Fig. 6.5(a) 

and (b), hydrogen concentrations and crossover rate of cells with all GDL 

samples increase with the increase of clamping torque, respectively. Under 

high clamping torque conditions, the possibility of carbon fiber penetration 

increases due to the increased clamping torque. Thus micro-pin holes are 

made more by the penetration of carbon fibers into the membrane with 

increasing clamping torque. Consequently, the micro-pin holes which are the 

pathways of hydrogen crossover can accelerate hydrogen crossover through 

the membrane. A schematic process of GDL penetration into the MEA is 

proposed in Fig. 6.6. When the cell is compressed, the thickness of GDL 

substrate is reduced firstly among the assembling materials of fuel cell. If 

higher clamping pressure is applied to the fuel cell assembly, the MPLs are 

partly fractured, which makes it easy for carbon fibers in macro-porous 

substrate to penetrate into membrane through the MPL and catalyst layer. 

When the clamping torque is increased further, carbon fibers may make 

some cracks or holes on the membrane surface. By comparing the results of 

GDL-1 with those of GDL-2, it is known that the MPL coating type has an 

effect on the hydrogen crossover. The MPL of GDL-1 has a rough surface 

with large cracks that allow the carbon fibers to penetrate into the membrane 
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(a) 

 

(b) 

 

Fig. 6.5 (a) Hydrogen concentration and (b) crossover rate at cathode exit 

stream as a function of clamping torque. Anode H2 flow and 

cathode N2 flow rates are 0.9 and 0.5 L min
-1

, respectively 
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Fig. 6.6 A proposed process of GDL substrate penetration into the MEA as 

clamping torque increases 
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more easily. On the other hand, the MPL of GDL-2 has a relatively smooth 

surface with small cracks, indicating that the MPL of GDL-2 is likely to be 

relatively dense and uniform, thus it can reduce the penetration of carbon 

fibers in substrate into the membrane. Thus the increase in hydrogen 

crossover of cell with the GDL-1 sample is much higher than that with the 

GDL-2 sample. Similarly, the results of GDL-2 and GDL-3 exhibit the effect 

of the substrate structure on the hydrogen crossover of fuel cells. As listed in 

Table 1, the GDL-2 has a carbon fiber felt substrate, while the GDL-3 has a 

carbon fiber paper substrate. As shown in Fig. 6.5(a), it is seen that the 

increase in hydrogen crossover for GDL-2 case with increasing the clamping 

torque is higher than that for GDL-3 case. From these results, it is concluded 

that the membrane damage due to the penetration of the carbon fiber felts is 

much more severe than that of the carbon fiber papers. 

Hydrogen crossover from the anode to cathode can affect the decrease 

in OCV of the fuel cells. Vilekar et al. [7] theoretically analyzed the role of 

hydrogen crossover in PEMFCs. They explained that the hydrogen that 

permeates from the anode to cathode can undergo oxidation on the Pt 

catalyst with oxygen electrochemically. The hydrogen oxidation reaction at 

the cathode provides electrons, or a crossover current at cathode, for the 

oxygen reduction reaction at the cathode even under open-circuit conditions. 
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Thus the entire potential loss under open-circuit conditions occurs due to 

hydrogen crossover. Zhang et al. [40] also suggested that the difference in 

OCV between the theoretical and the measured values is caused mainly by 

two factors: one is the mixed potential of the Pt/PtO catalyst surface and the 

other is hydrogen crossover. From this information, it is known that the 

increase in hydrogen crossover results in the decrease in OCV. Fig. 6.7 

shows the OCVs under various clamping torques when RH is 100% and cell 

temperature is 65
o
C at ambient gas pressure. As shown in the Fig. 6.7, the 

OCVs of cells for all GDL cases decrease as clamping torque increases. This 

is in good agreement with the result of hydrogen crossover which increases 

with the clamping torques. The OCV reduction of cell with GDL-1 is much 

greater than that with GDL-2 and GDL-3, especially at higher clamping 

torques. It is also explained that the hydrogen crossover of GDL-1 case is 

larger than that of other cases. Accordingly, hydrogen crossover resulting 

from the membrane puncturing due to the GDL penetration results in the 

reduction of OCV that affects the membrane degradation behavior. Thus it is 

concluded that the GDL-3 is better than the other two GDLs in terms of fuel 

cell durability, because the GDL-3 shows the minimum OCV reduction as 

clamping torque increases. 
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Fig. 6.7 OCV as a function of clamping torque when RH is 100% and cell 

temperature is 65
o
C at ambient gas pressure 
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6.5 Visual observation of the GDLs and MEA 

In order to investigate the membrane puncturing due to the carbon 

fibers penetration, the cross-sectional morphology of the GDL-1 and the in-

plane surface morphology of anode catalyst layer in MEA before and after 

cell compression were observed by SEM images as shown in Fig 6.8. Fig. 

6.8(a) and (b) show the cross-sectional morphology of GDL-1 before and 

after cell compression tests, respectively. The upper part of the carbon fiber 

felt substrate is covered with the MPL. As shown in Fig. 6.8(a) and (b), the 

thickness of GDL-1, especially the macro-porous substrate region, is reduced 

by the cell compression. This may result from the fact that the carbon fiber 

felt is a non-woven material so that the thickness cannot be easily recovered 

after the compression. Thus, it is believed that the GDL can be easily 

compressed by external compression force, resulting in a more dense 

structure with reduced permeability. This may explain why the fuel cell is 

more vulnerable to water flooding with increasing compression force under 

higher RH condition, as shown in Fig. 6.3. Fig. 6.8(c) and (d) show the in-

plane surface morphology of anode catalyst layer in MEA before and after 

cell compression tests, respectively. The SEM images of the catalyst layer 

were observed at 1000 magnification. Contrary to our expectation, the 

carbon fiber penetration into the membrane through the catalyst layer due to 
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Fig. 6.8 Cross-sectional SEM images of GDL-1 (a) before and (b) after the 

cell compression tests and in-plane surface SEM images of anode 

catalyst layer in MEA (c) before and (d) after the cell compression 

tests 
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the high clamping torque is not clearly observed in the SEM images because 

the surface morphology of the catalyst layer does not change after the cell 

compression (see Fig. 6.8(c) and (d)). The reason for this observation is not 

clear yet, but one possible reason is that the measurement of SEM images is 

an ex situ characterization technique which is carried out after the fuel cell 

tests [64]. The carbon fiber penetration phenomenon may appear more 

manifest under higher temperature, fully hydrated and higher clamping 

torque conditions. Under lower temperature, less hydrated and lower 

clamping torque conditions, however, the membrane tends to recover to its 

original shape external mechanical stress was released thus the micro pin-

holes caused by GDL penetration into the membrane surface through catalyst 

layer may be very hard to recognize. Therefore, a further work using an in-

situ observation technique under compressed situation should be necessary 

to clearly observe the carbon fiber penetration into the membrane in the 

future. 

 

6.6 Summary 

In order to investigate the effect of GDL structure on the membrane 

puncturing, the cell performance, hydrogen crossover and OCV of fuel cells 
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were measured under various clamping torque conditions. The fuel cell 

performance decreases as clamping torque increases when RH is 100% due 

to the reduced porosity of GDL. The performances of fuel cells with GDL-1 

(a carbon fiber felt substrate with MPL having rough surface`) and GDL-3 (a 

carbon fiber paper substrate with MPL having smooth surface) are higher 

than that with GDL-2 (a carbon fiber felt substrate with MPL having smooth 

surface) under low clamping torque conditions, whereas when clamping 

torque is high (i.e., approximately 15.8 N m), the GDL-1 sample shows the 

largest decrease in cell performance, implying that the damage of GDL-1 is 

the biggest among all the GDL samples. Hydrogen crossover of cells for all 

GDL samples increases with the increase of clamping torque, especially the 

degree of increase of GDL-1 is much greater than that of the other two GDL 

samples. The OCV of cells for all GDL samples decreases as clamping 

pressure increases, and especially the OCV reduction of GDL-1 is much 

greater than that of GDL-2 and GDL-3. It implies that the penetration of 

carbon fibers of GDL-1 into membrane should be higher than that of the 

other two GDL samples. On the other hand, the cell with the GDL-3 is 

expected to have better durability than the other two GDLs, because the 

GDL-3 shows the minimum OCV reduction as clamping torque increases.  

Contrary to our expectation, however, the carbon fiber penetration into 
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the membrane through the MPL and catalyst layer due to the high clamping 

torque is not clearly observed in the SEM images. The reason for this 

observation is not clear yet, but a further work using an in-situ observation 

technique should be necessary to clearly observe the carbon fiber penetration 

into the membrane in the future. 
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Chapter 7. Concluding remarks 

In this study, the gas crossover rates of hydrogen, oxygen and nitrogen 

in PEFMCs were measured using an in-situ direct gas detection method at 

various operating conditions. The effect of operating parameters such as 

temperature, RH, hydrogen pressure, and membrane thickness on hydrogen 

crossover rate in PEMFCs was firstly investigated. The results show that the 

hydrogen crossover rate increases proportional to the increase in temperature 

for all membrane samples. As the temperature increases, the reacting gas 

shows greater molecular movement, resulting in higher rate of hydrogen 

crossover. Higher hydrogen crossover rates are also observed at higher RH 

conditions for all membrane samples. Increased water content of the 

membrane results in greater intermolecular distance between the polymer 

chains to enlarge the free volume, which offers additional transport pathways. 

The hydrogen partial pressure increases as hydrogen pressure increases, 

resulting in increased hydrogen crossover rate. It is found that the change in 

hydrogen crossover rate is significant for the thinner membranes (NRM-1 

and NRM-2), whereas the hydrogen crossover rates are relatively unchanged 

for the thicker membranes (NRM-3, NRM-4 and NRM-5). All parameters on 

hydrogen crossover rate, including temperature, relative humidity, hydrogen 

pressure, and the inverse of the logarithmic membrane thickness, were 
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compared through MLR. MLR analysis of the four independent parameters 

showed that the hydrogen crossover rate increases with the increase in the 

following variables: inverse of logarithmic membrane thickness > hydrogen 

pressure > RH > and temperature. 

Local measurements of the hydrogen crossover rate were also 

conducted using a single fuel cell with the specially-designed cathode 

bipolar plate, which has six sampling ports. Firstly, the local distribution of 

the hydrogen crossover rate from the gas inlet to the outlet of cathode was 

examined. The hydrogen crossover rate near the inlet was large. The 

hydrogen gas pressure near the inlet was higher than that near the outlet. 

Thus, it was believed that the partial pressure gradient of hydrogen was one 

of the reasons for the local variation of hydrogen crossover in the fuel cell. 

The hydrogen crossover rates increase with decreasing the nitrogen flow 

rates at a given section, but the tendency of higher hydrogen crossover rates 

near the inlet than the outlet was observed regardless of the nitrogen flow 

rates examined in this study. The effects of operating conditions on the 

hydrogen crossover rate were also investigated. The hydrogen crossover rate 

increased with the increase in both temperature and RH of the fuel cell. 

Furthermore, the effects of temperature and RH on OCV were also examined 

and compared with the results of the hydrogen crossover rate. The results 
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showed the decrease of the OCV with increase in both cell temperature and 

RH conditions, which is closely related with the increase in hydrogen 

crossover. 

The quantitative measurements of oxygen crossover that reacts with 

hydrogen have been conducted by using a MS system. Oxygen permeability 

values estimated in this study show similar trends to those estimated by other 

studies. To identify the effect of gases that have a different molecular weight 

on oxygen crossover, the gas selectivity tests were conducted. Result showed 

that the oxygen concentration showed no trend with the molecular weight, 

implying that the effect of gases that have different molecular weights on 

oxygen crossover can be negligible. Thus, the data of oxygen crossover 

using hydrogen/oxygen and helium/oxygen were used together to calculate 

the effective oxygen permeability. The effective oxygen permeability could 

explain the exact amount of oxygen crossover that affect the membrane 

degradation and/or water generation under the fuel cell operating conditions. 

Thus, the effective oxygen permeability should be considered as an index of 

the membrane degradation and/or water generation due to oxygen crossover. 

The ratio between the normal and effective oxygen permeability is in a range 

between 0.927 ~ 0.933 under the fuel cell temperature conditions. 

Nitrogen crossover was measured using a mass spectrometer under 
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various operating conditions and under OCV and power generation 

conditions in single PEMFCs. Under OCV conditions, nitrogen crossover 

increased with increasing cell temperature under all RH conditions. NPC 

was calculated based on the obtained nitrogen concentration data and the 

NPC results fitted the form of Arrhenius expression. When the PEMFC 

membrane was fully hydrated, the maximum permeability coefficient and 

activation energy of nitrogen were 5.14×10
-13

 mol m
-1

 s
-1

 Pa
-1

 and 19.83 kJ 

mol
-1

, respectively. NPC as a function of RH was also investigated. At higher 

cell temperatures and when the membrane was hydrated, a higher NPC was 

observed. In addition, the solubility decreased slightly and diffusivity 

increased remarkably, when the membrane was hydrated, indicating that the 

permeability coefficient increased. Under power generation conditions, 

nitrogen crossover increased with increasing current density. Moreover, 

when current density increased, nitrogen crossover increases were found to 

be related to elevated membrane temperature and high water content. When 

the SRA was low, nitrogen concentration increased under all current densities 

tested. At low current densities, a change in the hydrogen flow rate, due to a 

change in the SRA being used, significantly affects the nitrogen 

concentration.  

In order to investigate the effect of GDL structure on the membrane 
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puncturing, the cell performance, hydrogen crossover and OCV of fuel cells 

were measured under various clamping torque conditions. The fuel cell 

performance decreases as clamping torque increases when RH is 100% due 

to the reduced porosity of GDL. The performances of fuel cells with GDL-1 

(a carbon fiber felt substrate with MPL having rough surface`) and GDL-3 (a 

carbon fiber paper substrate with MPL having smooth surface) are higher 

than that with GDL-2 (a carbon fiber felt substrate with MPL having smooth 

surface) under low clamping torque conditions, whereas when clamping 

torque is high (i.e., approximately 15.8 N m), the GDL-1 sample shows the 

largest decrease in cell performance, implying that the damage of GDL-1 is 

the biggest among all the GDL samples. Hydrogen crossover of cells for all 

GDL samples increases with the increase of clamping torque, especially the 

degree of increase of GDL-1 is much greater than that of the other two GDL 

samples. The OCV of cells for all GDL samples decreases as clamping 

pressure increases, and especially the OCV reduction of GDL-1 is much 

greater than that of GDL-2 and GDL-3. It implies that the penetration of 

carbon fibers of GDL-1 into membrane should be higher than that of the 

other two GDL samples. On the other hand, the cell with the GDL-3 is 

expected to have better durability than the other two GDLs, because the 

GDL-3 shows the minimum OCV reduction as clamping torque increases. 
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Contrary to our expectation, however, the carbon fiber penetration into the 

membrane through the MPL and catalyst layer due to the high clamping 

torque is not clearly observed in the SEM images. The reason for this 

observation is not clear yet, but a further work using an in-situ observation 

technique should be necessary to clearly observe the carbon fiber penetration 

into the membrane in the future. 

The measurement of gas permeability could provide useful data and an 

insight into the selection of polymeric materials not only for membrane 

manufacturers, but also for fuel cell researchers understanding failure modes 

of membranes in operating fuel cells. Transient permeability measurement 

could also contribute to the fundamental understanding of diffusion 

properties of membranes and MEAs. Furthermore, nitrogen crossover data 

may be useful in the development of a nitrogen crossover model that can be 

used to facilitate establishment of an efficient method for hydrogen 

recirculation systems. 
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국 문 초 록 

고분자 전해질 막 연료전지에는 주로 고분자 멤브레인이 이온 

교환막으로 널리 사용되고 있다. 멤브레인의 가장 중요한 기능은 

수소 이온을 음극에서 양극으로 전달시켜 주는 역할이지만, 

연료전지에 공급되는 수소와 공기의 혼합을 방지하는 막의 역할도 

동시에 수행하고 있다. 하지만, 고분자 물질로 구성되어 있는 

멤브레인의 특성 때문에 수소 및 공기가 멤브레인을 통과하여 

투과되는 현상이 발생하게 되는데, 이를 “기체 크로스오버” 

현상이라 한다. 본 연구에서는 연료전지에서 발생되는 수소, 산소 

및 질소 기체의 크로스오버 양을 질량분석기를 사용하여 

정량적으로 측정하고 분석하였다. 우선적으로 기체 크로스오버에 

영향을 미치는 주변 인자들의 영향을 분석하기 위하여, 연료전지의 

온도, 가습량, 압력 및 멤브레인 두께를 변화시켜가며 수소 

크로스오버를 측정하였다. 실험 결과 수소 크로스오버는 

연료전지의 주변 온도 및 공급되는 기체의 가습량 증가에 따라 

선형적으로 증가하였다. 또한, 연료전지 공급 기체의 압력 증가에 

대해서도 선형적인 증가를 보였다. 실험 결과를 다중 회귀 분석 

통계 방법을 사용하여 각각의 주변 인자가 수소 크로스오버에 

미치는 영향도를 분석한 결과, 수소 크로스오버에 큰 영향을 

미치는 인자는 멤브레인 두께, 압력, 가습량, 온도 순서로 분석이 

되었다. 다음으로 연료전지 내부에서의 국소적인 수소 

크로스오버를 측정하기 위하여 특수 제작한 양극측 분리판을 

자체적으로 개발하였다. 새롭게 제작한 분리판을 연료전지에 

적용하여 연료전지 채널 입구에서 출구까지 수소 크로스오버가 

국소적으로 어떻게 발생되는지를 분석하였다. 실험 결과 수소 

크로스오버는 연료전지 입구 영역에서 다량 발생함을 알 수 

있었고, 채널 출구 쪽으로 갈수록 수소 크로스오버가 발생하는 

양은 점차적으로 감소하는 것을 확인하였다. 이러한 국소적인 수소 
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크로스오버 차이를 발생시키는 원인 중 하나로 연료전지에 

공급되는 수소 기체 압력의 영향으로 분석할 수 있다. 연료전지 

내구성 저하의 원인으로 지적 받고 있는 산소 크로스오버 또한 

기존 방법과는 다른 본 연구에서 개발한 새로운 방법을 통하여 

측정하였다. 이번 연구에서 효과적인 산소 투과 계수 값을 새롭게 

제시함으로써 음극의 물관리 및 내구성 저하에 영향을 미치는 

산소크로스오버의 정확한 양을 제시하였다. 질소 크로스오버 측정 

또한 다양한 온도 및 가습 조건에서 수행을 하였다. 먼저 개회로 

전압 조건에서 질소 크로스오버는 온도와 가습량에 비례하여 

증가하는 경향을 보였다. 또한 질소 투과 계수를 계산함으로써 

수소 재순환 시스템에서의 질소 누적 모델 개발을 위한 기초 

자료를 제공하였다. 마지막으로 기체 확산층 구조에 따른 멤브레인 

단락 현상을 관찰하기 위하여 체결압력에 따른 연료전지 성능, 

수소 크로스오버 및 개회로 전압을 측정하였다. 기체 확산층 1 번 

구조(탄소 펠트)를 사용 하였을 때 다른 기체 확산층 보다 높은 

성능을 나타내는 것을 확인하였다. 기체 확산층 기재의 침투로 

인한 수소 크로스오버 증가 또한 기체 확산층 1 번 구조를 사용 

하였을 때 수소 크로스오버 증가률이 가장 높은 것을 알 수 

있었다. 이러한 기체 크로스오버 실험 결과들은 연료전지 작동 중 

고장 원인을 분석하는데 핵심 자료로 활용될 수 있을 것으로 

기대한다. 

 

 

주요어: 고분자 전해질막 연료전지, 기체 크로스오버, 기체 투과 계수, 

국소위치 측정, 기체 확산층 침투 
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